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THESIS

ABSTRACT

For any proper management of a waterbody water balance is an essential prerequisite. Previous stud-
ies carried out suggest that Lake Naivasha discharges about 50 mem/fyr to groundwater system and
nobody knows for certain where it disappears. Researchers have often speculated the possible dis-
charge areas to be Lake Elementeita to the north and Magadi to the south. It is for this reason that
the study was initiated to cast on more light on the groundwater flow north and south of Naivasha.

Describing groundwater regime in the rift valley is one of the most difficult tasks in hydrogeology due
to complex geology tied to the area dynamic evolution and its volcanic systems. Consequently, there is
no single method that can provide all the necessary data sufficient to explain groundwater flow and
that is why there is need for an integrated approach.

Before this can be done various components of hydrological system have to be analysed basing on the
conceptual groundwater model of the region providing the backbone for quantification of the fluxes.
The quantification of the hydrological system is derived by matching results from groundwater model
for the whole study area and simple model describing the waterbalance components of the lakes.

Water balance approach was used to provide an indirect evaluation of groundwater components from
known components. Using excel spreadsheet modeling, simulating historical lake levels, it was possi-
ble to determine groundwater recharge to the lakes. Somehow, a method had to be devised to ap-
proximate evaporation flux and groundwater recharge of the trona covered Lake Magadi.

The study showed that precipitation and streamflow to lakes Elementeita and Nakuru are not suffi-
cient to maintain the lake levels, and thus groundwater recharge estimated at 15 and 26 mcm/yr re-
spectively were obtained. The evaporation estimate for Lake Magadi obtained is about 135 mem/yr
Jfrom which groundwater estimate of 64mem/yr is derived.

The results of the water balances indicate that the surrounding lakes gain groundwater inflow in their
water balances and more interestingly, amounts to the groundwater loss from Lake Naivasha. If this
water bodies share the same reservoir then it is plausible to say that they gain from contribution from
Lake Naivasha. Although it is not implicitly conclusive that groundwater gained are products of Lake
Naivasha, piezometric levels and isotopic evidence point in this direction.

If our observation is correct, it implies therefore that the basins in the southern Rift valley are hy-
drologicaly connected by regional flow systems perhaps through yet little well understood basal aqui-

fer.
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THESIS

REPORT LAYOUT

Chapter 1 deals with the general background and relevance of the study.
Chapter 2 discusses the study area, location and climate.

Chapter 3 and 4 handles the geologic and hydrogeological framework that was essential for defining
the conceptual model.

Chapter 5 deals with the analyses of the fieldwork and all the achieved hydrological and meteoro-
logical data necessary for the modeling and water budgets.

Chapter 6 deals with isotope geochemistry into the origin of the springs feeding Lakes Magadi and
Elementeita

Chapter 7 and 8 analyse the lakes and catchments water budgets results and relate it to groundwater
flow regimes.

Chapter 9 discusses the results and the results pertinent with the water budgets modeling and all the
preceding data handling processes and therefrom draws a number of conclusions with some recom-
mendations.
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Chapter 1 introduction

1.1 BACKGROUND

The study aimed to integrate data and assess water budgets on the four lakes in the southern Kenya
Rift Valley (Naivasha, Elementeita, Nakuru and Magadi). Lake level fluctuation is a common feature
of all lakes in the Rift Valley. Evidence for this is provided by both historical records and casual ob-
servations which indicate that the lakes at one time came close to completely drying up. This phenom-
ena, suggests that the water balance and the flow systems in the area, over time, have been altered.
Changing water levels on these particular lakes have indirect impact on socio-economy of Kenya as
they could affect fisheries, tourism and agriculture. In the case of Elementeita and Nakuru the envi-
ronmental impact would be severe on the unique ecology of fauna and flora that thrives in the unusual
alkaline aquatic lake environment. Naivasha owing to its freshness experiences heavy demands on its
water for agricultural purposes. The Olkaria geothermal power project (generating about 18% of the
electricity) to the south of Lake Naivasha,a major electricity-producing enterprise in Kenya, indirectly
derives its waters by recharge from the lake. There is thus a big strain on the availability of water of
suitable quality and adequate quantity to meet the diverse and conflicting demands. Lake Magadi is an
important soda producing lake and it has the second largest trona concentration in the world after Sal-
ton Sea in California. In recent years the efficiency of soda production has diminished because of
greater rainfall and decreased evaporation.

It is thus important to make a quantitative evaluation of water resources of these hydrological reser-
voirs and their response to the changes in climate and human activities, and for that purpose hydro-
logical water balance is becoming critically important.

The modeling approach can be used for evaluating the sensitivity of a lake to different controlling fac-
tors, to infer past fluctuations in precipitation from past fluctuations in lake water level, or to predict
the consequences of climate and artificial changes in the regime of streams, lakes, and groundwater
basins. Above all, water balance study can provide an indirect evaluation of unknown water balance
component from the difference between the known components.

Previous studies around Lake Naivasha have indicated that over 50 million cubic meters of water an-
nually is lost from the lake. Although numerous researchers have speculated that water finds its way
to Lake Magadi and some proportion flows to the north probably interacting with Lake Elemeinteita
and Lake Nakuru, very little is yet known for certain as to where this water disappears. Although often
neglected, the groundwater contribution can be significant to the lake water balance. The thesis, there-
fore discusses the water balance of these lakes and in the process attempts to improve the interpreta-
tion of the north south groundwater flow from Lake Naivasha on a more regional scale. This has also
been supplemented by isotopic studies in some instances.
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1.2 RESEARCH PROBLEM

Previous studies provided detailed descriptions of groundwater flow patterns around Lake Naivasha
and quantified groundwater interactions using detailed water budgets and groundwater flow models.
As a result, the understanding of the various factors affecting groundwater exchange has greatly im-
proved. The site-specific nature of these studies, however, makes it difficult to extrapolate results to
the larger population of lakes in the Rift Valley. Contemporaneous studies of groundwater exchange
are needed for a larger number of lakes. With this information we can begin to make comparisons be-
tween lakes and characterize how these lakes respond to hydrologic conditions within the region. Ba-
sin-scale study approach in the water budgets of the Rift Valley Lakes are clearly needed to enhance
understanding on their relative importance on the regional groundwater flow. This study therefore

aims at examining lakes at an intrabasin scale to determine groundwater contributions and losses from
the lakes in relation to Lake Naivasha.

1.3 OBJECTIVES

The principle objective is to see whether the water loss from Lake Naivasha is appearing as water gain
in other lakes.

The specific objectives are:
1. To estimate water balance of Lake Elementeita, Nakuru and Magadi.

2. To describe the general direction of groundwater flow with respect to Lake Naivasha .

1.4 RESEARCH QUESTIONS

1. Are lakes neighbouring Lake Naivasha gaining or losing groundwater from the water budgets.

2. Can the water balance analysis help in the understanding of the North and South flow.

3. Will isotopic hydrochemistry provide evidence to the source of water feeding Lakes Magadi,
Elementieta and Nakuru, and also be able to give an insight in the direction of groundwater
flow with respect to Lake Naivasha.
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WATER BALANCE OF THE SOUTHERN KENYA RIFT VALLEY LAKES

1.5 LITERATURE REVIEW

In Kenya Rift Valley there are chains of lakes occupying the valley floor. Fascinatingly, the lakes
ranges from fresh as for Lake Naivasha to highly alkaline as for Lake Magadi. Lake Naivasha, of all
these lakes has been studied more extensively due to its unique quality.

Previous studies of exploration of the Naivasha area began as early as 1880’s by European explorers.
Thompson of the Royal Geographical Society of England noted the freshness of the lake water and
attributed it to being either of recent origin or the lake having an underground channel (LNROA,
1993). Gregory (1992) suggested that the lakes freshness was due to undiscovered underground outlet.
Nilsson (1938) proposed that the Lake’s freshness was a result of water both entering and leaving the
Lake via underground seepage.

In 1936, Sikes made the first statistical attempt to estimate monthly and annual water budget for Lake
Naivasha and magnitude of the proposed underground seepage. It is uncertain which methods he used,
but he estimated that water was seeping out of the lake at a rate of 43 mcm/yr.

Gaudet and Melack (1981), on the basis of rain, river and Lake water chemistry concluded that there
is a subsurface water outflow from the Lake Naivasha.

Ase et a.l (1986) worked on the surface hydrology of the lake and mass balance equation to derive
possible subsurface outflow from the lake, he estimated outflow at 46 mcm per year.

According to Ase et al (1987), assumed that the most probable outlet was towards the south that is
towards Lake Magadi although fascinatingly the lake itself is highly alkaline.

Clark et al., (1990) and others used two methods to determine the water flow by waterbalance studies
and by application of Darcy’s law of groundwater flow. Their calculations based on water balances,
estimate that a total of 50 mem/yr flow out of the Naivasha catchment which represents 20% of the
total recharge. The flow to the south is via relatively shallow aquifers less than 500 m depth, and these
may account for 50 to 90% of the total flow. Estimate of the northerly flow by the same authors was
11.3 memfyr.

Earlier, McCann (1972) estimated a much greater subsurface outflow to the Nakuru and Elementeita
catchment to be about 39 mcm/yr using Darcys law. He used Naivasha lake water balance and esti-
mated that at least 34 mcm infiltrates to Naivasha groundwater reservoir. He further estimated that
about 14 mcm  and 23 men/ yr of groundwater inflow is required to maintain constant lake water
level for Lake Elemeinteita and Lake Nakuru respectively.

Darling et.al (1990) and others were able to determine the direction, quantity and character of the un-
derground flows in and out of the lake. They used stable isotopic composition of the fumaroles steam
from volcanic centres in the areas to infer groundwater composition. Using simple modelling tech-
niques they traced the outflow from the lake up to 30 km south. Lake water has also been detected in
Olkaria steam. The work confirmed that of Allen (1989) that most of the water leaving the lake goes
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out between Olkaria and Longonot, whilst a smaller portion goes north between Eburru and Gilgil.

Their estimates of the outflow agreed broadly with the earlier researchers like Sikes, McCann and
Ase.

Ojiambo (1992) deduced from piezometric surfaces that the subsurface outflow from Lake Naivasha
originates from the southern shores of the lake, and then flows southerly and southwesterly toward
Olkaria. And that the main lake ocutflow fluxes ranges from 18 and 50 mcm /yr.

Mbui (Msc Theses 1999) studied the long-term waterbalance of the basin and calculated a groundwa-
ter outflow of 4.6 mem/mth and lake abstraction of about 57 mem/mth. He estimated a long term aver-
age total combined inflows from Rivers, Malewa, Gilgil, Tutasha and Karati and the surface inflow
into the lake about 2.26 mem/mth.

Githae (Msc Thesis 1998) studied the waterbalance of Nakuru-Elementeita basin and estimated the
total groundwater flow in the basin to about 50 mcm per year.

Water flows out of the lake to the north via Gilgil and under Eburru and there is southerly flow fol-
lowing the hydraulic gradient towards Magadi, although there is no evidence at all to suggest that the
water ever reaches Magadi. It would appear from all these results and studies that the subsurface
flows from Naivasaha catchment, the amount contributed to the flow by the lake Naivasha is 50 to 60
mem/yr.

1.6 METHODOLOGY
Figure 1.1 shows a schematic representation of the breakdown and sequence of the study process.

1.6.1 PRE-FIELDWORK

In the preliminary stages desk study including literature review was carried out and maps of the study
area were prepared. Available data were screened and pre-processed. Appropriate field materials and
tools were identified.

1.6.2 FIELDWORK

Fieldwork entailed collection of secondary hydrological and meteorological data that is representative
for the research area. Data were obtained from various sources including Kenya Meteorological De-
partment, Ministry of Water Development, Kenya Wildlife Society, Magadi Soda Company and Na-
kuru Water Department. The data pertained to the following aspects: precipitation, evaporation, river
discharge, water abstraction, lakes water level and boreholes records. Additional data requirement
included bathymetric survey data for the study lakes. Water samples from springs were collected for
isotope analysis. '
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Field visit was made to all the study lakes and synoptic rivers. River discharges were estimated and
gauges checked. The general hydrogeology of the area was examined and verified.

1.6.3 POST-FIELDWORK

DATA ANALYSIS

The water balance requires key hydrological variables as inputs. At this point in time all data collected
were, pre-processed/reconstructed and spatially transformed for further applications. This stage pro-
vided a graphical overview of the spatial and temporal behaviour allowing good insight into the geo-
physical dynamics which any hydrological model must incorporate

MODELING

Water Balance Model for study lakes were developed on spreadsheets. The methodology is centered
on parameterization, calibration and validation of a conceptual deterministic quasi-distributed hydro-
logical model. The parameters were based on estimates derived from available data sources such as
meteorological data. The models were calibrated against historical measurements of lake levels and
validated against a separate, independent set of measurements.

WATERBUDGET COMPUTATIONS AND INTERPRETATIONS OF RESULTS

Water balance of each lake was systematically examined and results integrated into the regional hy-
drologic balance. Isotope interpretations and regional groundwater flow were discussed.
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Figure 1.1 Schematic representation of the sequence of the study area
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Chapter 2 Description of study area

2.1 GEOGRAPHICAL REFERENCE

The study area lies within the southern portion of the East African Rift that traverses the western part
of Kenya in a north-south direction between Menengai Crater and Lake Natron. It is approximately
located between latitudes 0° 09’ to 2° 15° S and longitudes 35° 50° to 36° 42’ E, Figure 2.1.

Figure 2.1 Location Map

Lake Nakuru, Elementeita, Naivasha and Ma-

gaadi, are members of a chain of lakes within the

East African rift valley (a complex graben) that

runs from Ethiopia to Tanzania that came into existence due to the numerous late Quaternary centrai
volcanic structures, which often separated them from each other.

The floor of the rift is highest in the central portion between Lake Nakuru and Lake Naivasha where it
is almost 2000 m ams! and decreases in elevation northwards towards Lake Turukana (300 m amsl.)
and southwards towards Lake Magadi (600 m amsl).
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The section of the rift valley is bounded in the west by the Mau escarpment (elevated to over 3000 m)
and Nguruman (1950 m), and in the east by the Nyandarua Mountain (elevated over 3960 m) and Ki-
kuyu escarpment (2400 m).

There are a number of perennial streams in the study area. In the Lake Naivasha catchment the
Malewa and Gilgil have a perennial discharge to the lake; and the Karati is perennial in its upper
reach. In the Lake Elementeita catchment the Mereroni also discharges perennially to the lake al-
though flows are very low. In the Lake Nakuru catchment the Makali and Enjoro are usually perennial

except during droughts. Ewaso Ngiro drains a very large area, flows near Lake Magadi and disharges
into Lake Natron .

The relationships between these lakes and regional groundwaters vary considerably, with the result
that the lake ranges from fresh to highly alkaline in their chemistry. Because the highly alkaline lakes
are discharge areas, their relationships with regional waters are made fairly clear. The four closed-
basin lakes can be categorise in two classes: Naivasha, being a freshwater lake, Nakuru, Elementeita
and Magadi being highly sodic (alkaline). Lake Magadi is one of the largest soda ash reserves of the
East African Rift Valley Lakes. The basic hydrological data of the lakes are summarized in the fol-
lowing table (table 2.1)

Lakes Altitude| Catch-~ | Lake |[Maximum| Mean [Volume|Resid.|Salinity

ment Area | depth | Depth Time

Area

2
(m.a.s.l)| (km’) | (km) (m) (m) | (mem)| (yr) | (mg/1)

Naivasha 1890 |3387.76|139.2| 11.5 6.5 | 4600 | 1.5 300
Nakuru 1759 1360.44F 45 2.8 2.3 92 1.2 5000-90000
Fle- 829.44 21 1.2 0.9 40 1.0 3000
menteita 1770
Magadi 600 23207 164 - - - - 35000

{(Natron

incl.)

Table 2.1 Basic hydrological data of the study lakes

2.2 CLIMATE

Climatic conditions in the study area are quite diverse due to considerable differences in the altitude
and landforms. The annual temperature range is approximately from 8°C to 30°C (Kenya Government,
1976). The maximum daily temperature at Magadi is 35°C (minimum 23°C), while at Naivasha, near
the culmination of the Rift; it is 25°C (minimum 9°C). The rainfall regime is influence by the rain-
shadow from the surrounding highlands of the Nyandarua range to the east, and the Mau escarpment
to the west.
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Rainfall is well distributed throughout the year, but at Naivasha and Elementeita, there is a discern-

able peak in April, whereas at Nakuru, there are lesser additional peaks in July/August and Septem-
ber/October (Kenya Government, 1976).

Within the Rift mean annual rainfall is generally low ranging from 430 mm at Magadi through 627
mm at Naivasha to 981 mm at Nakuru with most of the region experiencing an average of about 750
mm (Met. Dept. data 1931-1980).

Relative humidity is low throughout the Rift (less than 75% at Naivasha, less than 60% at Magadi)
and potential evaporation (1600 to 1800 mm) greatly exceeds annual rainfall. Monthly averaged po-
tential evaporation at Naivasha exceeds rainfall over twofold for every month except April when po-
tential evaporation still exceeds rainfall except in the wettest of the years. The figures are not recorded
for Magadi where excess of evaporation over rainfall must be considerably higher. However individ-
ual storms in the two rainy seasons can be extremely heavy and in areas of permeable material some
recharge is probable.

On the Rift escarpments rainfall values are much higher ranging up to around 1250 to 1500 mm annu-
ally (McCann 1974). Also evapotranspiration rates at these altitudes are lower at about 1400 mm per
year, and much less during rainy seasons. Nyandarua Mountains within Naivasha Lake’s catchment
receive as much as 1525 mm. Also evapotranspiration rates at these altitudes are lower at about 1400
mm per year, and much less during rainy seasons

2.1.1 RAINFALL PATTERN

The rainfall patterns within the study area are subject to great spatial and temporal variation and a
product of both the location of the area in the East African tropics (macro-climate) and the particular
topography of the region (meso-climate). The macro-climate gives a regime of two rainy seasons per
year, the “long rains” occurring in April and May and part of June; sometimes these rains begin in
March, the “short rains” in December and January, occasionally beginning in November. In the rift
valley this pattern is distorted by relief, with very much more rain falling at a higher altitudes (1250-
1500 mm annually) than on the valley floor, and in some part of the study area a third rainy season
occurs in August. Also evapotranspiration rates at these altitudes are lower at about 1400 mm per year
and much less during the rainy seasons.

The general pattern of rainfall can be gauged from the graph of long-term average rainfall for four of
the stations within the study area given in Figure 2.2. Teret Forest station is situated on the Mau es-
carpment in the west of the study area, at an altitude of 2438 masl. Naivasha WDD, Elementeita Soy-
sambu Estate and Magadi Soda Works Lab. are situated on the valley floor at 1935 m, 1849 m and
600 m respectively.

The figure indicates clearly that rainfall patterns differ widely across the study area, with notable
higher levels of rainfall occurring at the stations located at higher altitudes compared with those situ-
ated on the valley floors. It can alsc be seen that from Magadi in the south, rainfall tends to increase
northwards. It is also evident that rainfall patterns follow the typical trend of two rainy seasons
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whereas Teret Forest shows a well-defined August peak in rainfall. It should be noted that these pat-
terns only emerge when the average of many years of rainfall are taken otherwise the actual pattern
and quantity may vary significantly from the long-term average.
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Figure 2.2 Graph of Long Term Average Rainfall

2.3 LANDUSE AND VEGETATION

The principle land use is agriculture which includes irrigated crop farming (horticulture, vegetables,
fruits) around the lakes and mixed farming (wheat, maize, potatoes, beans and sunflowers) on the rain
fed slopes of the escarpments. Dairy farming is mainly practiced on large farms.

Rift valley lakes and their catchments areas represent important ecological sites in Kenya due to the
diversity of fauna and flora which are distributed through a range of vegetation zones. Settlements are
mainly concentrated around the main towns with a few homes within the estates and the farms.

The vegetation in the greatest proportion of the low lying rift valley is mainly characterized by grass-
land, bushland, acacia, cactus trees, savannah and shrubs that provide suitable habitat for wildlife and
indigenous livestock farming. Whereas deciduous woodland occupy the escarpments. The montane
forest is dominated by hardwood and bambco that form the main watersheds of the lakes. The Erica-
ceae bush, which tolerates low temperature, extends up to 3600 m where it grades into the afroalphine
grassland vegetation (White, 1983).

Naivasha shores are often surrounded by ephermal papyrus colonies and rafts of Salvinia molesta cov-
ers some part of the lakes surface. Nakuru and Elementeita do not support this kind of vegetation due
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to their highly alkaline waters (Harper, 1990) but supports blue green algae (Spirulina) that attract
flocks of Flamingoes.
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Chapter 3 Geomorpholbgy and
hydrogeologic setting

3.1 GEOLOGY

In the study area the Rift Valley is mainly composed of a succession of late Tertiary and Quaternary
volcanics with, in some areas, intervening lacustrine beds and alluvium principally of reworked vol-
canic debris. Precambrian Basement rocks are postulated to underlie this volcano-sedimentary succes-
sion at or below sea level. The topography of the basement is uncertain and is a subject of continuing
geophysical research.

The Rift is defined by major Pliocene boundary fauits of the Nguruman and Mau Escarpments in the
west, and the Kikuyu, Nyandarua and Bahati Escarpments in the east. In the south east the boundary
of the rift is less well defined, there being a succession of smaller escarpment faults with intermediate
faults between them. The main fault scarps range from 300 to 1600 m in height, are en echelon in
plan, and form a complex graben 60 to 70 km wide, reducing to 17 to 35 km by fault offsets and steps.
The volcanic succession of the flanks of the rift valley is over 2000 m thick in places, and the succes-
sion in the rift floor is considered to be significantly thicker than this, perhaps reaching 3000 to 4000
m (Baker, Mohr and Williams, 1972). The rift valley floor is obscured by the late Quaternary volcanic
piles such as Longonot and Suswa, and by lower and middle Pleistocene sediments around Magadi
and between Naivasha and Nakuru.

The oldest rocks found in the study area are the Archean Basement gneisses which outcrop near the
summit of the Nguruman Escarpment in the south-west (Baker, 1958). These are overlain by Pliocene
basalts, which also occur beneath a cover of a younger volcanics along parts of the rift valley such as
the Nyandarua (Aberdare) range composed of basalts, phonolites, trachytes and mugerarites. Others
are the Oloregesailie, Ol Esayeti and Ol Esakut volcanos to the southwest of Nairobi which are com-
posed of basalts, trachytes, phonolites and nephelinites. The Ngong volcanos, also to the southwest of
Nairobi contains melanephelinities, basanites and phonolites (Baker, Williams, Miller and Fitch,
i971).

Plio-Pleistocene trachyte lavas and ignimbrites occupy nearly all the floor of the central and southern
Rift in Kenya and occur in places on the marginal plateaux. The lower part of the group consists of
trachytic tuffs with prominent ignimbrite units which are best exposed on the Bahati and Kinangop
Escarpments on the eastern side of the rift (Thompson and Dodson, 1963). Further east ash flows of
this age are found on the flank of Nyandaeua Range and elsewhere.
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West of the Rift Plio-Pleistocene ignimbrites form most of the Mau Range and extend northward

(Baker, Williams, Miller and Fitch, 1971). On the Rift floor trachyte and some basalt occurs within
the ignimbrite succession.

In the Magadi area the extensive plateau trachyte represent the upper part of the group (Baker, 1958),
and extend onto eastern side of the rift to form the Limuru trachyte west of Nairobi. On the Kikuyu
Escarpment and in the Kijabe area trachytic flows and pyroclastics are interbeded (Thompson, 1964).

The late Quaternary phase of mainly trachyte caldera eruptions occurred along the floor of the rift
valley and is represented by the large central volcanoes of Suswa and Longonot, which date from the
middle Pleistocene and comprise phonolite, alkaline trachyte and rhyolite lavas and extensive pyro-
clasts. Also included in this phase of activity are basaltic cinder cones, rubbly lavas and tuff rings of
the Elementeita region, the Eburru volcanic pile (heavily mantled with pyroclastic but with Phonolite

and trachyte reported (Thompson and Dodson, 1963) and the highly comenditic lavas of the Olkaria
area.

Sedimentary deposits are mainly found in the central southern and northern part of the study area. In
the south a thin layer of lake beds (the Oloranga beds), mainly reworked volcanic debris with thick-
ness of up to 15 m, overlie the plateau trachytes and precede the extensive grid faulting which deter-
mines the present day topography. Succeeding Middle Pleistocene sediments include the Olorgasaile
lakebeds of diatomaceous clays and the fine silts and clays of the Ewaso Ngiro basin, sediments of
Kedong valley (predominantly clays and fine sandstones with poorly sorted conglomerate), and the
silicified clays of the earliest Magadi Lake. Subsequent minor faulting disturbed these sediments and
was followed in the Magadi area by extensive lucustrine deposition (the High Magadi beds) to a level
off 12 m above the present lake surface, and by further sedimentation in the Ewaso Ngiro basin
(Baker, 1958). At Magadi deposition of the evaporite Series is thought to mark the onset of aikaline
spring activity, which continues to, the present day.

In the northern part of the study area Lower Middle Pleistocene sediments (mainly subaqueously de-
posited pyroclastic) have been found in the Kinangop scarp and in the Njorowa George (Thompson
and Dodson, 1963). There are also diatomaceous sediments of the upper middle Pleistocene age east
of lake Elementeita. However the most widespread sediments were deposited during Gamblian Pluvial
period towards the end of the Pleistocene and cover much of the Rift floor between lake Naivasha and
the northern boundary of the study area.

During this period relatively stable conditions existed in the area and extensive lucustrine deposits
were laid down and subsequently partly eroded. Three lake levels have been recorded and it was only
during the first maximum of the Gamblian Pluvial that the lake occupying the Naivasha basin joined
that occupying the Nakuru basin, when the respective levels were 122 m and 120 m higher than at pre-
sent. The Gamblian lake deposits are composed of volcanic ash, silts, clays and a few bands of diato-

mite. They are tectonically relatively undisturbed and have a maximum thickness of 33 m (Thompson
and Dodson, 1963).
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Figure 3.1 Geological map of the northern part of the study area

PLATE 3.1 Rounded boulders believed to have been deposited by ancient river south of Lake Naivasha.
The river left en echelon depressions which have been turned to animal watering points by the masai.
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3.2 HYDROGEOLOGY

3.2.1 SURFACE HYDROLOGY

Drainage into Lake Nakuru

Lake Nakuru (1757 m) is a shallow pan with an average depth of 2.3 meters. The water is extremely
saline (sodium bicarbonate type) due to rapid evaporation of shallow water body. The lake pan is re-
charge mainly by rainfall and increments from surface drainage in wet seasons and groundwater. The
rivers Njoro, Larmudiac, and Nderit drain from the Mau escarpment towards Lake Nakuru, but most
of the flow is lost as groundwater recharge before the lake is reached. The Ngosur River is permanent
and several minor streams flow off the Bahati uplands westwards toward Lake Nakuru although none
of them reaches the lake but instead feeds groundwater systems that recharges the lake

Drainage into Lake Elementeita

Lake Elementeita (1776 m) is a shaliow pan similar to Nakuru and its floored by rather coarser salt
impregnated sedimentary material. Its surface water comes from Mereroni Karaiandushi and Mbaruk
streams and possibly groundwater sources. During dry seasons, Mbaruk is virtually dry. Evaporation
rates are high and this also accounts for the lakes high salinity. The Mereroni, Mbaruk and Kariandusi
streams flow southwards off the Bahati Escarpment and feed Lake Elementeita. However, these
streams taper showing a considerable water decrement through percolation and seepage to groundwa-
ter system and the amount of water reaching the lake is very little. Maji Moto on the south-eastern end
of the lake is a major contributor to the lake level during the dry season.

Drainage into Lake Naivasha

The surface of Lake Naivasha reaches a height of 1884 m. Naivasha catchment is separated from the
Nakuru-Elementeita catchment by the Eburru volcanic pile which is linked to the Mau Escarpment by
a ridge at an altitude of around 2600 m

Southeast of the drainage divide the perennial Gilgil and Malewa Rivers provide much of the recharge
to Lake Naivasha. The Gilgil River has its headwaters high in the Bahati Forest and drains parts of the
eastern slope of the Bahati Escarpment. These slopes also provide some tributaries of the much larger
Malewa River, however at its upper reaches, derives from the western slope of the high Nyandrarua
Range. Further downstream the Malewa is joined by the Turasha River, which is also perennial and
drains the north Kinangop Plateau via deeply incised tributaries. On the west side of the Naivasha
catchment is main river draining the Mau Escarpment is the Marmonet, which flows towards the lake
but fails to reach it instead recharging the alluvium of the Ndabibi plain.

To the south of lake Naivasha surface drainage at lower altitudes is limited only river Karati provides
perennial flow in its upper reaches, and cuiting a deep gully as it descends the step platforms east of
Naivasha Town. The drainage originating on the Olkaria Complex including the Hell’s Gate-Njorowa
Gorge. All the above drainage systems, except those from the Kinangop Plateau, terminate as alluvial
fans on the Akira Plains.
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Figure 3.2 Drainage in the Lake Nakuru, Elementeita and Naivasha basins

Drainage into Lake Magadi.

There is no perennial surface drainage to, nor any outlet from, Lake Magadi. A number of springs and
seepages which feed the lake occur around its margin, some of which have a significantly elevated
temperature {maximum 86°C at the northern extremity of Little Magadi. As a result of extreme evapo-
ration, Lake Magadi has developed some of the most concentrated brines to be found in the alkaline
saline lakes of the rift valley and a layer of trona (crystalline carbonate of sodium) covers the surface.
The only perennial river in the Suswa- Magadi area is the Ewaso Ngiro River which passes west of
lake Magadi and discharges into the Engare Ngiro swamp at the north end of Lake Natron to the south
of the study area. (Figure 3.3)
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Figure 3.3 Drainage in the Lake Magadi-Natron basin (Vincens and Casanova 1987)

3.2.2 GROUNDWATERS

As indicated in the geological outline, the geology of this area is fairly complex and tied to geody-
namic evolution of the rift valley and its volcanic systems. Considering the area’s geodynamic situa-
tion, it includes various geothermal manifestations such as fumaroles, high-temperature sources, etc.
The majority of geothermal activities are associated to volcanic complexes in Eburru, Olkaria, Longo-
not and Suswa. These complexes affect groundwater flow.
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In general the permeability of rocks in the Rift Valley is low, although there is considerable local

variation. Aquifers normally found in the fractured volcanics, or along the weathered contacts be-
tween different lithological units.

These aquifers are often confined or semi-confined and the storage coefficients are likely to be low. In
addition aquifers with relatively high permeability are found in the reworked volcanics composing the

sediments of the Naivasha area. Such aquifers are often unconfined and have relatively high specific
yields

Its rather difficult to provide a description of the hydrological features for every volcanic formation
since the tectonic movements in the Rift Valley strongly affect the aquifer propesties, both at small
scale by creating local fracture systems that contain aquifers, and on large scale, forming regional hy-
draulic barriers generally or shatter zones of enhanced permeability.

Most of the drillings were over 50 years period. Maximum-drilled depth ranges from 200 to 250 m.
Deep geothermal drillings are present in the area mainly in the Ebburu and the Olkaria geothermal
fields where in some cases drilling could reach depths in excess of 1000 m in the recent past. Unfor-
tunately, in most of the wells the stratigraphy and the hydraulic features of the encountered aquifers
are not known since regular flow rate tests were not carried out during or after drilling.

Table 3.1 shows the average characteristics of aquifers located in the selected areas (Clarke et al,,
1990) attempted several hypotheses on the regionalisation of data according to which the highest val-
ues of permeability are found in the reworked volcanics composing the sediments of the Naivasha
area where the specific capacities of wells often exceed 3 I/s/m and where estimated hydraulic con-
ductivities greater than 10 m/d are common. In the Rift floor to the north, where the sediment size de-
creases, borehole specific capacity fall, to around 0.3 I/s/m in the Elementeita-Nakuru area (leading to
an estimated average hydraulic conductivity of 2 m/d). On the Rift escarpments the permeability of
the different rock types are uniformly low. Mean borehole specific capacities and estimated hydraulic
conductivities range from 0.031 V/s/m and 0.1 m/d for the Kinangop Tuff to 0.21 ¥/s/m and 1.1 m/d for
the Limuru Trachyte to the east of Suswa and the Mau Tuff.

These figures are only applicable to the drilled depths of the boreholes, normally less than 250 m. Be-
low this depth permeabilities will decrease, mainly as a result of closure of fissures by overburden
stresses. The only deep boreholes drilled in the Rift are those in the Olkaria geothermal field where
permeability of the reservoir rocks is low (around 5 m/d). Translated in cold water for comparison
with the water borehole values these figures indicate hydraulic conductivity and transmissivity values
of around 3*10° m/d and 1-4 m?d respectively. Simple modeling in the present study has suggested
that the average hydraulic conductivity of rocks at depth under the Rift in the Naivasha’s area is much
less than 0.1 m/d.
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Area

Lithology Geometric Geometric Total
mean esti- mean esti- number of
mated mated per- boreholes
Transmissiv- | meability
ity m¥day m/day

NE Naivasha Sediments & volcanics | 307 (1170) 12 (33) 35
SE Naivasha Sediments & volcanics | 502 (3082) 20 (114) 22
SW Naivasha Sediments & volcanics | 297 (940) 63 (169) 17
NW Naivasha Sediments & volcanics | 1601 (5308) | 148 (818) 26
Naivasha Elementeita Sediments & volcanics | 78 (143) 1.4 (3.9 12
Elementeita-Nakuru Sediments & volcanics | 32 261) 2N 31
Bahati Escarpment Tuffs 14 4N 1.23.7) 25
Kinangop Plateau Tuffs 14 (106) 0.8 (5) 32
S Kinangop Pyroclastic 4 (5 0.1(0.2) 11
E Suswa Trachyte 20 (325) 1.1 (35) 48
Mau Escarpment Pyroclastic 22 (174) 1(10) 23
MauForest(W Nakuru) Pyroclastic 20(119) 1.1 (22) 43

Table 3.1 Average aquifer characteristics of the selected areas and lithologies from boreholes data, figures
in brackets are geometric means, {(Clarke et al., 1990).
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Chapter 4 Hydrogeologic assessment
of groundwater flows

4.1 INTRODUCTION

This chapter is to determine the direction of groundwater flow and to estimate groundwater flux from

hydrogeological perspective. Our conceptual model of groundwater flows in the region is shown in
the cross section in Figure 4.1
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Figure 4.1 A north-south topographical profile of the rift valley floor from Lake Nakuru to Lake Magadi
showing our conceptual model of groundwater flow from Lake Naivasha catchment.

4.2 GROUNDWATER FLOW PATTERN FROM PIEZOMETRIC MAP

Measurements of hydraulic head obtained from leveled wells or piezometers in a confined aquifer can
be contoured on a map. Such a map of hydraulic heads is referred to as a piezometeric surface map,
defined by Meinzer (1923) as an imaginary surface that everywhere coincides with the level of water
in the aquifer. If the aquifer is unconfined, the contoured surface is referred to as a map of the water
table. The groundwater flow direction and the groundwater gradient are calculated and, in combina-
tion with transmissivity value, the groundwater flow rate can be obtained.
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WATER BALANCE OF THE SOUTHERN KENYA RIFT VALLEY LAKES

Figure 4.2 shows the potentiometric surface covering some part of the southern rift valley. On a re-
gional scale, the map shows the features expected in a valley/ interfluve system, with groundwater
flowing from elevated recharge areas to low lying discharge areas, the flow occurring both laterally
and longitudinally according to the Rift geometry. The structure of the rift valley and in particular the

major marginal Rift faults and the system of grid faulting on the rift floor have a substantial effect on
the groundwater flow systems.

The high hydraulic gradient developed across the rift valley escarpments seen around Bahati escarp-
ment and the escscarpment to the east of Suswa is clear manifestation of axial faults acting as zone of
low permeability and thus inhibiting flows from the escarpments towards the lakes. This effect doest
seems to be pronounced along the Mau escarpment as the contours relatively spread suggesting that
the flows towards the lakes are not greatly affected. In contrary grid faulting which is so predominant
on the rift valley floor seems to act as conduits and provide pathways for groundwater. This has been
supported by seismic survey which indicated that grid faults unlike the escarpment faults are still ac-
tive (Tobin, Ward and Drake, 1969) which suggest that they are open. All in all, the effect of faulting
appears to cause groundwater flow to align along the rift axis.

In Lake Elementeita and Nakuru area groundwater gradients and therefore flows are generally di-
rected to the lakes. It is speculated that at depth groundwater, flows away from the Na-
kuru_Elementeita basin beneath Menengai Crater into the Lake Baringo catchment. In the Naivasha
catchment, groundwater generally flows towards the lake from the Mau and Aberdere escarpments,
although it is diverted locally by the presence of faults that may at times constraint or enhance
groundwater flow described above. Contours in the northern part of the Naivasha catchment suggest
that some groundwater may flow into the Lake Elementicta catchment. Between Longonot and Lake
Magadi the contours suggest that groundwater flows from the side of the rift towards the center, and
southwards along the rift towards Magadi. The flow directions are confirmed using isotope geochem-
istry and lake water budget discussed in proceeding chapters.
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Figure 4.2 Piezometric map of the northern part of the study area

4.3 QUANTIFICATION OF GROUNDWATER FLOWS

At best, groundwater flows are usually estimated from the gradients observed in a few observation
wells and assumptions about the satu