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INTRODUCTION

One of the best known lakes in Kenya’s Rift Valley is Lake
Naivasha, which lies about 90 km northwest from Nairobi,
capital of Kenya. Lake Naivasha is one of the world’s most
famous for bird watching and it is an extremely important
source of fresh water for both agriculture and human con-
sumption, moreover, other activities are developed as the
fishery and horticultural industry and tourism. This situa-
tion explains why Lake Naivasha is better documented than
the other lakes in the Rift Valley which are more saline; but
the relatively great number of investigations that have been
carried out concerning the lake and its environment have
been spread among a great number of scientific institu-
tions, that explains why it is difficult to gather and organize
the existing information needed for a new research. Model-
ing studies related to the lake and its catchment are quite
recent and little experience has been accumulated in this
context for the area. The Naivasha catchment is character-
ized by complex geological conditions making groundwa-
ter studies more difficult compared with surface water stud-
ies. The area consists, mainly, of volcanic strata and lake
sediments derived from this volcanic material. Layers of
diatomeas are also found. The catchment is also affected
by two fault systems (Wiberg, 1974), a system that is de-
veloped along NNW – SSE trending directions and a more
recent N-S system.

LOCATION, CLIMATE AND VEGETATION

Naivasha basin is located between coordinates (18
5000, 990 000) and (240 000, 997 000) according to U.T.M.
Zone 37, topographic sheets 133/1, 133/2, 133/3, 133/4,
119/4, scale 1:50 000 Survey of Kenya (1975). The basin
forms part of the Gregory Rift Valley, flanked by scarp lines
to the east represented by Aberdare Range and Kinangop
Plateau and to the west by Mau Escarpment, Figure 1. To
the north the catchment is bounded by the Bahati Uplands
and to the south by the Olkaria Complex. The basin has a
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RESUMEN: La cuenca de Naivasha, Kenya,
ha estado caracterizada en tiempos
recientes por  un intenso desarrollo agrícola,
esta situación ha provocado que aumente el
consumo de agua. Debido a que este
consumo con fines agrícolas se ha
incrementado substancialmente en los
ultimos tiempos los niveles en toda la cuenca
se han visto afectados y con ello las
direcciones de flujo. Un modelo numérico ha
sido construido y calibrado con el propósito
de estimar los volúmenes de flujo en
diferentes áreas en la cuenca, o sea, los
cálculos de balance hidráulico han sido
realizados a partir del modelo. Un análisis de
sentitividad se realizó y se llegó a la
conclusión de que un mejor estudio de los
parámetros hidrogeológicos era necesario.
Algunas situaciones futuras también han sido
modeladas e interpretadas. Los resultados
finales han revelado la gran variabilidad de la
conductividad hidráulica en la cuenca,
además de la posible aplicación del modelo
con fines ambientales.
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Figure 1. Study area and main physiogeographic features (after Clarke et a
total superficial area of 3387 km2 of which  132 km2 belong
to the lake, and is characterized by moderate temperatures
and a semiarid climate in areas surrounding the lake, while
the climate is semi-humid to humid in mountainous areas
where well developed rain forest is present.

Annual values of precipitation for the hilly zones are
high, ranging from 1 250 mm to 1 500 mm with similar or
lower rates of evapotranspiration (Clarke et al., 1990).
Under these conditions potential evapotranspiration ex-
ceeds precipitation, often by several times. The annual
rainfall average at Lake Naivasha is 650 mm (Wiberg,
1976). Vegetation in flat areas is represented by bushes
and vegetation of savanna mainly, with the exception of
areas surrounding the lake, the swamp zone, where Pa-
pyrus spp and Eucalyptus spp are the most representa-
tive species. The highlands support well-developed tropi-
cal rain forest, which partially covers the Aberdare, Mau,
Kikuyu, and Kinangop escarpments. Precipitation in the
highland areas is significantly higher than within the Rift,
where the vegetation has a semi-arid character.

GEOLOGY

One of the most remarkable features of the Earth’s
crust is the Rift Valley of Africa. The valleys, rather than
16
just a single valley, form a more or less
continuous scar from Israel and Jordan
in southwestern Asia to Mozambique in
southeastern Africa (Ase et al., 1986).
One prominent part of the valley system
is the so-called “Gregory Rift Valley” in
Kenya. Flanked by scarp lines to both
eastern side, Aberdare Range, and west-
ern side, Mau Escarpment, it reaches
relative altitudes of 1000 meters or more.
The main part of the Rift Valley faulting
took place during the Middle Pleistocene
(Wiberg, 1974), possibly along older fault
lines and continued into Upper Pleis-
tocene, although some investigations
suggest that the development of the fault
system continues nowadays (Ase et al.,
1986).

STRUCTURAL AND LITHOLOGICAL
FEATURES AND THEIR RELATIONS

TO WATER CIRCULATION

Structural features such as faults in
the rocks often optimize storage, trans-
missivity and recharge, particularly when
they occur adjacent to or within a sur-
face drainage system. In the region a
series of parallel faults run in north-north-
western direction along the eastern face
of the Mau Escarpment. The same fea-
ture can be observed along the western
face of the Kinangop Plateau, finalizing
in the largest fault of the Plateau called
South Kinangop Fault Scarp, Figure 1.

Faults will have the highest impact on hard and massive
rock types, elastic formations such as tuffs and weakly
consolidated deposits will bend rather than break. As a
result, they tend to suppress the radius of influence and
the magnitude of the damage caused by tectonic events.
In relatively plastic rocks, the porosity will not increase in
the area affected by the fault. Hard layers such as lavas
on the other hand, will be broken by fractures and joints,
thus giving rise to increased secondary porosity. Faulting
in the area is an on-going process. Among the most promi-
nent structural features of the region are volcanoes:
Longonot and Suswa to the south of the study area. Also
at Olkaria volcanic complex  numerous craters and volca-
nic cones are found. In the area the most common types of
rocks are volcanic or are related to volcanic activity, the
surrounding of Lake Naivasha is the exception where lacus-
trine material is predominant.

EFFECT OF FAULTING IN THE MODELED ZONE

Although the faulting process has been intense and of
long duration, its effect on the shallow aquifer formation
in the modeled zone does not appear to be of great im-
portance with the exception of the boundaries of the model
which have been selected according to the existence of

l., 1990).
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fault lines mainly. Inside the modeled area there is a pre-
dominance of sedimentary material composed by fluvial
and lacustrine deposits and pyroclastic material. As men-
tioned before the effects of tectonic activity upon these
types of formations will be suppressed and the influence
of faults can be safely neglected, moreover, during the
author’s field investigation in the area of interest no evi-
dence was found that could indicate that the fault system
plays an important role in the shallow groundwater flow.

HYDROGEOLOGY

The hydrogeology of an area is determined mainly by
the nature of the geology, topography and climate, these
aspects are related to characteristics such as the parent
rock, structural features, weathering and patterns of pre-
cipitation and finally the human activity. Highland areas
are characterized by deep groundwater tables, steep
groundwater gradients, and also by its larger rainfall val-
ues as compared with the valley, approximately 1200 mm
versus 500 mm a year. Valleys are characterized by a shal-
low water table, which gently slopes to the lake, low val-
ues of precipitation and low values of natural recharge.
With a mean rainfall value of 500 mm a year and an esti-
mated groundwater recharge of about 50 mm Lake
Naivasha is the most representative of this type of envi-
ronment in the region. Human activities have influenced
groundwater levels in recent years. For example, nearby
Lake Naivasha water abstraction for agricultural harvest
has caused a drop in the water table, thus changing flow
direction. Within volcanic rocks, groundwater primarily
occurs within fissure zones, fractures and bedding. Lava
flows rarely possess significant pore space, their porosity
is purely secondary, such as cracks, joints and fissures.
However, pyroclastic and especially sedimentary depos-
its as opposed to massive volcanics, do have a primary
porosity and the cavities between the mineral grains or
clasts are usually open and interconnected. Consequently,
they can contain and transmit water.

GROUNDWATER OCCURRENCE

Groundwater occurrence is controlled by the geologi-
cal conditions of the area and the available water for re-
charge. Fresh volcanic rocks are known to be virtually
compact and with no intergranular or primary porosity al-
though secondary porosity may be well developed locally.
The permeability of the volcanic rocks underlying de Rift
Valley are generally low, although, there is considerable
local variation and layers with poor hydraulic characteris-
tics can be followed by layers with good hydraulic proper-
ties. Because this volcanic deposition was accompanied
with other materials of different origin it is common to find
intercalated zones of high and low transmissivities. Areas
where alluvial deposits appear are characterized by good
hydraulic properties and are favorable for groundwater
occurrence. However, in places where volcanism has been
a major ingredient of the geological history low values of
transmissivities are found quite often and their importance
for groundwater occurrence is limited.
RECHARGE AND GROUNDWATER FLOW

The groundwater level in the upper aquifer is governed
by the lake level and water abstractions (Wiberg, 1976).
Because of the raised lake level since 1950’s and the in-
creasing use of groundwater, the gradient and thus the
recharge from the lake is likely to have increased. Apart
from the groundwater recharge from the lake and high-
land areas there is evidence of recharge from the rivers
(Wiberg, 1976). Despite the fact of the high evapotranspi-
ration rates existing in the Rift floor some of the recharge
is believed to come from irrigation of cultivated fields. Large
quantities of water, coming from the lake as well as from
the aquifer, are being used for this purpose. Important
sources of recharge for the shallow aquifer are the rivers
in the zone and the lake. Some of the recharge may be
due to highland surface runoff discharging into the valley.
The existence in mountainous areas of high annual val-

ues of precipitation associated with the presence of a for-
est cover creates favorable conditions for rainfall infiltra-
tion and groundwater recharge. Moreover the valley also
receives recharge by infiltration of local precipitation.

MODEL SETUP

A brief description of all characteristics related to the
aquifers is presented in this section as well as the point of
view utilized to construct the model. The modeling steps
are shown in Figure 2.

AQUIFER SYSTEM

The aquifer system in the area is characterized by the
presence of interbedded permeable and less permeable
layers. It has been seen that near the lake a shallow ground-
water table exists with a depth below surface varying from
one meter to six or seven meters. This first water-bearing
layer is considered an unconfined aquifer. There are two

Figure 2. Steps of the modelin process.
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main reasons why this succession of permeable and less
permeable layers has been considered as a unique mul-
tiple  leaky aquifer system. First of all in the area no infor-
mation exists that could help in separating the aquifers and
second these clay and silt layers are of reduced thickness
in comparison with layers composed by sand, conglomer-
ates, volcanic and others materials. Alluvial deposits are
characterized by high transmissivities, 5 000 m2/d, how-
ever, volcanic ashes and fine-grained volcanic rocks to-
gether with fine lacustrine sediments possess transmissivi-
ties of the order of 0.01 m2/d. Also good hydraulic proper-
ties can be observed in wells located in fractured volcanic
rocks. These wells are characterized by high discharges
rates with very little water table depletion. The aquifer sys-
tem is characterized by the presence of thin and less per-
meable layers of clay, silt and basalt interbedded with thicker
layers of sand and coarser material; the real situation rep-
resents a multiple leaky aquifer system with a top aquifer
unconfined. To build the conceptual model for this particu-
lar case the concept of hydrostratigraphic units has been
applied. This concept implies that geologic units of similar
hydrogeologic properties may be combined into a single
hydrostratigraphic unit or a geologic formation may be sub-
divided into aquifers and confining units. The concept of
hydrostratigraphic units is most useful for simulating geo-
logic system at a regional scale (Anderson et al., 1992).

BOUNDARY CONDITIONS

Boundary conditions are mathematical statements
specifying the dependent variable, heads, or the deriva-
tive of the dependent variable, fluxes. The boundaries in
the model were selected following geological and geo-
morphological features, structures and hydrogeological
evidences. Among the geological features faults, includ-
ing the rift faults,  are the most important. These fault
lines are physical boundaries. Surface water divides be-
long to the hydrological boundary type. Groundwater EC
measurements assisted in the definition of the bound-
aries. Lakes and rivers were taken as constant head
boundaries.

To the East: In the eastern part a long and pro-
nounced fault scarp is present, South Kinangop fault
scarp, Figure 1. EC routing studies made by Graham
(1998) showed that the differences in EC readings on
both sides of the fault were almost comparable, the
same observation was made during a recent fieldwork
(Behar, 1999). This situation indicates that the ground-
water inflow from the eastern part of the fault is almost
negligible and as such was considered a no flow bound-
ary. Another evidence taken into account to select this
fault as a no flow boundary was obtained from digital
image processing.

To the West: In the western side of the area another
fault line is present. Although no definite evidence exists
to consider that alignment as a physical model bound-
ary it is believed, after the inspection of the geological
map and a false color composite image, that this feature
may behave as a fault which acts as a no flow boundary.
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To the North: This boundary has been selected follow-
ing a water surface divide. It is assumed that through it no
groundwater flow occurs, therefore a no flow boundary
has been placed there for  the model.

To the South: In the south Longonot volcano and
Olkaria complex represent geomorphological features and
geological structures that provided evidences to consider
this part of the model as a no flow boundary, Figure 1.
This zone coincides with a surface water divide.

AQUIFER HYDRAULIC CHARACTERISTICS

The hydraulic properties, e.g., transmissivity, of the
aquifer used in the model for its first run were obtained
from the analysis of pumping test data collected during a
fieldwork, furthermore, transmissivity values obtained from
a preceding modeling effort were also used. The magni-
tude and spatial distribution of hydraulic properties of the
aquifer are not well known for the zone and had to be
calibrated.

SURFACE WATER BODIES

Surface water bodies are represented by Lake
Naivasha itself and a by smaller lake to the southeast
of Lake Naivasha, this small lake was previously con-
nected to the larger one, Figure 1. At present they are
not connected, however, for the effect of modeling there
is no difference between considering them as two in-
dependent lakes or just as one larger lake. Lake
Naivasha acts as an inexhaustible source of recharge
to the aquifer in zones where the water table has
dropped below the lake’s level.

NUMERICAL MODEL

Except for very simple situations analytical solutions
are used to solve flow problems. Numerical models are
more versatile and with the widespread availability of
computers, are now easier to use than some of the more
complex analytical solutions. In this particular case the
GMS 2.1 software has been chosen to implement, edit
and translate the conceptual model into a numerical
model. Facilities provided by the software were used to
convert the conceptual model from a high-level feature
object-based definition to a grid-based MODFLOW nu-
merical model, which was considered to have the nec-
essary capabilities to solve the problem in question. This

Figure 3. Trial and error calibration procedure (after Anderson et al., 1992.
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Figure 5. Comparison of observed versus calculated heads.

Figure 4. Simulation errors versus number of simulation.
package is a three-dimensional finite difference model
for steady and non-steady conditions. The grid dimen-
sions were established at 1 km x 1 km. The model con-
sists of 42 rows and 39 columns, making a total of 1
638 cells.

MODEL CALIBRATION

Calibration is accomplished by finding a set of param-
eters, boundaries, stresses that produce simulated heads
and fluxes matching observed values in the field. A com-
plication in groundwater problems is that the distribution
of heads is always incomplete and flux calculations are

not always known accurately. Estimates of flux have as-
sociated errors that are usually larger than errors asso-
ciated with head measurements (Anderson et al., 1992).
Nevertheless, it is advisable to use estimates of flow as
calibration values in addition to heads in order to increase
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the likelihood of achieving a unique calibration. Most mod-
els are initially calibrated against the steady-state heads,
the head distribution is usually well known. The com-
plete calibration  procedure is shown in Figure 3.
Computed head values must match closely those mea-
sured at observation points. Improvements during the
calibration process by reducing the model result errors
are given in Table I. A graphical representation of these
error variations is shown in Figure 4. The model was
considered calibrated when a good agreement between
observed and calculated heads was found, an error sum-
mary appears in Table II. A graphical representation of
this agreement is shown in Figure 5.

SENSITIVITY ANALYSIS

The purpose of sensitivity analysis is to quantify the
uncertainty in the calibrated model caused by uncertain-
ties in the estimates of the aquifer parameters, stresses,
and boundary conditions. Sensitivity analysis is typically
performed by changing one parameter value at a time.
The procedure followed here was:
• Start changes in transmissivity values having constant

the recharge.
• To keep constant transmissivities and make changes in

recharge values.
• Observe the area most affected by the changes.

REMARKS ABOUT SENSITIVITY

In general, the areas more affected by increases in trans-
missivities were in the east, southeast and west of the mod-
eled area. Those zones are characterized by low transmis-
sivities. The zone with the well field appears to react slowly
to these increasing values of transmissivities and only when
this increment is of the order of 40 % the levels change
substantially. It is seen that the model is more sensitive to a
decrease in values of transmissivities than it is to an in-
crease in such values, Figure 6. A decrease of 40 % pro-
vokes a strong reaction in the well field. A decrease of 50
% in transmissivity affects the whole model, to the east the
water levels went up but in the well field they decreased. To
the west water levels were also increasing. A graphical com-
parison of model reaction to changes in both recharge and
transmissivities is shown in Figure 6.
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Figure 6. Model response to changes in values of transmissivity and
recharge.
ENVIRONMENTAL ASPECTS
OF THE MODEL SOLUTION

Present day environmental researches should not only
study scientific or technical aspects but also try to inte-
grate environmental aspects. Water in the region is a fragile
natural resource, first because of its scarcity and second
because of the threats to its quality. Every year the ab-
straction from the lake increases and so does the use of
fertilizer and pesticides in the agricultural areas. A sub-
stantial part of these products ends up in the lake waters
thus contaminating it. These contaminated waters are used
again for irrigation and once more will return to the lake
with added contamination. It has been seen from the model
solution that lake waters are flowing into the aquifer in
some parts of the area. In that situation the groundwater
quality may become affected by such products. This has
implications not only for agricultural activities in the zone
but also for human health because among the numerous
water wells in the area, some are used for human con-
sumption. Agricultural development in the area is likely to
increase in the coming years and the same holds for water
consumption. This situation will inevitably lead to higher
water abstraction from both lake and aquifer and there-
fore a decrease in groundwater levels is to be expected in
the aquifer. If this is the case the model results show that
more water will flow from the lake into the aquifer.
Moreover, due to the variability in climatic conditions of
the catchment this scenario might be even worse.
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Figure 7. Components of groundwater inflow into the area of interest.
GROUNDWATER FLOW CALCULATIONS

It is clear that in areas where an intense agricultural
development has taken place the water levels have
dropped. In this particular case many water levels mea-
sured in wells have been found to be even below the lake
level. This situation led groundwater to flow from the riv-
ers and the lake into the aquifer. The difficulty is to quan-
tify these flows. Water balance calculations are mainly af-
fected by uncertainties in precipitation values, evapotrans-
piration values, groundwater inflow to and outflow from
the catchment and stream flows. Different total outflow
volumes have been estimated, McCann (1974) estimated
an outflow of 34·106 m3/year; Ase (1986) estimated an
outflow between 45-50·106 m3/year; Gaudet and Melak
(1981) estimated an amount of 44·106 m3/year; Ojiambo
(1992) calculated a value of 38·106 m3/year. An outflow
value of approximately 55·106 m3/year has been estimated
by Mubui (1999). As can be seen from the presented fig-
ures substantial variations exist in the estimated lake out-
flows. It is understood that any water balance calculations
made with the model will be affected by uncertainties de-
rived from the poor knowledge of the outflow rates as well
as of the parameters. Flow calculations concentrated not
to the south but on an area to the northeast of the lake,
because of its importance for agricultural development.
Flow calculations in the area were made in order to deter-
mine the amount of lake water draining into the aquifer as
a consequence of groundwater abstraction.

FLOW FROM THE LAKE INTO THE AQUIFER

Because the water level in the well field, located to the
NE of Lake Naivasha, has dropped, groundwater is flowing
from the lake into this well field. By using the model an
estimate of this amount of flow can be obtained. It is ob-
served that to the northeast of the lake there is an impor-
tant seepage zone, through which water is flowing into the
aquifer. An outflow rate of 2 000 m3/day equivalent to 60 000
m3/month was obtained. In other areas this quantity is much
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less and amounts to approximately 180 m3/day, 5 400 m3/
month. The amount of flow of 60 000 m3/month is just a
small portion of the total abstraction rate in the area which
rises up to 540 000 m3/month (Calculated amount based
on declared abstraction rates by farmers).

FLOW FROM THE RIVER INTO THE AQUIFER

It could be realized that groundwater is also flowing
from the Malewa River into the aquifer. Before modeling it
was believed that the major component of the groundwa-
ter inflow into the well field came from this river. This be-
lief was corroborated by model calculations. The model
estimated value amounts to 14 000 m3/day, which is
equivalent to 420 000 m3/month. Based on the quantities
presented an estimate for the water budget balance was
made. Results are presented in Table III. Every inflow com-
ponent for the water balance is shown in Figure 7. The
model also gives insight about the order of magnitude of
the groundwater inflow into the lake. The value obtained
according to the model amounts to 75 000 m3/day, equiva-
lent to 2.25×106 m3/month (30 days month).

None of the previous works took into account the vol-
umes draining from the  lake to the agricultural area. From
this paper a more complete result is presented; the total
lake outflow, considering Mubui´s work and the water bal-
ance made with the model, is around 55.73×106 m3/year.

CONCLUSIONS

• The river level plays an important role in heads distribu-
tion, mainly, in areas where the lake influence is absent.

• The river level plays an important role in the amount of
flow from it into the aquifer.

• The aquifer transmissivity has a high variability, varying
from less than 1 m2 / day to more than 5 000 m2 / day.

• The model is more sensitive to high values of recharge
than to high transmissivities.

• The model is more sensitive to low transmissivities than
to low values of recharge.

• Water balance calculations give approximate results be-
cause uncertainties in the variables influence the calcu-
lation, even so the results are quite reasonable.

• The model may serve as a tool to predict possible con-
taminated zones in the future due to inflows of water
from the lake.

 RECOMMENDATIONS

• To carry out systematic water level recording over longer
periods of time in order to perform a calibration under
transient conditions.

• To measure the water level in Gil Gil and Malewa rivers
more accurately and at so many points as possible,
get its exact elevation above datum.

• To measure water levels in the western and southeast-
ern parts of the modeled area.

• To collect more information about existing pumping test
data and to conduct more tests in areas where infor-
mation is not available.
• Determination of storativity values in the catchment for
use in transient simulation.

• To determine more accurate recharge values. The lo-
cation for these measurements must be as homoge-
neously distributed as possible.
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