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Abstract 

Groundwater use in Naivasha basin is a fundamental importance to meet the rapidly expanding agri-

cultural water requirements, around the area. Due to the (semi-) arid climatic conditions of the area, 

this resource is almost the only key to economic development; hence the quantification of its current 

rate is a necessity for the efficient and sustainable groundwater resource management.  

 

The availability of recharge estimate techniques differs climatically. Sources and processes of recharge 

in humid areas are different compared with (semi-) arid areas; hence the need to proceed from a well-

defined conceptualisation of different recharge processes is essential, as is the need to use more than 

one technique for verification of results. 

Generally the most factors contributing to recharge in the area are rainfall, evapotranspiration rates and 

soil types. The area experiences an annual rainfall of 640mm, which is characteristic of a semi arid 

climate. Since the potential evapotranspiration of the area was estimated to be higher than rainfall, di-

rect recharge is not a permanent process in the area, but a process which occurs during rain seasons 

and, only when there is high intensity. The process of evapotranspiration occurs through the year for 

those areas that are covered with both grassland and thick natural vegetation.  

High recharge values are estimated in areas that are mainly dominated by grassland type of vegetation 

and low values in areas covered by shrubs and thick vegetation. Due to structural uniqueness of the 

rooting system of Acacia trees, it is proved that these trees have a big influence on the recharge and 

groundwater system in the study area.  

Field measurements are the basis of recharge investigations since they give a realistic idea on recharge 

processes. They should work hand in hand with models for better estimations of groundwater re-

charge. 
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1. INTRODUCTION 

1.1. GENERAL INTRODUCTION 

Groundwater plays a vital role in the rapidly expanding Urban, industrial, and agricultural water re-

quirements, in the study area. Therefore the quantification of the current rate of groundwater recharge 

is a necessity for the efficient and sustainable groundwater resource management.  

Groundwater recharge is generally considered as that amount of water, which contributes to the tem-

porary or permanent increase of groundwater resources. From the mechanism of groundwater recharge 

it is quite obvious that the highest percentage of water is of meteoric origin. Other sources such as ju-

venile water of volcanic, magmatic and cosmic origins contribute little to the ground water recharge 

(Simmers, 1987). The actual recharge reaching the water table may be considerably less than the po-

tential recharge due to the influence of the unsaturated zone. Water-resource evaluation requires in-

formation on recharge over large spatial scales and decadal time scale, which requires detailed infor-

mation on spatial variability and preferential flow (Scanlon et al., 2002). Therefore, the complexity of 

water movement has to be followed critically from the very time it enters the soil profile, until it 

reaches the water table.  

1.2. RESEARCH PROBLEM 

The status of water recharge on lake Naivasha basin is not fully known, as previous studies did not 

have sufficient data for its estimation. Due to this fact, it is difficult to plan how the resource can be 

sustainably exploited. In most of the researches water recharge has been estimated and modelled from 

other parameters like transmissivity, but the direct research on recharge estimate has not been carried 

out. 

In this research the study will be on estimation of recharge, focusing more on direct recharge from 

rain, in unconfined aquifer surrounding Lake Naivasha, since this is the most available and affordable 

water and mostly liable to depletion in the study area. 

As in many (semi-) arid areas, it is of great importance to recognize the role of water cycle elements, 

such as evapo (transpi) ration and rainfall, how they are linked to groundwater, rivers and lakes, still 

the need to understand the role of vegetation in the hydrological cycle, particularly the interactions 

between vegetation and groundwater is important. 
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1.3. RESEARCH OBJECTIVES 

1.3.1. Overall Objective  

The main aim of the research is to estimate groundwater recharge around the lake aquifer. Direct re-

charge from unsaturated zone will be estimated using Soil- Water Atmosphere-Plant (SWAP) numeri-

cal model together with field measurements. By the use of stable isotopes, more highlights on how 

much recharge is contributed by both the lake (lateral inflow) and rain toward the southern parts of 

Lake Naivasha.  

1.3.2. Specific Objectives 

 To estimate physical properties and hydraulic properties of different soil layers in unsaturated 

zone. This will mainly include soil particle size and organic matter determination, soil mois-

ture and saturated hydraulic conductivities estimates.  

 To carry out infiltration tests on the unsaturated zone 

 To analyse δ18O and δD isotopic composition in unsaturated zone, 

 To estimates spatial variability of recharge in different soils types 

 To understand the impact of vegetation on groundwater recharge  

 To improve on spatial variations in the groundwater flow patterns around the lake aquifer 

1.4. RESEARCH QUESTIONS 

 Where are the recharge potentials of the lake aquifer and how much do recharge contribute to 

groundwater flow of the lake aquifer.  

 How much water does Acacia tree extract from groundwater. 

1.5. OUTLINE OF THESIS  

Chapter 1:  This is the introduction of the research. It includes the importance of the research, the 

problem and the objective of the research followed by research questions to be an-

swered at the end of the research. 

 

Chapter 2:  It comprises of the literature of the study area, mainly about the research topic. 
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Chapter 3: This description of the study area in terms of location, topography, climate, soil and 

vegetation, geological and hydrological settings and finally groundwater recharge and 

groundwater flow of the entire basin. 

 

Chapter 4: It outlines the processes involved, right from the preparations before fieldwork until 

the completion of the project. 

 

Chapter 5:  This focuses on recharge estimates from applied techniques. It also discusses the in-

fluence of vegetation on recharge, emphasis being directed to the Acacia trees located 

in the study area. 

 

 Chapter 6: This broadly discusses the results from the analysis, including their successes and 

limitations.  

 

Chapter 7: It incorporates the conclusions and recommendations for further studies based on the 

output of all the analysis carried out. 
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2. LITERATURE REVIEW 

2.1. THEORY OF UNSATURATED FLOW 

Movement of precipitation into the ground consists of a series of hydrological processes; the entry of 

water across the soil-atmosphere interfaces, filing of storage, transmission of water through the soil 

profile, deep drainage and recharge of the underlying groundwater system. All these five processes are 

related to the potentials energy of water in the soil, which in turn comprises of other several compo-

nents: 

 The matric potential ψ is caused by both the attraction of water molecules to each other and to the 

solid surface.  Water in the unsaturated zone possesses a negative potential, and the negativity of soil 

matric potential increases as films of the water around the soil pore walls becomes thinner as a soil 

dries and at this moment, the remaining soil water is held under a greater tension and the zero matric 

potential occurs when the all the soil pores are filled with water, which is the case below the water ta-

ble. 

Other forms of potentials include; the gravity potential z, due to the elevation difference between soil 

water and the reference pool for example the water table; the pressure potential p, due to the weight of 

water or gas pressure, it is equal to an opposite sign of gravity potential. In this case p is zero in satu-

rated soils; the osmotic pressure o, caused by salts dissolution in the soil water. Water will always 

moves from a weaker to stronger solution in order to balance the solutions concentrations (Buttle, 

1998). The total potential (Φ) can be defines as: 

opz +++=Φ ψ         (2.0) 

2.1.1. Factors affecting the water movement to the water table  

Soil factors, include, the soil water properties such as particle sizes, determined from the size distribu-

tion of individual particles in a soil sample, bulky density, which the ratio of weight of dry solids to 

the bulk volume of the soil, the soil porosity which is the total volume occupied by pores per unit vol-

ume of soil, the water retention characteristics described in equation, (2.0) above, and the hysteresis, 

which is illustrated in the matric potential water content h(θ) and K(θ) relationships as the soil is de-
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sorbing or absorbing. For practical applications, hysteresis has been avoided. Hydraulic conductivity is 

another soil physical property that affects infiltration. It is a measure of the ability of soil to transmit 

water. It is affected by the soil properties like, total porosity, pore-size distribution and pore continu-

ity, and the fluid properties like viscosity and density. The hydraulic conductivity for water content at 

or above the saturation point (h ≥ 0) is referred to as saturated hydraulic conductivity and that for wa-

ter content below the saturation point (h<0) is called unsaturated hydraulic conductivity. 

The surface factors, also do affect the movement of water through the air-soil, interface. Areas with 

cover materials like grass and trees protect the soil surface, whereas areas with bare soil form crush 

during raindrops, which inhibit infiltration. Agriculture management systems affect the soil properties 

like soil porosity, bulky density that can also affect infiltration rates. Increase in organic matter of soil 

lowers the bulky density, increases porosity and this leads to increase in infiltration. Natural factors, 

such as precipitation, temperature, and moisture, vary with space and time, and interact with other fac-

tors in their effect on infiltration (Rawls et al., 1993). 

The time of movement of infiltration water is a function of the thickness of the unsaturated zone and 

the vertical unsaturated hydraulic conductivity. In (semi-) arid environments, with very occasional 

recharge and great depths to the water table, water may take years to pass through the unsaturated 

zone. When the unsaturated zone is thinner recharge can reach the water table first resulting in local-

ised groundwater piles. This normally occurs in areas, which are topographically low, like lakeshores. 

Soil moisture percolating through the unsaturated zone beneath the upland areas, takes a longer time, 

and if there exist a temporary water table which is initially levelled, localized high spots can develop 

on it and immediately, localised flow system develops that transfers water laterally from this tempo-

rary groundwater piles towards the water table beneath the uplands. Immediately the water table be-

neath the uplands will rise owing to both vertical percolation of infiltration water and the lateral 

movement from temporal groundwater piles (Fetter, 1994). Localised flow reversals can also take 

place with the groundwater first flowing from beneath the lowland towards the upland in response to 

the formation of localised recharge piles and then moving in the positive direction as the water table 

beneath the upland is finally recharged, by the percolating soil moisture. It would be expected that the 

flow reversals would affect only the water moving in the very top of an unsaturated flow system.  

Furthermore, the interaction of climate, soils, vegetation and geology (figure 2.0) also determines the 

groundwater recharge processes. Thick vegetations extract soil water in dry season. The poor vegeta-

tion cover, on permeable soils or fractured porous bedrocks near the surface, together with high rain-

fall intensity creates a favourable condition for recharge. The presence of low-permeability material, 

like silt and clays can retard the rate of recharge, even when the layers are thin. Recharge is normally 

delayed by thick alluvial soils, which have high retention storage during wet seasons. 
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Normally, in (semi-) arid climatic zones, the potential evapotranspiration exceeds rainfall, so ground-

water recharge in these areas depends on rainfall intensity, accumulation of rainwater in depressions 

and streams, and the ability of rainwater to escape evapotranspiration by rapid percolation through 

cracks, fissures, or solution channels. Thick vegetations do extract soil water, mostly in dry seasons 

and poor vegetation cover, on permeable soils or fractured porous bedrocks near the surface, together 

with high rainfall intensity creates a favourable condition for recharge. Recharge can also be delayed 

by thick alluvial soils, which have high retention storage during wet seasons  

 

Figure 2.1: Hydrological processes at field scale 

 

2.1.2. Governing Equations for Water Movement in unsaturated zone 

Usually water flows in the soil under unsaturated conditions, where the soil pore space is always oc-

cupied by air and water. Flow conditions within the unsaturated zone are far more complex than the 

flow mechanisms in a saturated aquifer. The main difficulty is that the three parameters, that is the 

moisture content, the matrix potential or fluid pressure, and the hydraulic conductivity, which are in-

ter-related. The relationship among these parameters is very sensitive; a slight change in the volumet-

ric water content can correspond to a big change in the hydraulic conductivity and fluid pressure. The 

soil hydraulic conductivity K is a function of the volumetric soil water content, θ , that is K=K(θ), 

sometime referred to as capillary conductivity. Soil water potential in an unsaturated soil can be nega-
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tive due to the capillary suction forces since it is a function of θ, h = h (θ ). The h (θ) is referred to as 

the Soil water matrix potential head and its absolute value is called the matric suction head τ(θ). 

For one-dimensional unsteady vertical flow:  

( ) ( )
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hKq θθ        (2.1) 

where q is the specific discharge or flow rate per unit cross sectional area of soil (ms-1), often called 

Darcy’s velocity or flux, z is the soil depth, taken positive downwards. 

The term K(θ) can also be written as K(h), when θ is assumed to be a unique function of h, the matric 

potential head. 

Combining Darcy’s law (equation 2.1) with the law of conservation of mass results into a one dimen-

sion vertical flow in an unsaturated soil: 
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The above equation has two dependent variables h and θ. With an assumption that θ is a 

unique function of h, the function ∂θ /∂ t can written as:    
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  from the above equation  Richard’s equation is obtained: 
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where C(h) is the Specific moisture capacity, (cm-1) and t is the time. 

Some portions in soil horizons become saturated in the course water flow, then the term C(h) 

becomes zero and K(h,z) becomes a constant saturated value Ks(z). 

 Richards’s equation has a clear physical basis at a scale where the soil can be considered as a 

continuum of soil, air and water.  
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2.1.3. Mechanism of Water Movement in Unsaturated soil  

 

 

Figure 2.2: Moisture profiles of the downward passage of a slug of infiltrated water, (Fetter, 1994). 

 

During infiltration (part A), the topmost soil layer is brought to saturation. When the rainfall rate ex-

ceeds the infiltration capacity so the vertical hydraulic conductivity of the soil starts controlling the 

rate of downward movement. When infiltration ceases, (part B), the slug of infiltrated water begins to 

move downward, although only a small layer remains at the saturated moisture content. Eventually all 

of the downward-moving slug at an unsaturated state, and K (θv) control the downward movement 

(part C). Lastly the slug reaches the water table and raises it (part D). At this moment gravity drainage 

has reduced the upper soil layer to field capacity (Fetter, 1994). The water table separates the unsatu-

rated zone and the underlying saturated zone of groundwater when all the pores are filled with water. 

2.2. THE ORIGIN OF GROUNDWATER RECHARGE 

Recharge is that amount of water that reaches the water table by percolation of precipitation in excess 

of evaporation, through the unsaturated zone. During this process as described above, there is a down-

ward movement of water through the saturated zone under the influence of gravitation force whose 

direction is determined by hydraulic conditions.  
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Most of groundwater recharge is of meteoric origin. Other sources such as juvenile water of volcanic, 

magmatic and cosmic origins contribute little to the ground water recharge (Simmers, 1987). As 

groundwater recharge is generally considered as that amount of water, which contributes to the tempo-

rary or permanent increase of groundwater resources, the complexity of the process has to be consid-

ered from the very time water, which is transformed by interception, enters the soil profile. 

The actual recharge reaching the water table may be considerably less than the potential recharge due 

to the influence of the unsaturated zone.  

2.3. TYPES OF RECHARGE MECHANISMS 

(Lerner et al., 1990)classified recharge in three types; direct recharge, which is that added to the 

groundwater reservoir, in excess of both soil-moisture deficits and evaporation by direct percolation 

through the vadose zone; indirect recharge is that type where water percolates to the water table 

through the beds of surface watercourses; localised recharge, is an intermediate form of groundwater 

recharge resulting from horizontal (near-) surface concentration of water in the absence of well-

defined channels. 

 

 

 

Figure 2.3: Various mechanisms of recharge in (semi-) arid areas (Simmers et al., 2002) 
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2.4. INFLUENCE OF VEGETATION ON RECHARGE IN SEMI-ARID AREAS 

Vegetation on a big scale determines the amount of net rainfall, infiltration rate, deep drainage and the 

available storage capacity of groundwater system. When all the above factors are combined, the poten-

tial recharge is determined. The effect of vegetation can either be positive or negative. A slight change 

in vegetation, say from forest to grassland can have a large effect on recharge. The nature of land 

cover has a big influence on recharge, hence groundwater recharge modelling should not assume that 

vegetation is a constant factor (Scott and Le Maitre, 1998).  

(Allison et al., 1994; Leduc et al., 1997) illustrated the crucial influence of vegetation on recharge in 

(semi-) arid areas through the historical evapotranspiration changes. The removal of the indigenous 

vegetation in large parts of southeastern Australia more than 100 years ago caused a significant in-

crease in ground water recharge. The landuse in Niger resulted in an increase in recharge from a pre-

vious 5mm/year to the present 20mm/year, which has induced a longer water table rise. By clearing 

the vegetation, the hydraulic properties of topsoil changed, an increase in runoff occurred, which lead 

to concentrated water in depression and resulted in an improved recharge. 

Previous studies in Kalahari Desert have detected acacia species from depths exceeding 50 meters (De 

Vries et al., 2000).  

 

 

Figure 2.4: Illustrates typical interactions between vegetation and groundwater (Scott and Le Maitre, 
1998) 

In (semi-) arid areas where the annual precipitation is always less than 700 mm, recharge fluxes al-

ways turn out to be very small in quantity. The natural vegetation in these areas has often developed 

root systems such that almost all the precipitation that is received is consumed by evapotranspiration 

(Simmers et al., 2002). 
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2.5. SOIL-WATER-ATMOSPHERE-PLANT (SWAP)NUMERICAL MODEL 

The Soil-Water-Atmosphere-Plant (SWAP) is a computer model developed by Wageningen Agricul-

tural University and DLO Winand Staring Centre. SWAP simulates vertical transport of water, solutes 

and heat transport in unsaturated- saturated zones in relation to vegetation growth. In this research 

only the water transport module will be used to simulate bottom fluxes, which will be referred to esti-

mation of groundwater recharge.   

The system boundaries at the top are defined by the soil surface with or without crops or vegetation 

and atmospheric conditions. The lateral boundary simulates the interaction with surface water systems. 

The bottom boundary is located in the unsaturated zone or in the upper part of the groundwater and 

describes the interaction with regional groundwater. 

 

 

Figure 2.5: A schematised overview of the modelled system; adapted from the user’s guide of Swap model 
version 2.0, (Kroes et al., 1998). 

2.5.1. Soil water flow 

As described in Darcy’s equation (2.1), the flow of soil water is caused by spatial differences of the 

soil water potential. SWAP solves the Richards’ equation (2.4) numerically when it is subjected to 

specific initial and boundary conditions, with a known relation between the soil hydraulic functions 

that is, θ, h, and K. these soil hydraulic functions area either measured directly in soil or obtained from 

basic soil data. During the process of water movement in unsaturated zone, the effect of roots on this 
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process is so crucial. This factor is added to the equation as a sink term Sw, expressing the rate of water 

uptake by roots per unit volume of soil. 

( ) ( ) ( ) ( )
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The model solves equation (2.4) numerically, if subjected to specific initial and boundary conditions 

and with known relations between θ, h, and K. These relations are called soil hydraulic functions and 

can be measured directly in the soil or obtained from the basic soil data. The soil hydraulic functions 

are described by analytical expressions of Van Genuchten (1980) and Mualem (1976) or by tabular 

values. 

By applying the different scaling factors, SWAP generated for each scaling factor the soil hydraulic 

functions and the corresponding water balance. The actual mobile volume at a certain depth depends 

on the soil water pressure head. In this case the Richards’ equation applies.  

2.6. ISOTOPE HYDROLOGY 

Isotopes are elements with the same atomic number but different atomic weights due to varying num-

bers of neutrons in the nucleus. 18-Oxygen and Deuterium are some of the stable isotopes used for 

identifying processes and origin of the water though have some difficulties in quantification of re-

charge estimates since they are not conservative and are subjected to fractionation by evaporation 

(Simmers et al., 2002).  

According to Barnes and (Allison, 1987), as cited by (Buttle, 1998), stable isotopes such as δ18O and 

δ2H have been used to estimate groundwater recharge in (semi-) arid regions where recharge is 

thought to occur only during heavier rainfall events. He noted that sites with high recharge rates 

should have soil water that is more similar to isotopic signature of incoming water than sites with 

lower recharge where greater evaporation continuously enhances the isotopic enrichment of soil water. 

2.6.1. Global Meteoric Water Line (GMWL) 

According to (Craig, 1961), as cited by (Kendall and Caldwell, 1998), when the isotopic composition 

of precipitation samples from all over the world are plotted relative to each other on δ18 O versus δD 

plots, the data form a linear band of data can be described by the equation:  

108182 += δδ          (2.6) 

This is a linear relationship between δ2 and δ8 values representing worldwide fresh water sources their 

isotopic composition in precipitation and it can be used to unravel the processes, like evaporation and 

mixing trends, which affect the rainwater or soil moisture. Regionally and for certain period, Local 
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Meteoric Water Lines (LMWL) may be found, depending on the conditions for forming the local wa-

ter source of each region. 

In region with arid type of climate the 2δ-18δ slope is less than 8, it ranges between 4 and 6 due to 

evaporative process in the atmosphere. With different sources of vapour having differing isotope con-

tents, and varying evaporation and exchange processes below the cloud base, result in a complex rela-

tion between the two deltas values which leads to a large scatter of data points in a 2δ-18δ diagrams 

(Rozanski et al., 1993).  

Stable isotopes investigations in unsaturated zone are aimed at examining the isotopic modification of 

soil moisture as it infiltrates through the unsaturated zone to the aquifer. In such a case, the stable iso-

topes are used to determine the distributed groundwater recharge rates, groundwater mechanisms and 

its evaporation rates from groundwater discharge zones (Selaolo, 1998). In most cases, unsaturated 

and dry soils show 2δ-18δ slopes of between 2 to 5, depending on the moisture content of the soil. The 

lower slope observed for dry soils results from laminar flow, which dominates over turbulent flow dur-

ing diffusion of the isotopes to the atmosphere (Allison, 1987). 

2.7. PREVIOUS STUDIES ON NAIVASHA BASIN 

Quite a number of ITC students and other researchers have done a fundamental work on Lake Na-

ivasha basin. Previous groundwater modelling clarify that the major factors controlling the groundwa-

ter flow near lakes include; geometry and heterogeneity of the geological framework, hydraulic con-

ductivity of geologic units, lake depth and distribution of recharge as reflected by the configuration of 

the water table.  

2.7.1. Groundwater recharge and flow 

 (Farah, 2001) determined the evapotranspiration using satellite data of different soil and vegetation 

units covering the Naivasha basin. The rate of potential evapotranspiration in the study area is higher 

than precipitation. Groundwater recharge from precipitation occurs only during heavier rainfall events. 

Researches on groundwater flow in the study have proved that Lake Naivasha has a big contribution 

towards the groundwater recharge in the area. 

(Owor, 2000) researched on long-term interaction of groundwater with lake Naivasha. The regional 

groundwater flow patterns indicate major outflow areas to the south and southeastern part and lesser to 

the north and northeastern part of the basin. Transmissivity and groundwater recharge in the area has 

been modelled using available data from individual wells. His model calibrated for low recharge val-

ues (<5mmyear-1) in the lake sediments in the vicinity of the Lake. The volcanic tuffs intercalated with 

ash that are bounded by south Kinangop fault to the east receives recharge of (75-80mmyear-1), most 
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likely derived through intensive fractures systems in the area. A recharge of (20-25mmyear-1) was es-

timated for the rest low gradient area, which is underlay, by the mixture of sediments and reworkable 

volcanic materials. He recommended that in order to have a clear description of the groundwater flow 

patterns, estimation of spatial variation of recharge is required. 

 

 

Figure 2.6: The distribution of Transmissivity in the study area, modelled by (Owor, 2000).  

2.7.2. Effect of faults on groundwater flow systems 

The structure of the rift valley, especially the major rift faults have a substantial effect on the ground-

water flow systems of the area. Generally Faults have two effects on the fluid flow, they can provide 

channels of high permeability or barriers to the flow by offsetting zones of relatively high permeabil-

ity. With little evidence it is thought that in areas where horizontal flow predominates, faults are 

thought of as hydraulic boundaries in groundwater flow systems whereas in areas predominated by 

vertical flows, they are considered to provide conduit for flow (Clarke et al., 1990). 

The effect of Rift faulting appears to be less in the Kinangop Plateau areas where the piezometric con-

tours are more widely spread and the little evidence from boreholes located in Mau Escarpment to the 

west of the Naivasha basin, suggests that the flow towards the lake are not greatly affected.  Dry bore-

holes to the west of Suswa indicate that the rift faulting may inhibit lateral ground flows in this area. 

The geology of the area has a major control over the fluid movements in the study area. Recent studies 

(Ogoso Odongo, 1986) state that the faults in Olkaria region act as barrier, redirecting the southerly 

flow from Eburru to the south-west, towards Suswa, though the evidence for such behaviour is rather 
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small. So in general faulting has an effect on groundwater flow. It causes it to flow from the sides of 

the Rift towards the centre where it follows longer flow paths reaching greater depths, and it aligns the 

flows within the Rift along its axis.  

(Nabide, 2002) developed a 3-D geological model which will be used as an input to modflow in a later 

study 

 

2.7.3. Isotopic composition of Groundwater 

Stable isotopes results confirm that many Naivasha wells contain lake water. It is understood that the 

lake is recharged by a combination of river and groundwater from the northwest, which then under-

goes evaporative concentration before eventually discharging underground to the south and north of 

the lake, which lies at the termination of the Rift floor. Thus mixing between a lake water and shallow 

groundwater would occur along flow paths away from the lake, giving rise to isotopic properties of 

Naivasha group of well waters (Clarke et al., 1990). 

(Oppong-Boateng, 2001) carried out isotopic analysis on saturated zones in the southern part of the 

lake and came up with groundwater flow directions induced from isotopic data. From his studies, he 

observed that that the Deuterium, Oxgen-18, tritium and carbon-14 isotopic signatures of both the sur-

face and groundwater provide evidence for the sources of recharge into the groundwater flow system 

in the lake aquifer. There is a gradual variation in the isotopic composition due to physical factors dur-

ing different storms at sampling sites, which these waters encounter in the process of recharging, be-

fore reaching the groundwater flow system. Isotopic signatures of groundwater have confirmed that 

the southern aquifers are recharged by Lake Naivasha and direct recharge, whereas the north aquifers 

are recharge by rain and river Malewa. There is a distinct inflow from the west from Mau escarpment 

and Ndabibi plains towards the lake. The main groundwater out flow zone is located in the southern 

part of the Lake. The wells from the northern part of the lake have relatively a different isotopic com-

position from that of the lake. Their isotopic signature is a mixture of direct recharge and Malewa 

River. From Isotopic Mass Balance Method, based on 18-Oxygen isotopic composition of the lake and 

specified wells, estimated isolines of lake water contribution, as a percentage of the total contribution 

towards the study area was obtained (Oppong-Boateng, 2001). 
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3. DESCRIPTION OF THE STUDY AREA 

3.1. LOCATION 

The Naivasha basin is situated in Nakuru District, about 100 km northwest of Nairobi (figure 3.1). It is 

located in the central rift valley of Kenya with Universal Time Meridian zone 37, south and covers an 

area of about 3500km2
, with the following coordinates: 

Xmin 190000 Xmax 221000 

Ymin 9934000 Ymax 9907000 

The lake basin has become a major fruit and vegetable producer as well as a commercial producer of 

fresh flowers for export. Agricultural farms, flower plantations and fishing provide huge employment 

opportunities for residents of Naivasha. These employment opportunities have led to an invasion of 

people into Naivasha town and to large flower farms around the lake. The population of 20,000 about 

20 years ago, now stands at about 250,000. 

The Naivasha basin incorporates lake Naivasha, the Ndabibi plains which lie to the west of the lake 

and the llkek plains which lie immediately to the north. On the floor of the eastern Rift valley lies 

Lake Naivasha. Lake Naivasha dominates the Naivasha basin, with an elevation of 1885 m.a.s.l and 

covers an area of 150km2 and a mean depth of 4.7m. This is the largest freshwater lake along the Ken-

yan section of the Rift valley.  Lake Naivasha is a relict lake that once belonged to a large freshwater 

body that comprised Lakes Naivasha, Elmenteita and Nakuru. The large freshwater body is believed to 

have dried up due to changes in climatic conditions and increase in water obstruction since 1996. 

Lakes Nakuru and Elmenteita became saline but Lake Naivasha remained a freshwater lake, a charac-

teristic that makes it unique among the rift valley lakes. This makes it valuable to people as a source 

and store of water.  There are no known outlets, yet the water remains fresh, thus leading to sugges-

tions of possible unique and hydro-geological mechanisms involving underground seepage in this part 

of the Rift Valley. Its freshness is attributed to incoming water from dilute rivers and precipitation, 

loss of solutes via seepage out and due to geochemical and biochemical sedimentation. The lake and 

its environment are important because of their biological diversity, and the lake function as a freshwa-

ter resource.  
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Figure 3.1: The Location of the study area 

 

3.2. PHYSIOGRAPHY 

The study area has three types of landscape, Kinangop plateau to the east, Mau escarpment to the west, 

the Mt Longonot with its lava flow fields to the south and IIkek plains to the north (figure 3.2). 

The Mau escarpment on the western fringe rises up to a maximum of 3080 m.a.s.l. The escarpment is 

deeply incised with numerous faults and scarps. There is also a rise of topography to the south towards 

the Olkaria volcanic cones of up to 2430 m.a.s.l at Olkaria Hill. The Ndabibi plains extend up to 9km 

west of the Lake and it separates the Olkaria and Eburru volcanic complexes. The Kinangop plateau to 

the east rises to a maximum altitude of 2740 m.a.s.l. Its plains are about 1980masl along their western 

margin and slope gently eastward to the Lake (Clarke et al., 1990). To the north, we find the llkek 

plains, which are 23 km north of the Lake. They slope gently southward with a maximum elevation of 

2000 m. Its width is about 13km near the Lake, and 4 km near Gilgil town.  

 



 
ESTIMATION OF DIRECT RECHARGE ON NATURAL VEGETATION OF LAKE NAIVASHA AQUIFER, KENYA 

CHAPTER THREE 

    INTERNATIONAL INSTITUTE FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION ENSCHEDE, THE NETHERLANDS                 18 INTERNATIONAL INSTITUTE FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION ENSCHEDE, THE NETHERLANDS            

 

 

Figure 3.2: The Study area and Physiography of the central Rift Valley (Clarke et al., 1990) 
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3.3. GEOLOGICAL SETTINGS 

The basin is characterised by prominent morphological and structural features due to numerous tec-

tonic episodes that produced volcanic rocks and Quaternary lacustrine deposits that dominate the area. 

The oldest rocks found in situ in the area are Tertiary. 

On the basis of surface outcrops, the main products of volcanism within the Olkaria Volcanic Com-

plex (termed the Olkaria Volcanic Group) are alkali rhyolite (comendite) lava and pyroclastic rocks. 

Trachyte and basalt-hawaiite lava have been minor products, but widespread trachytic pyroclastics to 

the north-west, west and south-west of the complex are believed to have been erupted from vents. The 

Longonot volcano constitute the Longonot Volcanic Group which incorporates seven formations, the 

major ones are; the building of an early shield which is Represented by the Longonot Volcanic Forma-

tion-poorly exposed pyroclastics and lavas in boreholes; the Caldera formation, represented by the 

Kedong Valley Tuff Formation; the building of a pyroclastic and lava cone, represented by the Akira 

pumice. Other formations include the summit crate, accompanied by the Longonot Ash formation, the 

flank and crater floor lave eruption, represented by the Upper Trachyte Member (flanks) and the Up-

per Mixed Lava Member (crater), in which the Pyroclastics-ashes, agglomerates and tuffs make up a 

considerable proportion in the area, and it covers the whole volcanic plain (Clarke et al., 1990). 

3.4. HYDROGEOLOGICAL SETTINGS 

Flows toward lake Naivasha from the Mau escarpment and the Kinangop plateau are definite and some 

of the water from the western side of the rift eventually forms part of the discharges at Olkaria and 

Eburru. 

Around the lake Naivasha, the groundwater level is between approximately 1880m and 1890m. The 

rise in groundwater contours, in the east and north parts indicate flow towards the lake, while the fall 

in contours to the south part, indicate groundwater flow away from the lake. This also explains why 

the lake is fresh despite the fact that it has no outlet and it lies in an area of high evaporation. The posi-

tion of the lake at a culmination of the Rift floor, suggests flow both to the north and to the south. The 

southern flow from the Lake Naivasha is estimated to be between 27 mcmyear-1 and 270 mcmyear-1, 

and the shallow northerly flow from the lake is estimates to be 11 mcmyear-1 and the deep flow to be 

0.3 mcmyear-1 (Clarke et al., 1990). (Ojiambo, 1996) indicated that lake Naivasha has a subsurface 

outflow of about 40 mcmyear-1 from its eastern and south-western shores. The flow to the south was 

estimated to be between 50-90% of the total flow. The conclusion from the above analysis indicated 

that much of the subsurface outflow from the Lake catchment is towards the south. 

There is a considerable local variation in permeability of rocks in the rift valley though this variability 

is less noticed. In most cases aquifers are found in fractured volcanics or along weathered contacts 
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between different lithological units. These aquifers are either normally confined to semi-confined as-

sociated with low storage coefficients. Areas where sediments are covering parts of the rift floor, 

mainly around Lake Naivasha, have aquifers with moderately high permeabilities. Such aquifers in 

most cases are unconfined and will always have high specific yields. Tectonic movements of the Rift 

valley have important effects on aquifer properties, both on a small scale by creating the local fracture 

systems, which comprise many aquifers, and on the large scale by forming regional hydraulic barriers 

or shatter zones of improved permeability. 

The basin is drained by three rivers: Malewa, Gilgil and Karati Rivers. The floodplains of the two 

largest rivers, the Malewa and Gilgil, have a delta, which enters the lake from the north.  Malewa, with 

an area of 1600 km2, contributes about 80% of the discharge into lake Naivasha, Gigil, and Karati con-

tribute the remaining percentage, with catchment areas of 527 km2 and 149 km2 respectively.  

 

 

Figure 3.3: Structure and general groundwater flow direction in the study area (Clarke et al., 1990) 

3.5. SOILS 

Due to the prominent morphological and structural features developed from numerical episode, the 

area is characterised by volcanic rocks and Quaternary lacustrine deposits, which have contributed 

much on the distribution and properties of the soils around. Recent soil studies have been mainly car-
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ried out in the southern part of the lake, which concentrated on mapping soil properties relevant for the 

proper management of the irrigated areas (figure 3.4) 

The soils are mainly sediments of the former large lake, the origins of the basin deposits. The Lacus-

trine plain, have their soils developed on sediments mainly from volcanic ashes. They are divided into 

two sub-types, the first consists of well drained soils, with moderately deep to deep dark brown, fri-

able and slightly smeary, fine gravely, sandy clay loam to sandy clay, with humic topsoil. The second 

sub- type consists of imperfectly drained soils, with moderately deep to deep, strong brown, mottled, 

firm and brittle, sandy clay to clay (Atkilt et al., 2001). 

 The soils of volcanic plain are developed on ashes and other pyroclastic rocks of recent volcanoes, 

they are also divided into two sub-types, the first one consists of excessive to well drained soils, with 

very deep to deep dark greyish brown to olive grey, stratified, calcareous loose fine sand to very fri-

able sandy clay loam. The second consists of deep to very deep dark brown, friable, slightly gravelled, 

loam to clay, loam, with humic topsoil (Atkilt et al., 2001).  

The content of the volcanic glasses, which are mainly obsidian, and ashes decrease as one goes from 

the high volcanic plain to the low Lacustrine plain. 
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Figure 3.4: The Geopedological soil map-southern part of Lake Naivasha,(Atkilt et al., 2001). The full 
legend description, in Table 3.1 
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Table 3.1:  Legend description of soil map- southern part of Lake Naivasha 

 
 

3.6. LANDUSE AND LANDCOVER 

Agriculture is the main activity carried out in areas around the Lake. This includes irrigated crop farm-

ing. Flower farming, is the major one, its products are exported to both European and American coun-

tries. Other crops such as vegetables, cabbages and fruits, are grown mainly for local consumption. 

Dairy farming is also practised mainly on large estates on the shores of the lake. 

The wetland around the shores of the lake is dominated by papyrus swamps and other parts which are 

a bit far from the lake are occupied by natural vegetations, mainly grassland, acacia, and shrub. 
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Figure 3.5: Landuse map with site areas 

 

3.7. CLIMATE 

The basin experiences a semi-arid climate. Rainfall is the most important climatic element in this area. 

Rainfall is concentrated into two main seasons; the main rain season is between March and May and 

the short rain season is between October and November. Rainfall is a function of topography; high 

rain is received along the Mau and Aberdare escarpments, with an average ranging from 1250-1500 

mm annually. In the valley areas, including Lake Naivasha area, an average of 650 mm, is received. 

The monthly potential evapotranspiration on the floor of the basin exceeds the rainfall by a factor of 2 

to 8 for every month except April when the potential evaporation still exceeds rainfall. The average 

maximum daily temperature in the Rift valley varies between 9oC at night to 25 0C during the day. The 

winds are general calm in the morning while in the afternoons they can attain a speed of 11-15 kmhr-1. 

They are strongest in the months of August to October, with a speed of 21 kmhr-1. Their direction is 

from the southeast and northwest depending on the season. Extremely strong winds have been re-

ported to occur through the window between the Longonot and Kijabe Hill (Ataya, 2000). The area 

experiences a relative humidity of less than 75%. 
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Figure 3.6: Monthly Rainfall for Naivasha between year 1932 and 2002 

 

3.8. GROUNDWATER FLOW 

Lake Naivasha is unique among the East Africa Rift Valley lakes in that it is fresh. It has no outlet and 

yet the water budget of the lake to a large extent depends on groundwater flow to and from the lake. 

This suggests that there exist an underground outlet, which caters for the groundwater flow. This is 

also evidenced from previous studies of chemistry of the lake. High conductivity zones are predicted 

by very high yielding wells in close areas of very low yielding wells or totally dry wells (Nabide, 

2002).  

The piezometric contour map shows a depression on the north-eastern side of the study area. This is 

due to constant abstraction of water from that part. Further abstraction from the well fields will result 

to increased hydraulic gradient in the direction from the lake to the field well.  The lack of isotopic 

signature in the well field is due to the fact that the depression in the well field is a recent event; time 

is not enough for water to emigrate from the Lake to the well field. 

Further more, on the north side of Lake Naivasha, deep wells (91 m) have water which is equal or less 

than 20 years old. Water from these wells has stable isotopic values resembling those of nearby rivers, 

and high-elevation eastern Rift water. This indicates that this water recharges from rains from high 

eastern Rift Valley escarpments. Many of the shallow wells on the south side of the lake have ages 

between four and 17 years. The young ages and the Oxygen-enriched signature of the water from these 

wells indicate that they are recharged by a mixture of water from the lake, Rift flanks, and water from 

deep pumping wells that is recharged during irrigation. Water mixing ratio calculations using isotopes 

show that about 50% to 70% of the southern ground water system is derived from the lake, while the 
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Olkaria geothermal reservoir water shows that 40% to 50% of this water is originally lake water. Esti-

mated horizontal velocity from age dating between Lake Naivasha and a well about 3 km to the south 

is 75 myr-1, giving average horizontal hydraulic conductivity of 6 mday-1 (Ojiambo et al., 2001).  

3.9. DESCRIPTION OF THE FIELD WORK AREA 

The study area was based on four locations; the natural areas around Kedong Ranch, Ndabibi, Three 

Point, and Marula Farms, all constrained around the lake aquifer (figure 3.5) 

 

Table 3.2: Location sites for the study area 
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4. METHODOLOGY  

4.1. PRE-FIELD WORK 

Pre-field mainly involved review of the existing literature of the study area based on ITC database and 

Internet. The following information on Naivasha basin was compiled: Meteorological data, 

Topographical data, Data on irrigated areas (Dung, 2001, Chisakuta, 2002), Land cover information, 

Soil data (Siderius, 1980, Kwacha, 1998, Ataya, 2000, Tilaye, 2001) and Isotopic data, from 1996 to 

2001. 
4.2. FIELDWORK 

4.2.1. Field measurements and Experimental techniques 

After literature review of the study area, fieldwork was conducted for three weeks, that is, between 9th 

September and 3rd October on four study areas (figure 3.5).  

 

Table 4.1: Parameters determined for recharge estimates and the technique applied. 

 
 

Hand augering was conducted up to depths below the rooting zones of grass. Samples for each layer 

were collected, sealed and transported to ITC laboratory for analysis. 
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Unsaturated soil samples for isotopic analysis were collected at depths of 2m, 4m, and below the root-

ing zone for each of the four the study locations. Two groundwater samples from Kihoto boreholes in 

Naivasha town were also collected for the same analysis. Tightly sealed in polythene bags, for the case 

of soil samples and water bottles for the groundwater samples, were transported to Austria, at ARC 

Seibersdorf Research, from where the analysis was conducted.  

4.3. POST FIELDWORK 

This phase involves processing of the data, both from literature and field. On addition to the Labora-

tory analysis, other analyses were carried out using ILWIS, a geo-information system software; Excel 

spread sheet and SWAP (Soil-Water-Atmosphere-Plant) modelling. 

 
Particle Size And Organic Matter Analysis 

Particle size analysis is the separation of soil into various size fractions and determination of the pro-

portional of these fractions. Four main types of soils were analysed, sand, silt and clay. Fine earth ma-

terial was obtained with a 2mm sieve. To each 20grams portion a solution of Hydrogen peroxide was 

added continuously to remove organic substances. After overnight shaking the suspension with a dis-

persing agent on an end-over-end shaker of about 30 prm, sand was separated from clay and silt with a 

50µm sieve. The clay and silt fractions were determined by pipette method. Then the aliquot for the 

three samples, sand, silt and clay were fractionated by overnight oven drying under temperature of 

1050C. Sand (50-2000µm), silt (2-50µm) and clay (<2µm) fractions were determined. 

Organic Matter analysis was carried out following the Walkley-Black procedure. This involves a wet 

combustion of the organic matter with a mixture of potassium dichromate and sulphuric acid at about 

1250C. The residual is then titrated against ferrous sulphate. The empirical correction factor 1.3 is ap-

plied in the calculation of the result. 

The carbon content of the soil was obtained by the equation: 

xmcfx
s
VVMxC 39.021% −=       (4.1) 

Where; 

M= molarity of ferrous sulphate solution (from blank titration) 

V1= millilitre ferrous sulphate solution required blank 

V2  = millilitre ferrous sulphate solution required for the sample 

s = weight of air-dry sample in grams 

0.39 = 3x10-3x100% x1.3, where 3 is the equivalent weight of carbon 

mcf = moisture correction factor 

1.3= is the compensation factor for the incomplete combustion of the organic matter in this procedure. 
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And multiplying the above results with empirical factor 2 does the conversion of % carbon to % or-

ganic matter: 

          % Organic matter = 2 X % carbon     (4.2)   
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4.4. FRAMEWORK FOR ENTIRE RESEARCH  
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5. ANALYSIS 

5.1. INITIAL FIELD CONDITIONS AND INFILTRATION TESTS ANALYSIS  

5.1.1. The Initial soil moisture conditions for the study area 

In figure 5.1 illustrate initial soil moisture content of the four locations, as a function of depth.  
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Figure 5.1: The initial soil moisture graphs (a-d) for the four field locations 

 

 
 

5.1.2. Saturated hydraulic conductivity, K (sat)   

These were conducted in situ using Inverse auger-hole method. Auger holes were made to a given 

depth in soils above the water table. The K(sat) was determined for each separate layer. At each loca-

tion, a hole with a known diameter was dug and filled with water, up to a required depth. The draw 

down h’(ti) of the water level at each time step, were measured with the help of a stopwatch and 

measuring tape and recorded consecutively. The water level, h(ti) was obtained by subtracting h’(ti) 

from the total depth (Landon, 1984). 

From the data obtained from inverse auger-hole method, Log (h(ti)+d/2) was plotted against the time.  

In the beginning the line curves, which later becomes a straight line, when the soil gets saturated. 

From the slope ε of this straight part, saturated conductivity  (Khsat) was calculated using the equation: 

( ) εlog**15.1 rK sat =          (4.0) 

Where r is the radius of the augered hole. 
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Figure 5.2: Saturated hydraulic conductivities, Kedong area.  

 

 

Figure 5.3: Saturated hydraulic conductivities,  Ndabibi area. 
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Figure 5.4: Saturated hydraulic conductivities, Three Point area 

 

 

Figure 5.5: Saturated hydraulic conductivities, Marula area.  
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Table 5.1: Summary of Saturated hydraulic conductivities for the four locations at various depths 

Location Depth (cm) K(sat) (cmday-1) 
84 223.6 
190 44.7 
300 35.8 

Kedong 

400 89.4 
150 134.1 
300 35.0 Ndabibi 
420 44.7 
150 13.4 
370 22.4 Three Point 
500 89.4 
155 26.8 
370 35.8 Marula 
550 40.2 

 

5.1.3. Infiltration Tests results 

In figures 5.6-5.9, illustrate soil moisture content as a function of depth from the four infiltration tests, 

including the initial conditions, prior to the test. 
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Figure 5.6: Infiltration tests with initial conditions, Kedong area. 

 

Figure 5.7: Infiltration tests with initial conditions, Ndabibi area. 
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Figure 5.8: Infiltration tests with initial conditions, Three Point area. 

 

Figure 5.9: Infiltration tests with initial conditions, Marula area. 
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5.2. SWAP MODELLING IN ESTIMATION OF DIRECT RECHARGE 

SWAP model caters for both surface and soil factors, influencing the soil movement in unsaturated 

zones. It simulates vertical transport of water, and subtracts what goes out in form of interception 

evaporation, transpiration, from what goes in form of rainfall, and comes up with change in storage 

and extra water. This is assumed to be the potential recharge if the simulation is below the rooting 

depth.  

5.2.1. Model Set Up  

The daily rainfall data for the eight years, was obtained from the regression analysis was carried out on 

six meteorological stations located in the vicinities of the four study areas. Table 5.2 and figure 5.10 

display the locations of stations.  

Table 5.2: Rainfall stations, used in recharge estimates 

 

 

Figure 5.10: Rainfall stations 
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Each profile was divided into layers according to the soil types and bottom compartments were as-

signed to each. The first compartments, near the surface, were set to a thickness of one centimetre, for 

easy calculation of top boundary fluxes. A maximum of 40 compartments was allowed for each soil 

profile. Table 5.3, displays the total length and number of layers for each location, with maximum 

rooting depth set at 1000 cm. A simple crop model was used, where the potential evapotranspiration 

(ETo) is calculated using actual evapotranspiration (ETref ) and the crop factor is as per FAO manual 

56, (Allen et al., 1998).  

 

Table 5.3: The geometry of soil profiles used in the model 

Location Total length (cm) Number of layers 

Kedong 560 5 

Ndabibi 402 4 

Three Point 500 4 

Marula 555 5 

 

The bottom boundary, located in the unsaturated zone, is set to free drainage. The drainage can only 

occur if the pressure heads in the last bottom compartments increases above zero. The soil hydraulic 

properties were obtained from the soil particle and organic matter properties analysed from the Labo-

ratory (appendix 5), together with the analytical expressions of Van Genuchten (1980) and Mualem 

(1976) using Pedotransfer function. The initial pressure heads were estimated from the initial soil 

moisture curves (figure 5.1). 

The model was run for eight years. During the first periods, the conditions were too wet, and it took 

sometime, approximately three years for the simulation to stabilise. So the final pressure heads were 

used as initial pressure heads and the simulation was repeated. Figures 5.11 and 5.12 below illustrate 

the results. 
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Figure 5.11: Field measurements and model simulation, Kedong and Ndabibi areas 

 

 

Figure 5.12: Field measurements and model simulation, Three Point and Marula areas 
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The soil moisture curves of the simulated model were not in match with initial soil moisture obtained 

from field measurements (figure5.1).  

5.2.2. Infiltration Tests  

These tests were carried out from 15th September to 30th September 2002. The last rain received during 

this period was on 29th of August, before the beginning of fieldwork. For the entire fieldwork, no rain-

fall occurred. This time is generally dry, with little rainfall. 

Using a locally made filtering can, the soil was fully wetted to some centimetres below, and covered 

with a sheet of polythene to reduce the evaporative losses to a minimum. Soil moisture contents were 

taken at successive depths, every 24 hours, for a number of days until the soil moisture profiles stabi-

lised. Table 5.4 shows the amount of application together with the length for each test.  

 
Figure 5.13: The infiltration tests procedures during fieldwork, Kedong area. 

 

Table 5.4: Artificial rain in form of infiltration tests to the four location studies 

 
Another simulation was conducted basing on both soil moisture curves before and after the infiltration 

tests. The tests were conducted towards the end of each simulation in the month September. All the 
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rain days between the day of 29th August and 30th September 1998, were excluded from the simulation 

and applied the amount of water used during infiltration for each location. The actual reference evapo-

ration is set to zero since there is no evapotranspiration-taking place. At the end of the run, the soil 

moisture curves, before and after the tests were not in match with those simulated from the model, 

(figures 5.14 - 5.16) display the results.  

  

 

Figure 5.14: Field measurements and model simulation before and after infiltration, Kedong area. 
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Figure 5.15: Field measurements and model simulation before and after infiltration, Ndabibi area. 

 

 

Figure 5.16: Field measurements and model simulation after infiltration, Three Point and Marula areas. 
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Application of soil particle size and organic matter properties analysed from the laboratory do not 

simulate the actual conditions in field. The model either exaggerates or limits the hydraulic properties 

of the soil. 

5.2.3. Calibration of infiltration measurements 

Calibration of infiltration measurements in the above model was conducted by applying some modifi-

cation on the soil hydraulic properties. Alteration of soil hydraulic properties was performed basing on 

the initial soil moisture and saturated hydraulic conductivity measurements conducted from field along 

with the soil hydraulic properties given by Carsel and Parish, (1988) given in SWAP manual Figure 

5.17 and 5.19, display the calibrated soil moisture profiles before and after infiltration tests. 

 

 

 

Figure 5.17: Field measurements and model simulation before and after infiltration test, Kedong area. 
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Figure 5.18: Field measurements and model simulation before and after infiltration test, Ndabibi area. 

 

 
Figure 5.19: Field measurements and model simulation after infiltration test, Three Point and Marula  
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5.2.4. Bottom flux calculations from the modified Model  

Assuming that the model has calibrated the actual conditions of the study area, the above modification 

was maintained. Excluding the infiltration tests, the bottom fluxes were simulated for eight years. 

Since the boundary conditions were set to lysimeter with free outflow, the drainage will only occur if 

the pressure head in the bottom compartment increase above zero. It is observed that the soil layers 

take sometime to reach field capacity, which limits the bottom flux movement at the boundary. Due to 

this limitation, the bottom fluxes are estimated from a level, one meter above the bottom boundary. 

Figures 5.20 to 5.23 illustrate the distribution of bottom fluxes before and after El Nino period, and 

tables 5.5and 5.6 display the results for each location. 

 

 
Figure 5.20: Bottom fluxes at depth of 500 cm before (a) and after (b) El Nino Kedong area. 

 

 

Figure 5.21: Bottom fluxes at depth of 400cm before (a) and after (b) El Nino Ndabibi area. 
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Figure 5.22: Bottom fluxes at depth of 400cm before (a) and after (b) El Nino, Three Point area. 

 

 

Figure 5.23: Bottom fluxes at depth of 450cm before (a) and after (b) El Nino, Marula area. 

 

5.2.5. Interpretation of results 

Since the bottom fluxes are simulated from depths below the rooting zones, it is assumed that these 

fluxes reach the water table. The average water table in the study area is between 20 and 30 meters 

deep. For the bottom fluxes to reach this level will depend on the recession period. 

Table 5.5: The recharge received before the El Nino (1990-1997). 

Location Recharge 
(mmday-1) 

Total recharge  
(1990-1997) (mm) 

Average re-
charge  
(mmyear-1) 

Kedong 0 – 1.90  100 14.29 
Ndabibi 0 – 0.18 0.2 0.03 
Three Point 0 – 0.024 18 2.57 
Marula 0 – 0.28 52 7.43 
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Table 5.6: The recharge received after the El Nino (1990-1998). 

Location Recharge 
(mmday-1) 

Total recharge  
(1990-1998) (mm) 

Average recharge  
(mmyear-1) 

Kedong 0 – 7.00  350 43.75 
Ndabibi 0 – 0.27 5.5 0.69 
Three Point 0 – 0.10 35 4.38 
Marula 0 – 5.50 270 33.75 
 

 

There was an occurrence of El Nino in the year 1998. During this period the areas received an extraor-

dinary amount of rainfall, which resulted into an increase in downward movement of bottom fluxes.  

From the graphs it is clearly indicated that Kedong and Marula received the highest recharge, during 

the seven years. This is probably due to pumice formation in these two areas, which allows easy infil-

tration of water during rainy seasons. Additionally, Kedong area gets the highest recharge compared 

with the other due to the type of vegetation around. The widest part of the area is covered with savan-

nah type of grassland with shrubs and scattered trees.  High evapotranspiration do occur only during 

rain seasons when the grass is green, and this is catered for by rainfall. During dry seasons, low 

evapotranspiration takes place since the grass at this time is dry, and unable to transpire. Little 

evapotranspiration can only occur from some scattered trees like acacia, which are always green even 

during dry periods.  

On daily basis, the natural area of Ndabibi receives more than Three-Point. This is probably due high 

intensity of rainfall received in the area, which leads to high rate of downward movement of water flux 

during rainy season. The pumice type of soil formation in the upper layer of the area also contributes 

to the easy infiltration. Ndabibi ends up receiving the lowest recharge per year due to evapotranspira-

tion from trees during dry seasons. This is indicated by the intensive upward movement of water 

fluxes (figure 5.21). This is caused by evapotranspiration from the dense vegetation around, especially 

from acacia trees, which dominate the area. Since water takes some time to reach the water table, de-

pending on the recession period, trees trap these water fluxes on its way down, towards the water ta-

ble.  

 

The natural area around Three-Point farm, on the other hand, receives low recharge on the daily basis, 

but due to lack of thick vegetation, a high percentage of the water fluxes infiltrate in the deeper parts, 

and it is assumed to reach the water table.  

The year 1998 was quite different from the rest of seven years. It was year of floods caused by an ex-

traordinary amount of rainfall. The area received a big rise in bottom fluxes, which resulted in a big 

increase in recharge, mostly in areas with no limitations of water movement towards the water table. 
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5.2.6. Limitations of the model 

SWAP model allows for three options of input files from crop calendar, that is; the simple crop, de-

tailed crop and detailed grass model. Due to lack of parameters for the detailed grass crop model, a 

simple crop model was used. The natural grass of the study area is permanent through the year, with a 

cycle of 366 days. Three different types of grass in terms of crops had to be created in the simple crop 

model to represent the grass cycles. These cycles were marked by the beginning and end of rainy sea-

sons. During dry seasons, the grass dries up, but it remains covering the soil surface. In this condition 

it cannot expire since the leaves are completely dry. Simple crop model does not account for this. It 

assumes that during dry seasons, when crops are being harvested, the soils are bare, and evaporation 

do occur due to lack of soil cover. It simulates the actual soil evaporation rates in terms of soil water 

flux, the maximum soil water flux occurring when there is maximum dryness of the soil.  

Further The study area consists of different land cover types, but the modelling was restricted to only 

grass, introduction of trees causes confusion since both grassland and trees behave differently during 

rain and dry seasons.   

The model works by Darcy, law equation (2.1) as the change in soil moisture content (∂θ) becomes 

smaller, numerical problems develop in the software. The soil moisture becomes constant in all the 

compartments. And this affects the water movements and hence the bottom fluxes. 

 

5.3. ISOTOPIC ANALYSIS OF DEUTERIUM AND OXYGEN-18 ISOTOPES 

Data processing for isotopic analysis 

Each sample was extracted in a vacuum under at temperature of 1800C for a period of five hours. Re-

sults illustrated in table 5.7 below. 
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Table 5.7: Isotopic analysis for δ18O and δ2H from both unsaturated and saturated zones. 

 
 

The isotopic composition for unsaturated zone in Kedong, Ndabibi and Three point areas decrease 

with increase in depth. There is generally a high isotopic enrichment of soil moisture at the top layers 

of the profiles, which is attributed to direct atmospheric Evaporation. Water uptake by roots is not se-

lective on the isotopic compositions; hence has no effect on their variation with depth. 
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Figure 5.24: Variation in isotopic composition with depth, Kedong and Ndabibi 

 

                         
 

Figure 5.25: Variation in isotopic composition with depth, Three Point and Marula 
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According to previous studies the isotopic composition of Marula and 3 Point Farm BHM (appendix 

10) signifies that these boreholes have their source of recharge from precipitation and river Malewa 

(Oppong-Boateng, 2001). This is also confirmed from the isotopic composition of unsaturated zone of 

Marula (δ18O = -2.80 o/oo , δ2H = -23.6 o/oo ) and Three Point (δ18O = -3.78 o/oo , δ2H = -26.7 o/oo) which 

are a mixed of river Malewa and rain.   

The constant profile in the isotopic composition of Marula area (figure 5.25d), according to (Selaolo, 

1998) implies that almost no evaporation occurred during infiltration period. This is a typical situation 

for areas with high rates of infiltration and recharge (Buttle, 1998). In case of Marula, it is probably 

due to pumice type of formation in the area that has a good hydraulic conductivity, allowing little time 

for evaporation to occur.  

The isotopic composition of the unsaturated zone for Ndabibi is similar to that of rain. It shows some 

depletion with increase in depth up to 1.8 meters, and then it starts getting enriched probably due to 

interflows in form of infiltrations from precipitation.  

The isotopic composition of the unsaturated zone for Kedong has no significant similarity with that 

from boreholes located in this area. This confirms the previous research that the groundwater in the 

southern part of the lake has mixed waters from Lake Naivasha and direct-localised recharge.  

The isotopic signatures from the unsaturated zones, below the rooting system for grass, and those from 

the two the boreholes (table 5.7), were plotted together with the compiled isotopic data sets for the 

study area since 1992 (appendices, 10-14). 
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Figure 5.26: Local meteoric water line for Naivasha basin; Isotopic evaporation line for water from rain-
fall, Lake Naivasha, river, boreholes and unsaturated zone. 

Explanation: 

B:  Borehole 

G: Geothermal well 

L: Lake 

R: River 

K_un: isotopic value for unsaturated zone around Kedong area 

N_un: isotopic value for unsaturated zone around Ndabibi area 

T_un:  isotopic value for unsaturated zone around Three-point farm 

M_un: isotopic value for unsaturated zone around Marula Farm 

Kihoto_GW : Isotopic composition for Kihoto boreholes, K1 and K2 (Naivasha town) 

 

The isotopic signatures obtained from the unsaturated zone are relatively similar to those from rainfall 

and rivers. Marula and Three Point areas are being recharged from direct rain, River Malewa and 

Gilgil. Ndabibi area is recharged by direct rain and ephemeral streams, whereby the highest percentage 

comes from rain. Kedong area receives its recharge from rain and Lake Naivasha, and according to 

previous studies, the highest percentage recharge comes from Lake Naivasha. The boreholes K1 and 
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K2 located in Naivasha town (Kihoto area) have similar isotopic composition with those from the geo-

thermal wells. 

5.4. RECHARGE ESTIMATES USING A SIMPLE 1-D  MIXING MODEL 

A simple model (Appendices 8 and9) using Excel spread sheet was applied to the area in the southern 

part of the lake lying between the piezometric levels of 1888m, near lake Naivasha, and 1884m, 10km 

away from the lake. The isotopic signatures of boreholes (Table 5.8) were taken as measured and ref-

erence values. From the transmissivity distribution modelled by (Owor, 2000), figure 2.6, the aquifers 

lying between the above mentioned piezometric levels has  the transmissivity values ranging between 

3000 and 5000 m2day-1.  

During each simulation, the following parameters were always kept constant; the transmissivity, con-

centration of lake and unsaturated zone (in terms of isotopic values), direct recharge. The piezometric 

heads at the ends were kept constant throughout the calibration. By applying changes in both the 

transmissivity and recharges every after each simulation, different isotopic signatures falling between 

the specified piezometric heads were calibrated. 

 

Table 5.8: Boreholes from the southern part of the lake with mixed water. 

 
 
The validity of the model is tested by the plots of both the simulated and the measured isotopic signa-

tures values from existing wells, figures 5.27 and 5.28 display the results. 

 



ESTIMATION OF DIRECT RECHARGE ON NATURAL VEGETATION OF LAKE NAIVASHA AQUIFER, KENYA  
CHAPTER FIVE  

 
 

    INTERNATIONAL INSTITUTE FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION ENSCHEDE, THE NETHERLANDS                 55 INTERNATIONAL INSTITUTE FOR GEO-INFORMATION SCIENCE AND EARTH OBSERVATION ENSCHEDE, THE NETHERLANDS            

 

Figure 5.27: Validity of model simulations with measured values for δ18O composition. 

 

Figure 5.28: Validation of model simulations with measured values for δ2H composition. 
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A high correlation between the measured and simulated isotopic values, confirms strength of the 

model. Some variations do occur probably due to incorrect piezometric heads imposed on the wells 

used. Table 5.9, below displays the results. 

 

Table 5.9: Direct recharge estimates in southern part of the lake aquifer, simulated by a simple 1-D 
Mixing Model. 

Stable isotope  Range mmday-1 mmyear-1 
18-Oxygen 3 – 6 o/oo 1x10-5 – 7x10-5 3.65 – 25.55  

 
Deuterium 18 – 36 o/oo 3x10-5 – 7x10-5 10.95 – 32.85 

 
 

 

 

5.5. INFLUENCE OF VEGEATATION ON RECHARGE IN THE STUDY AREA 

5.5.1. Grassland  

This extraction of water by roots is not only constrained by atmospheric demand but rather by the na-

ture of plant, physical obstructions in the soils for example impermeable layer and the effect on the 

rooting depth. Detailed analysis of soil pits and auger holes show that the roots of grassland in the 

study area go up to 2.5 meters.  

In such areas water uptake by roots only occur within the depth and only takes place during the rain 

season. No evapotranspiration from grass takes during dry seasons, since by this time the grass is com-

pletely dry and cannot transpire. 
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Figure 5.29: The behaviour of different types of vegetation during dry seasons, Kedong area. 

5.5.2. Acacia trees 

There are two common types of species in Naivasha area, the Acacia Xanthophloea (yellow fever) and 

Acacia Drepanolobium (Whistling Thorn) species. The Yellow fever species are found in areas with 

abundant supply of water and fertile soils, normally the vicinities of Lake Naivasha and grow up to 

twenty meters in height. The Yellow fever species can survive drought conditions because of their tap-

roots, which can reach deeper profile layers.  

Whistling Thorn can survive in drier climates more than the Yellow Fever Acacia. Vast fields of this 

species are dominant in areas towards Masai Mara. They look more like bushes than trees, because 

they do not grow very tall. Unlike the Yellow Fever species, which can grow twenty meters in height, 

this species can only reach a height of 18 feet (Benders, 2000). 

Acacia trees in the study area have been termed as shallow rooted trees. This has been disproved, bas-

ing on the research carried in the study area, together with other researches by other authors. 

 The field research was conducted on two acacia trees, of the same species, located at Three Point 

farm. The first one was already exposed in a dry trench of river Karati and another one, its root system 

was exposed by digging a hole of 8 meters with a diameter of 1.80 meters and trenches following the 

lateral roots. 
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These acacia trees have lateral roots, with diameter range of 5-9cm. The highest rooting density is con-

signed within a depth of 65cm. They extend horizontally to a depth of 9 meters, and beyond this, they 

grow vertically and branches into small other lateral roots, which later develop intensive hair roots. 

The taproot of this acacia tree was estimated to go beyond 8 meters. It starts with one big trunk, with 

diameter of 60cm up to a depth of about 70 cm. From then onwards, it starts dividing into other 

branches.  

 
 

Figure 5.30: The lateral roots of acacia in the upper zone, Three Point Farm. 

 

 

Figure 5.31: The Main taproot of acacia in the upper zone, exposed with its lateral roots, Three Point 
Farm. 
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The young acacia tree (yellow fever) that was exposed in the dry trench of Karati River, with a diame-

ter of 40cm and its taproot was extending beyond eight metres. The lateral roots extend horizontally 

beyond 15 m, and small other lateral roots branch off, in the process, which later develop intensive 

hair roots. These hair roots extend vertically to a depth of 6m 

 
Figure 5.32: Exposure of the intensive small lateral roots of Acacia, branched off the main lateral roots, 
(from a dry trench of Karati river), Three point Farm 
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Figure 5.33: Taproot of Acacia at 7 meter depth (from a dry trench of river Karati), at Three Point Far-
The acacia Xanthophloea that are located in the study area not shallow rooted, as it has been thought but 
rather deep rooted and have the potential to extract water from the water table. 

Their lateral roots grow horizontally but when they encounter a soft or hard fractured formation, they 

divert to vertical growth and branches into small other laterals, which also divides into small intensive 

hair roots. The system continuously extracts water from wider parts of the unsaturated zone. 

Their taproot start as a single trunk, beyond 70cm, it starts branching into other taproots, with hair 

roots. These trap water from deeper parts of the soil profile. From the diameter of the taproot at the 

bottom of the hole, it is assumed that this taproot has the ability to extent beyond 20m and could be 

extraction water from the water table. 
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Figure 5.34: Sketch of Acacia Xanthophloea , dug out from a hole, exposing its root system 
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Figure 5.35: A Sketch of young Acacia Xanthophloea , exposed in a dry river trench, exposing its root 
system 
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6. DISCUSSIONS AND LIMITATIONS 

6.1. DISCUSSIONS 

In (Semi-) arid environments like the study area much of the precipitation evaporates or is transpired 

by plants back into the atmosphere, thus evapo(transpi)ration is a very important factor for determina-

tion of recharge and available groundwater in these areas.  

Unsaturated zone techniques for estimating recharge are mostly applied in semiarid and arid regions, 

where the unsaturated zone is thick. They generally provide estimates at points or small scales, how-

ever these estimates may represent many large areas. These techniques provide estimates of potential 

recharge based on drainage rates below the root zones, however in some cases, drainage is diverted 

laterally and does not reach the water table(Scanlon et al., 2002). In the study area it is assumed that 

all the diverted drainages, in one way or another reach the water table, depending on the residence pe-

riod, though the drainage rates in thick unsaturated zones do not always reflect the current recharge 

rates at the water table.  

There are three main sources that contribute to recharge in the study area; the direct recharge from 

rain, and localised recharge from depressions, like lake Naivasha, indirect recharge from rivers and 

lakes like lake Naivasha, river Malewa, Gilgil and ephemeral streams. Tables 6.1 and 6.3 summarise 

the results from the two models. 

 

Table 6.1: Direct recharge estimates from SWAP model  (1990-1997), before El Nino. 

Location Recharge  
(mmday-1) 

Total recharge       
(1990-1997) (mm) 

Average recharge    
(mmyear-1) 

Kedong 0 – 0.19 100 14.29 
Ndabibi 0 – 0.18 0.2 0.03 

Three Point 0 – 0.024 18 2.57 
Marula 0 – 0.28 52 7.43 
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Table 6.2: The recharge received (1990-1998), after the El Nino 

Location Recharge 
(mmday-1) 

Total recharge  
(1990-1998) (mm) 

Average recharge  
(mmyear-1) 

Kedong 0 – 7.00  350 43.75 
Ndabibi 0 – 0.27 5.5 0.69 
Three Point 0 – 0.10 35 4.38 
Marula 0 – 5.50 270 33.75 

 

Table 6.3: Direct recharge estimates from a 1-D mixing model.   

Type of          
recharge Stable isotope mmday-1 mmyear-1 

Average  
recharge 

(mmyear-1) 
18-Oxygen 

 1x10-5 – 7x10-5 3.65 – 25.55 14.6 Mixed recharge; 
Lake, rain, Deuterium 

 3x10-5 – 7x10-5 10.95 – 32.85 21.9 

 

The groundwater recharge in the study is influenced by climate, soils, vegetation, lithology and 

geomorphology of the area. The area experiences an annual rainfall of 640mm. Since the potential 

evapotranspiration (1700mm) of the area is much higher than rainfall, direct recharge is not a perma-

nent process in the area, but a process which occurs during rain seasons and, only when there are high 

intensities, this explains those periods during model simulations which show zero bottom flux.  

 

From the previous studies, the aquifers of Marula and Three Point, in the northern part of the study 

area obtain their recharge from Precipitation and river Malewa; the largest percentage comes from the 

river. Ndabibi plains, is recharged by precipitation and Kedong area, by Lake Naivasha and precipita-

tion, the highest percentage being contributed by the Lake.  

 

The main factors influencing the water movement in the unsaturated zone are the rooting density and 

depth of vegetation, and the types of soil layers in the profiles. Most part of the study area is flat, with 

no indication of valleys, hence no runoff. So when it rains, due to high rate of evaporation, much of it 

evaporates and that which remains infiltrates, through the pumice sand to the deeper parts of unsatu-

rated zone. If a water flux is obtained at a depth in a profile where no further abstraction by roots oc-

cur, it is estimated to be equal to groundwater recharge (Allison, 1987). The rooting depth of grass in 

the study area is about 2.50 meters, beyond which no evapotranspiration from grassland is assumed 
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occurs. The water movement at this stage is still influenced by other factors in the unsaturated zone, 

before it reaches the water table.  

 

The studies carried out in Kalahari semi- arid environment (De Vries et al., 2000) detected the extrac-

tion of water by acacia species from a depth exceeding 50 metres. The research on acacia trees in the 

study area, together with the other studies carried out in other semi arid environments clearly proves 

that Acacia species extracts water from deeper depths. Clearing of native vegetation and establishment 

of shallow-rooted pasture and crops, increase the local recharge, which will still be variable in time 

due to variability of rainfall (Balek, 1987). 

 

The native vegetation, particularly acacia trees, have developed root system (Figure 5.32 and 5.33) 

that extracts a big percentage of water during it movement towards the water table. Since the water 

table is deep, water movement continues even during dry seasons, hence the process of 

evapotranspiration occurs throughout the year for those areas that are covered with both grassland and 

acacia trees.   

The roots of acacia trees have a constant affect on groundwater recharge, since they continue to tran-

spire even during dry seasons (Plate 1).  During this period, water movement from the last rainfall 

events could still be taking place, probably due to the long residence period and the deep water table. 

 

Kedong is a flat area widely dominated by grassland type of vegetation. Evaporation mostly occurs 

during rainy seasons, when the leaves are green and have the potential to transpire.  

In other areas, Ndabibi, Marula and three point, the water flux below the rooting depth of grass is still 

affected by the presence of acacia trees, whose roots continue extracting water from deeper parts of the 

unsaturated zone and could even go up to the water table. The total amount consumed by these trees 

depends on their percentage coverage in the respective areas. 

 

A simple 1-D mixing model simulated direct recharge in the southern part of the lake Naivasha aqui-

fer, 10 km away from the lake. From the piezometric map, the isotopic signatures of boreholes (Table 

5.8) located within this area; with heads between 1888-1884 metres were used in model calibration. 

These were taken as measured values during the simulation. Their signatures range between 6 - 3 o/oo 

for 18-Oxygen and 36 – 18 o/oo for Deuterium. From the simple 1-D mixed model, the simulated re-

charge between these limits was of the range (3.65 – 25.55) mmyear-1, giving an average recharge of 

14.60 mmyear1, which figure correlates well with the direct recharge simulated from SWAP model 

before El Nino (Table 6.1), in Kedong area. This is assumed to be the average contribution of direct 

recharge towards southern part of the lake aquifer, in a radius of 10km. The lake water percentages 
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(appendices 8 and 9) agree with the previous estimates on lake water contribution (Oppong-Boateng, 

2001) towards the aquifer. 

 

The evaluation of validity of the simple model with measured isotopic values was based on a general 

piezometric range (1888-1884), due to lack of independent piezometric heads for each borehole. 

6.2. LIMITATIONS 

Recharge in (semi-) areas can be determined through the vadose zone from direct calculation of water 

fluxes, either by applying or establishing a vadose-zone water balance on the basis of soil, climate, and 

vegetation data. However this is not a straightforward process, since the small recharge calculated 

from the difference between rainfall and actual evapotranspiration is still less than the accuracy range 

of recharge (Simmers et al., 2002). 

 

Since all the Darcy’s law solution for water movements in the unsaturated zone require knowledge of 

the soil-water retention curves, and since their determination is difficult, indirect methods for estimat-

ing soil hydraulic properties has been developed from many practical applications (Van Genuchter et 

al). The simulation obtained was not matching with infiltration curves obtained from fieldwork. The 

soil moisture content of simulated curves is exaggerated. SWAP modelling does not simulate exactly 

was in field. The soil basics found in SWAP model were generated basing on both surface and soil 

properties from temperate type of climate, which is mainly influenced by summer and winter seasons. 

These properties somehow differ from those for (semi-) arid type of climate. These humid environ-

ments are characterised by high rainfall intensities, little evapotranspiration, shallow groundwater lev-

els, thin unsaturated zone, and hence high rates of groundwater recharge. 

 

Generally the Naivasha basin has a homogenous type of soil, the pumice sand, with bulk density, 

which is less than that for water (<1gcm-3). Its rate of sacking up water and releasing it is very high. 

These soils cannot hold water for a long time. So when it rains, all the water infiltrates to the deeper 

soil layers. SWAP generally bases on three soil types; sand, clay, and silt to classify their hydraulic 

properties. Sand is taken as a quartz material with bulky density ranging between 1.20 gcm-3 and 1.80 

gcm-3 (Landon, 1991). Due to its big bulky density and porosity, it can hold water for sometime before 

releasing it, which is quite different from pumice type of sand found in the study area. To obtain better 

results, modification of soil properties with the use of field measurements was necessary.  

The initial pressure heads were estimated from the initial conditions of soils, basing on soil moisture 

measurements. Due these rough estimates, the water fluxes in the first periods were exaggerated. The 

conditions were too wet, and it took sometime, approximately three years to attain its equilibrium. The 
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final pressure heads for the last year were used as initial pressure heads and the simulation was re-

peated. 
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7. CONCLUSIONS AND RECOMMENDATIONS 

7.1. CONCLUSIONS 

The ephemeral streams in the study areas can also be source of recharge especially during dry seasons 

when ephemeral rivers terminate in depressions groundwater recharge can also occur. In this case to-

pography of the region plays a dominant role. 

 

The low values of direct recharge are caused by mainly two factors, the little and irregular distribution 

of rain and, high rates of evapotranspiration in the study area. And not every rainfall event causes re-

charge, direct recharge only occurs during wet seasons and only when there is a heavy storm.  

 

The natural areas around Kedong received the highest recharge (43.75mmyr-1), followed by Marula 

(33.75 mmyr-1). Ndabibi and Three Point receives the lowest, 0.69mmyr-1 and 4.38mmyr-1 respec-

tively. The highest recharge was received in the year 1998, during El Nino period. The big variation in 

recharge is associated with the different types of vegetations and soils in the study area.  

The mechanisms of Groundwater recharge dominating the study area are; direct recharge from rain, 

indirect recharge from river Malewa and Gilgil in the northern part, localised recharge from the Lake 

Naivasha.  

Model simulation has to be appropriate to the actual conditions in the field. Applying of hydraulic 

properties on soils using the inbuilt datasets from SWAP model resulted in simulations that did not 

match with field measurements. Matching curves were obtained after the modification of the soil hy-

draulic properties by referring to both the datasets and field measurements. Field measurements are the 

basis of recharge investigations since they give a realistic idea on recharge processes. So models must 

work hand in hand with them for better estimations of groundwater recharge.  
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7.2. RECOMMENDATIONS 

 

Recharge in (semi) arid areas is intermittent and concentrates in small areas; such conditions influence 

the choice of its estimation. It is therefore recommended to have a well-defined theory of different re-

charge processes as well as using more than one technique for result verification.   

 

There are normally very low water fluxes in semi-arid environment and are highly variable in time, 

therefore, the application of physical methods, which rely on direct measurements of hydrological pa-

rameters is a problem. Because of the low water fluxes, changes in these parameters are very small and 

difficult to detect, and due to their variability in time, these measurements must be made over several 

years to come up with an estimated mean value. This can be avoided, for the case of the study area, by 

massive application of chemical and isotopic techniques on unsaturated zone. The diffusivity of trace 

elements is much less variable with change in water content or soil type than the diffusivity of soil 

water, so the former gives a better indicator of water movement in the porous medium (Allison, 1987). 

The physical methods are more advantageous in wetter environment where the fluxes are higher and 

constant in time. 

 

Since in developing countries like the study area, it is difficult to obtain adequate data to result into a 

reasonable recharge estimates, a flexible approach to recharge determination is needed. To opt for ap-

proaches or models, which require so much data, input give insufficient results since in most cases the 

defaults inbuilt in these approaches are used instead of the actual data from field.  

 
Field measurements are the basis of recharge investigations since they give a realistic idea on recharge 

processes. So models must work hand in hand with them for better estimations of groundwater re-

charge. 

 

For further estimates of lake contribution towards the aquifer in the southern part of the lake, a more 

complex mixing model is recommended, which includes assigning different transmissivity values and 

piezometric heads for all the wells used.  

 

It is of good idea for the future studies to apply and compare quite a number of approaches in ground-

water recharge estimations. Other techniques like the application of chloride mass balance should be 

conducted in unsaturated zone. And since the unsaturated zone in the study is quite thick more ad-

vanced techniques other than hand augering should be applied in order to exploit the deeper layers. 
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Isotopic soil sampling should be carried out on quite a number of sites to have a wider view on iso-

topic variations. 

 

The combination of available local data, remote sensing and Geo-information Science technology 

promise for a better understanding and quantification of recharge over large areas (Simmers et al., 

2002). It is now clearly proved that the acacia trees do extract a reasonable amount of water from both 

the unsaturated and saturated zones, adding to what (Farah, 2001) researched on evapotranspiration 

using remote sense techniques, a research on the distribution of acacia trees in the study area should be 

investigated by remote sensing in order to determine how much they affect the recharge on a regional 

scale. 

Since SWAP model uses Darcy’s law, it is advisable to be applied in (semi-) arid regions where water 

tables are shallow(Scanlon et al., 2002).  

The reliability of recharge estimates using different techniques is variable, the techniques based on 

surface-water and unsaturated zone data provide estimates of potential recharge whereas those based 

on groundwater data generally provide estimates of actual recharge (Scanlon et al., 2002). There is a 

need for application of multiple techniques to increase reliability of recharge estimates. There after, 

the estimated recharge should be assigned in the 3-D hydrogeological Model constructed by (Nabide, 

2002),  during its calibration. 
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APPENDICES 

Appendix 1: Initial soil moisture conditions for the four locations in the study area. 

Kedong Ndabibi Three point Marula 
Depth     
(cm) 

Soil mois-
ture (%) 

Depth     
(cm) 

Soil mois-
ture (%) 

Depth     
(cm) 

Soil mois-
ture (%) 

Depth     
(cm) 

Soil mois-
ture (%) 

36.5 3.5 60 4.9 10 9.1 20 15.6 
65.5 5.2 100 7.2 56 6.1 50 17.0 
83 5.5 150 3.5 100 20.5 120 17.4 

100 9.3 190 8.4 150 22.6 140 17.6 
123 16.8 250 5.9 200 17 170 11.5 
137 18.2 290 6.9 250 28.5 240 5.2 
162 20.1 300 2.4 350 29.8 390 3.9 
190 34.7 350 5.9 400 29.9 425 3.1 
250 36.5 380 7.0 450 31.2 500 7.5 
290 32.5     470 24.3 530 15.6 
300 15.1     500 19.9     
360 15.6             
400 15.6             

  
 

Appendix 2: Data set of soil hydraulic functions, Carsel and Parish, 1988), USDA texture classes. 

Texture θres  (cm3cm-3) θsat  (cm3cm-3) α  (cm-1) n  (-)  Ksat  (cm d-1) 
Sand 0.045 0.43 0.145 2.68 712.8 
Loamy sand 0.057 0.41 0.124 2.28 350.2 
Sandy loam 0.065 0.41 0.075 1.89 106.1 
Loam 0.078 0.43 0.036 1.56 25.0 
Silt 0.034 0.46 0.016 1.37 6.0 
Silt loam 0.067 0.45 0.020 1.41 10.8 
Sandy clay loam 0.100 0.39 0.059 1.48 31.4 
Clay loam 0.095 0.41 0.019 1.31 6.2 
Silty clay loam 0.089 0.43 0.010 1.23 1.7 
Sandy clay 0.100 0.38 0.027 1.23 2.9 
Silty clay 0.07 0.36 0.005 1.09 0.5 
Clay 0.068 0.38 0.008 1.09 4.8 
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Appendix 3: Infiltration measurements for Ndabibi and Three Point area. 

Ndabibi Three Point 

Day Soil mois-
ture (%) Depth (cm) Day Depth (cm) Soil mois-

ture (%) Day Depth (cm) Soil mois-
ture (%) 

2nd  27.18 0 1st 0 40.69 5th 0 30.84 

  10.99 7   5 39.84   10 34.62 

  6.98 9   19 39.18   18 35.25 

4th  35.91 0   28 38.8   28 35.18 

  32.12 5   34 36.53   40 35.7 

  30.97 9   40 34.57   58 36.25 

5th  31.08 0 2nd 0 34.65   62 35.54 

  25.18 5   8 31.88   70 35.66 

  25.38 10   12 35.5   78 32.28 

  22.15 13   17 37.72 7th 5 34.5 

  22.48 20   28 36.33   15 34.13 

6th 29.5 0   35 35.95   30 36.28 

  26.48 6   50 32.92   50 30.68 

  23.98 15   60 24.4   60 20.6 

  16.13 25 3rd 0 34.74 8th 15 32.8 

7th 26.58 0   8 36   30 34.78 

  22.14 12   12 33.8   50 35.5 

  16.48 20   17 33.73   66 35.8 

8th 20.26 20   24 34.76 9th 15 27.52 

  16.78 25   30 34.1   30 32.64 

9th 15.35 20   44 35.84   50 21.02 

  9.62 25   50 36.68   70 17.07 

  8.92 -32   60 36.5   80 18.2 

10th 17.8 10   70 34.58 10th 15 24.7 

  14.88 30 4th 0 39.79   30 27 

  10.28 40   6 43.47   50 21.1 

  3.52 50   16 43.43   65 18.6 

Last  11.9 -10   24 43.06   76 17.2 

  8 -30   33 42.06   100 17.1 

  6.4 -50   42 31.78   120 17.6 

  10 70   52 28.23   150 10.9 

  9.5 100   64 26.34   200 11 

  5.5 150   68 24.1       

        72 23.4       
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Appendix 10: Stable isotopes of Water Samples collected during fieldwork, 2000. 

Dataset 1: Analysis carried out at Royal University of Groningen, The Netherlands. 

Sample           X          Y   δ18O(%o)    δD(%o)

River Malewa 209119 9926378 -2.74 -6.2
Crater Lake 194929 9913682 12.43 59.3
L.Naivasha Mid. 205000 9915000 6.56 36
Gorge Spring 205000 9903000 4.47 25.5
Oloidian bay 195312 9909880 10.24 56.7
Heather BH 214281 9909564 4.19 29.2
Sulmac farms 207857 9908376 2.9 19.1
3 Point farms BHM 213065 9924682 -4.33 -17.6
Golf course down BH 201390 9925438 0.05 5.3
Olsuswa water supply 204888 9908150 3.53 23.9
Kongoni M13 194823 9909906 3.25 23
Kedong C210 208867 9909074 3.1 20.1
Golf course BH 201563 9926482 -0.37 2.8
Moi Ndabi BH2 189657 9911938 -4.86 -20.7
Ngodi BH 187796 9909094 -5.29 -31.9
Marula BH2 203819 9938994 -3.59 -15
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Appendix 11: Isotope data set 2 : darling et.al.,1996. 

Site Sample type  δ18O(%o)    δD(%o) 

Naivasha L 6.6 36

C4178 B -4.1 -24

C5002 B -4.4 -22

OW-2 G 2.1 3

OW-5 G 3.7 18

OW-16 G 3.1 10

OW-21 G 2.8 8

OW-22 G 2.7 13

OW-23 G 3.6 13

OW-26 G 2.6 11

OW-703 G 4.5 34

OW-705 G 3.7 25

OW-706 G 2.2 21

OW-715 G 1 4

EW-1 G -2.1 -9

B: Borehole G: Geothermal well L: Lake
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Appendix 12: Isotope Data set 3: University of Nevada, 1992. 

Site Sample type δ18O(%o)  δD(%o) 

Naivasha Rain (regional) -5.1 -32.8

Naivasha Rain (local) -6.4 -39

River R -2.7 -13

L. Naivasha L 4.8 23

Ololdian bay L 6.6 36

Crater lake L 11 39

C729 B 0.7 -8

C1404 B -4.6 -28

C563 B 5.6 32

C210 B 3.7 18

133/4/138 B 4.1 7

OW-2 G 3 10.5

OW-4 G 5.4 32.6

OW-5 G 4.3 21.5

OW-6 G 4 17.4

OW-10 G 5 27.8
OW-11 G 3.8 18.2
OW-13 G 4.5 25.3
OW-14 G 4.8 25
OW-15 G 5.5 23.6
OW-16 G 3.7 14
OW-17 G 6.4 32
OW-18 G 5.5 25.5
OW-19 G 5.9 29
OW-20 G 4.4 20.2
OW-21 G 4.8 22.7
OW-22 G 3.8 18.6
OW-23 G 4.7 18
OW-24 G 4.2 20.3
OW-25 G 3.8 17.8
OW-26 G 3.4 18.1
OW-701 G 3.5 24
OW-703 G 4.3 32.9
X-2 G 2.5 5
B: Borehole G: Geothermal well L: Lake
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Appendix 13: Isotope Dataset 4: University of Nevada, 1996. 

Sample Type  δ18O(%o)    δD(%o) 

R.Murindati,r-4 R -2.6 -8

Little Gilgil, r-5 R -3.3 -15

R.Malewa (m),r-6 R -3 -9

R.Kianjogu, r-7 R -3.6 -14

Gathiriga str., r-8 R -2.4 -6

Nandarashi str., r-9 R -3.3 -12

R.Turasha,r-10 R -3.8 -19

R.Karati (up), r-11 R -1.9 -5

R.Karati (mi), r-12 R -1.6 -5

L.Naivasha, Ik-001 L 6.4 39

Oloidian Bay Ik-002 L 10.6 60

Mini-piez.mpzl-1 B 5.6 34

Mini-piez.mpzl-2 B 5.8 33

C3366 B -3.9 -21

C3677 B -4.2 -22

C3675 B -2.7 -16
C210 B 3.5 19
C562 B 4.3 25
C567 B 4.2 23
C7829 B 3.9 26
C4397 B 4.2 21
C4420 B 3.7 22
C2071 B 3.4 18
C579 B 3.9 22
C4366 B 3.4 21
UW-1 B 3.6 21
C630-D B 3.6 23
C3767 B 2.1 17
C2660 B 4.1 22
OW101 G 3.1 4
OW-2 G 3.4 17.6
OW-26 G 3.7 23
OW-725 G 3.4 24
OW-728 G 3.7 29
G: Geothermal well B: Borehole L: Lake
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Appendix 14: Isotope Dataset 5: Arc Seibersdorf research, Vien, Austria, 2002 

 

Natural areas  

Year X Y  δ18O(%o)    δD(%o) Sample type 

Kedong  2002 211875 9904706 -3.03 -17.7 Un 

Ndabibi  2002 194432 9914858 -1.42 -21.1 Un 

Three point  2002 213398 9924946 -3.78 -26.7 Un 

Marula  2002 208448 9930834 -2.8 -23.6 Un 

Kihoto, K 1 2002 214125 9919894 3.21 23 B 

Kihoto, K 2 2002 213219 9919782 3.78 25.5 B 
 
Where, Un: Unsaturated zone below rooting depth B: Borehole 
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PLATES 

 
Plates 1: The behaviour of different types of vegetation during dry seasons, Kedong area. 

 

 
Plates 2: Fractured volcanic rock from a quarry at Kedong area. 
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Plates 3: Acacia, the yellow Fever species. 

 

 
Plates 4: Acacia, the Whistling Thorn species. 
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Plates 5: The Pumice sand, volcano origin, Three Point area. 

 

 
Plates 6: Well-bedded trachytic pumice, lower plains of Mt.Longonot. 

 



 
 
PLATES 1 

 
Conditions of vegetation during fieldwork, Kedong area. 

 

 
 
The effect of dry seasons on grassland in the study area. 
 



 
 
Fractured volcanic rock from a quarry at Kedong area. 
 

 
 
Acacia, the yellow Fever species 
 



 
 
Acacia, the Whistling Thorn species 
 


