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FOREWORD

This report summarises the results of hydrogeological studies carried out by
D J Allen and W G Darling of the British Geological Survey as part of Phase Il
of the British Geothermal Energy Exploration Project. This is a Technical
Cooperation project carried out jointly by BGS - under the auspices of the
Overseas Development Administration (ODA) of the British Government - and the
Ministry of Energy (MERD) of the Government of Kenya.

Phase I of the project was concerned with the southern Kenya Rift,
concentrating on the Naivasha region. The object of Phase II was to undertake
Bre]iminar{ geothermal reconnaissance studies of a northern part of the Rift,
etween Lake Baringo and Emuruangogolak volcano, with particular emphasis on
several volcanic centres.

During the project, which was undertaken between 1988 and 1990, field work and
hydrogeological data record collection were carried out by D J Allen,
W G Darling, P Dunkley and M Smith of BGS, and H Ndambi of MERD.

The work described in this report was carried out on behalf of ODA. The
results may be used to aid formulation of Government policy, but do not in
themselves represent Government policy. They are presented in a format agreed
between ODA and BGS. The views and judgements expressed are those of the
British Geological Survey, and do not necessarily represent those of ODA.




SUMMARY

This re?ort presents the results of physical hydrogeological and hydrogeo-
chemical studies in the Kenya Rift Valley as part of Phase II of the British
Geothermal Energy Exploration Project.

The objective of these studies was to provide a greater understanding of the
location, nature and movement of the thermal waters in the Rift, and of the
cooler waters recharging the thermal systems. This information is fundamental
to the assessment of the relative merits of different thermal areas for future
exploration, and ultimately for exploitation. ~In the study the physical
hydrology and hydrogeology of the project area were investigated. to provide
basic 1information concerning regional groundwater occurrence and flow
patterns. The chemistries of both thermal and ambient fluids were studied in
order to understand the nature and origin of the thermal waters and to further
explain groundwater mixing patterns.

The hydrological component of the project broadly covered the region of the
Kenya Rift Valley between Lake Baringo in the south and Lake Turkana in the
north (Figure 2.1). - Of specific geothermal interest are several Quaternary
volcanoes in the centre of the Rift; in particular Korosi, Paka, Silali and
Emuruangogolak. Very little physical hydrogeological data exist for this arid
and sparsely populated study area. This meant that considerably more emphasis
had to be ﬁlaced on surface water and meteorological data than was the case
with the Pnase I study.

Rainfall data were obtained for a total of 38 stations in the Rift and on its
bounding interfluves. Annual rainfall varies considerably in this region,
from 200 mm/year in the northern Rift floor, to over 1400 mm/year on the
western Rift margins. Evaporation data, collected from 11 stations, indicate
potential values ranging from nearly 2000 mm/year on the Rift flanks to
4000 mm/year in the northern central Rift. A recharge model, using daily
rainfall and evaporation data from four stations over several years, suggested
that despite the large annual excess of potential evaporation over rainfall
some recharge occurs, even in the arid Rift floor. Furthermore, the amount
of recharge occurring in the vicinity of the central Rift volcanoes is likely
to be sufficient to sustain geothermal production.

Lake Baringo is a freshwater body with no surface outlet in an area of very
high potential evaporation, suggesting subsurface flow from the lake. Various
estimates of subsurface outflow have been made, indicating that values are
likely to be of the order of tens of millions of cubic metres per year.
Regional groundwater levels show that subsurface flows from the lake are
directed northwards, further increasing the recharge potential of geothermal
systems in the Rift. .

Hydrogeological information in the study area is poor, with only 70 boreholes
between Lakes Baringo and Turkana, including the Rift sides. Information from
these boreholes has been used to construct a potentiometric map of the region,
and to provide some insight into aquifer properties.

Rest water levels in boreholes range up to nearly 150 m below ground level.
In the Rift Valley floor of the project area between Korosi and Silali
volcanoes water depths vary from around 50 m in the south to about 100 m in
the north. This suggests relatively deep rest water levels under the
volcanoes, which in turn is likely to affect the nature of any associated
thermal systems.

Groundwater flows in the Rift are from areas of recharge on the Rift flanks
towards discharge zones on the Rift floor. In addition, axial flows occur
from Lake Baringo - in the south of the study area - to the north or north-
east, towards a regional depression at Lake Logipi (south of Lake Turkana).

—— ~




These northerly flows occur mainly to the west of the volcanic centres between
Korosi and Emuruangogolak. Groundwater under these volcanoes is therefore
likely to be mixture of local infiltration &there may be local recharge mounds:
under the volcanoes), water from the Rift flanks (mainly the eastern margin)
and water from axial flows. The effects of the substantial degree of faulting
in the Rift are likely to be twofold; lateral flows will be inhibited and
driven deeper, and Rift floor flows will tend to be aligned axially.

The limited borehole data suggest that aquifer types in the study area are
similar to those found in the Phase I Project, with fractured volcanics,
weathered contacts between different units and sediments predominant.
Borehole productivity evidence suggests that the hydraulic properties of
aquifers in the project area are in general poor. However the data are
sparse, and no data are available for depths greater than 200 m. No reliable
predictions can therefore be made for the 1likely aquifer properties of any
thermal systems associated with the volcanoes. However the available evidence
suggests that flow in the thermal systems will be due to fracture, rather than
intergranular, permeability.

Thermal springs are widespread between Lake Bogoria (south of Lake Baringo)
and Lake Turkana. A]on% the Rift margins springs occur with temperatures u

to 48 C and with generally low flows; they do not appear to be associated wit

high temperature geothermal activity. On the Rift floor groups of springs are
found with flows up to 1 cubic metre/sec (at Kapedo), and with temgeratures
of up to 82 C (at Lorusio). Preliminary gradient estimates from boreholes
suggest that thermal waters are widespread, and that other heat sources may
exist than those obviously associated with the central Rift volcanoes.

Samples of surface waters, groundwaters and fumarole gases and steam
condensates were collected from representative sites within the project area
for chemical analysis. This sampling was intended to combine detailed
information on the volcanic centres with a more general regional appraisal of
hydrogeological and geothermal conditions from a geochemical standpoint.

Lake Baringo is a freshwater lake which fluctuates in size and chemical
composition in response to seasonal changes in river and stream input. The
fact that Baringo remains fresh is qualitative evidence that the lake is not
in a terminal basin and that there must be a sizeable underflow to the north.

Samples from ambient and near-ambient springs and wells indicate that they are
main1{ fed by meteoric water from the rift flanks or the volcanic centres.
Locally they may have high total dissolved solids (TDS) values from
dissolution of evaporites, and isotopic compositions indicative of evaporation
or mixing with Baringo lakewater.

Thermal springs all have elevated TDS values and an apparent lakewater
contribution of between 0% (Lorusio) and 30% (Kapedo). None (with the
exception of 01 Kokwe% shows evidence of intimate association with any high-
temperature geothermal system, and they probably result from deep circulation
or zones of moderately high heat flow situated away from the centres. Lorusio
is the highest temperature spring complex (-80C) and also has the most
developed ‘magmatic’ characteristics.

The chemistry of condensed steam from the four volcanic centres suggests a
ranking of fumarole strength in the order Paka > Emuruangogolak > Silali >
Korosi, which is largely in accord with the field evidence. Stable isotope
ratios in steam indicate that varying amounts of lakewater are being drawn
into the hydrothermal systems, though this effect is masked at Korosi by
subsurface steam composition, thus confirming the earlier view that fumarolic
activity on that centr% is weak. Fumarole gas chemistry and isotope ratios
indicate that H, and “He, the strongest magmatic tracers, reach highest
percentages on Paka and Silali.




The application of solute geothermometers to the thermal iprings of the
project area was hampered somewhat by dissolution of evaporites.
Nevertheless, only one site_ (01 Kokwe) gave unequivocal evidence of
temperatures in excess of 150 C, while the other sites gave temperatures
around 100 C, which was consistent with chemical evidence of lack of high-
temperature water-rock interaction.

Gas geothermometry did not provide particularly consistent results when
applied to the fumaroles of the area, but supported in a relative way the
ranking of Paka > Silali > Emuruangogolak > Korosi. The new methane/ethane
geothermometer developed specifically for the Rift gave similar temperatures
(-300°C) for Paka, Silali and Emuruangogolak,- but considerably Tower
temperatures (-200 C) for Korosi.

Finally it can be pointed out that while geochemical indications of high-
temperature reservoirs in the project area may be few, there are analagous
areas in southern Kenya and Ethiopia (Olkaria, Eburru, Langano) where such
reservoirs have been proved. On the other hand there is little evidence that
water moves rapidly through these reservoirs, with the implication that
permeabilities are likely to be only low.
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1. INTRODUCTION

The aim of this study was to investigate the hydrogeology sincluding physical
and chemical hydro]ogy% of a section of the Kenya Rift Valley with particular
reference to its geothermal potential. The study concentrated on an area
between Lake Baringo in the south and Emuruangogolak Volcano in the north
(Figure 2.1), with emphasis on several Quaternary central volcanoes; in
particular Korosi, Paka and Silali. 1In order to place these volcanoes in a
regional hydrogeological context, chemical sampling and physical data
acguisition was undertaken over a region from Lake Baringo to Lake Turkana,
and covering the Rift sides.

~ As with Phase I of the Project (which investigated a region of the southern
Kenya Rift between Lake Magadi and Lake Naivasha) the ultimate objective of

» this type of study is to obtain a conceptual model of the major hot and cold
- systems of groundwater flow in the region of interest. Naturally the main
Y task is to investigate the nature of the hot thermal systems which could

“ potentially form producing geothermal fields; however the cold regional

systems are also important because they are potential sources of recharge to
an exploited field.

The lack of any deep borehole information for the geothermal systems
investigated meant that geochemical studies were even more important than they
were in Phase I. The main purpose of the geochemical component of the project
was to provide information on the nature of the thermal fluids, Tlikely
temperatures at depth, mixing processes between different waters and possible
areas-of upflow. To this end a wide-ranging chemical sampling programme was
undertaken - much of it by helicopter-borne survey parties - and samples from
a wide range of sources involving lakes, rivers, springs, boreholes- and
fumaroles were obtained over a large region of the Rift.

~
~, The study of the cold water systems normally relies on standard
~hydrogeological techniques, involving the use of borehole data to provide
-information concerning aquifer properties and groundwater flows. In the
ﬁresent study however the paucity of borehole data meant that greater reliance
ad to be placed on indirect methods of assessing groundwater conditions and
use was made of available meteorological information to enable some insight
to be gained into groundwater recharge. As with Phase I of the project,
chemical and isotopic data were important in helping to identify possible
recharge areas, mixing patterns and residence times of groundwaters.

It must be stressed that the interpretation of the hydrogeological information
contained in this report is not considered to be definitive. In an area of
low rainfall, few boreholes, a low water table and no primary geothermal
waters present at the surface, interpretations must necessarily be somewhat
sgecu]ative. Our aim has been to provide a hydrogeological framework which,
when combined with the geological studies undertaken by the Project Team will
provide guidance for future detailed surveys.
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2. PHYSIOGRAPHY AND GEOLOGY
2.1 Physiography

The hydrological component of the Geothermal Project is concerned with the

area between Lake Baringo and Lake Turkana which lie within the catchment

boundaries defined by the sides of the Rift. The region of investigation

32%;§for%d1;g§3gough]y between latitudes 0 30’N and 3 N and between longitudes
' an ".

The topography of the area is dominated by the East African Rift Valley, which
in the west is bounded by the Elgeyo Escarpment (Figure 2.1) rising to over
3000 m. The Tugen hills rising to almost 2500 m lie between the Elgeyo
Escarpment and the floor of the rift and effectively form the western boundary
of the southern part of the project area. Further north the Tiati hills and
Loriu Plateau separate the Rift Valley floor from the western escarpment. In
the east the Rift Valley is bounded by the Laikipia Escarpment at around
2250 m which give way northeastwards to the Loroghi Plateau (200 m) and the
Poro Forest (2500 m).

The floor of the rift falls to the north, from an altitude of 970 m at Lake
Baringo to 250 m at Lake Logipi, south of Lake Turkana. This slope is
interrupted at intervals in the project area by the volcanic piles of Korosi,
Paka, Silali and Emuruangogolak. The rift floor also has a westward tilt over
much of its length.

The drainage system in the project area consists of numerous seasonal streams
which in the south drain to Lake Baringo and in the north drain to marshes in
the Suguta Valley via the Suguta River. The Perkerra River, the upper part
of the Molo River and the upper Suguta River are perennial.

2.2 Geology

The following brief description of the geology of the study area is
paraphrased from Dunkley and Smith (1990).

The Kenya Rift Valley between Lake Baringo and Emuruangogolak volcano can be
divided into threelphysiographic zones which broadly coincide with the main
tectonic features of the Rift. These are the inner trough, the eastern margin
and the western margin.

The inner trough is a NNE-trending zone of Quaternary volcanism and
sedimentation which is bounded to the east and west by escarpments that are
controlled by faults and monoclinal warps. In the south of the area the
trough is an asymmetrical graben structure - deepest in the west - bounded to
the west by major fault-founded escarpments and to the east by a series of
smaller faulted escarpments.

Several Quaternary central volcanoes (01 Kokwe Island, Korosi, Paka, Silali
and Emuruangogolak) are located alon% the axis of the central trough
(Figure 2.1). They take the form of large Tow-angle multi-vent shields,
composed predominantly of trachyte and basaltic Tlavas and pyroclastic
de?osits, upon which parasitic volcanic cones are superimﬁosed. These
volcanoes are the principal focus of geothermal research in the study area.

Between the volcanoes on the floor of the trough are extensive plains which
are mainly covered with alluvium laid down by ephemeral rivers and sheet wash.
Along the western side of Korosi and Silali, and to the north and south-east
of Paka, large tracts of low ground are also underlain by horizontally bedded
pumiceous volcaniclastic deposits, which in some cases have been reworked by
fluvial and lacustrine processes. Lacustrine sediments related to the former
Lake Suguta occur in the Suguta Trough to the north and west of
Emuruangogolak. These consist of horizontally bedded diatomites,
conglomerates and sandstones. :




The eastern margin of the rift is mainly composed of stratified Miocene and
Pliocene volcanic deposits. Several high ﬁlateaux flank the margins of the
rift and are separated from the inner trough by a complex shoulder made up of
a series of westerly facing escarpments controlled by a combination of steeply
dipping faults Sto the south of Silali) and west-facing monoclinal warps (to
the north of Silali).

The western margin of the rift in the south of the study area is controlled
by the Elgeyo and Saimo fault systems, both of which give rise to impressive
east-facing escarpments (the Elgeyo Escarpment and the east side of the Tugen
Hills respectively) which expose metamorphic rocks overlain by Neogene
volcanics. The displacement of the Elgeyo fault decreases northwards and
eventually has no surface expression. From the latitude of Silali northwards
the western shoulder of the inner trough is marked by a complex zone of low
angle Pliocene volcanoes on a gently easterly dipping plateau of Miocene
volcanic rocks. To the north of the study area, in the Namarunu-Barrier
region, the Loriu Plateau, underlain by Pliocene and Pleistocene lavas,
divides the Suguta and Kerio rivers. The shoulder between the plateau and the
inner trough is marked by east-facing fault scarps.




3. RAINFALL AND EVAPORATION
3.1 Rainfall

Rainfall data have been obtained for an area of the Rift Valley between Lake
Baringo in the South and Lake Turkana in the north and on the bounding
interfluves. Data have been obtained from the Meteorological Office and from
the Ministry of Water Development (MWD). The MWD Water Resource Assessment
and PTanning (WRAP) reports for the Baringo district (WRAP, 1987a), Laikipia
area east of Baringo (WRAP, 1987b), and Samburu area south-east of Lake
Turkana (WRAP, 1991) have proven to be valuable sources of information. Data
used range in quality from contoured values on annual rainfall maps in the
WRAP reports to daily rainfall data obtained from MWD records for infiltration
analysis (see Section 4).

The distribution of rainfall stations in the Project Area is shown in
Figure 3.1. The figure indicates that data availability is much greater in
the southern part of the Project Area than in the north, with few stations
north of Silali. Daily data are collected at each rainfall station, although
gaps in the records of the order of one month are not uncommon. The lengths
of records are variable, ranging from around a year, to 68 years (Lodwar).
Of the 45 stations examined, 23 have records exceeding 10 years in length, and
33 have records longer than 5 years.

The map of mean annual rainfall (Figure 3.1) has been produced using all the
available data. Meteorological data indicate that annual rainfall over the
Geothermal Project area varies from less than 200 mm in the arid northern rift
floor to over 1400 mm over the Tugen Hills, to the west of Lake Baringo. It
is also likely that pockets of high rainfall exist over high, forested ground
(e.g. to the south-east and east of Barrier volcano). In the floor of the
rift the rainfall ranges from less than 200 mm (Lake Turkana area) to around
650 mm (Lake Baringo area) with perhaps locally elevated values over the
central rift volcanoes. The general dependence of rainfall on altitude is
shown by Figure 3.2. The figure indicates that the relationship appears to
be different for the eastern and western rift margins. The western escarpment
- and the floor of the rift - shows a good linear relationship between
rainfall and altitude, with annual rainfall increasing by around 60 mm for
each 100 m of ascent. The eastern escarpment indicates more variable
behaviour, but with a general increase of the order of 20 mm in annual
rainfall for every 100 m of ascent. The reason for this difference between
the two sides of the rift is unknown. Rainfall values vary considerably from
year to year, and it has been suggested (WRAP, 1987a) that the highest
variability occurs in the areas of lowest rainfall.

The WRAP work (WRAP, 1987a) concluded that rainfall in the Baringo catchment
(i.e. as far north as Korosi) is unpredictable, with values for a given month
varying substantially from year to year. Over a long period the study
identified two peaks; in August SWhich in many places was the month of maximum
rainfall) and in April. The lowest rainfall was found to occur between
December and February, with January being the driest month.

Data collected during the present study show that this interpretation is valid
further north, at least as far as Silali. However, to the north-east of
Emuruangogolak and around Lake Turkana the August peak occurs later - in
November - and September is the driest month.

In the south of the Project Area, in the Baringo catchment, around 70% of the
annual rainfall occurs between March and August (WRAP, 1987a). In the
northern part of the area the more limited precipitation is concentrated in
the peak months with nearly one third of the annual total falling during each
of the March/April and November maxima. Rainfall intensity is considered
further in Section 4.
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3.2 Evaporation

Potential evaporation data émonth]y means) from evaporation pans for 11
stations between Marigat and Lodwar were abstracted from records at the
Meteorological Office and Ministry of Water Development. Evaporation station
locations are shown on Figure 3.4 (in several cases, where two stations are
located near to each other, one general site is shown). For four of these
stations (Amaya, Kabarnet, Kapedo and Marigat) daily evaporation data were
obtained over several years for comparison with daily rainfall values. In
addition data were available for four evaporation stations near the Project
Area (WRAP, 1987a).

Mean annual evaporation values vary from 1934 mm at Kabarnet to 3999 mm at
Lokori. A major factor influencing evaporation rates is altitude as is shown
in Figure 3.3 where a correlation coefficient of -0.95 indicates a very good
fit to the data. There are two reasons why potential evaporation rates should
be dependent on altitude. Firstly evaporation rates are temperature-dependent
and mean annual ground temperatures vary inversely with altitude. A second
factor influencing evaporation is the amount of precipitation, and this also
tends to be altitude-dependent as discussed in Section 3.1.

Average monthly evaporation rates are found to vary most at high altitudes
where seasonal cloud cover is significant and least in the arid low-lying
areas of the northern rift floor. For example, at Kabarnet (altitude 1480 m)
and Amaya (altitude 1620 m) the ratio of minimum to maximum monthl
evaporation rates is approximately 0.5. At Lokori (600 m) and Lodwar (500 mz
the ratios are 0.7 and 0.8 respectively, indicating much less seasona
variation in evaporation.

The month of highest evaporation is normally March for most of the evaporation
stations, although in some cases (Kapedo, Kinyach, Marigat, Marun) the March
peak is slightly exceeded by a January maximum. The months of minimum
evaporation occur between May and August, and mainly in June and July. When
monthly temperature, evaporation and rainfall data are examined for three
stations it is seen that the most influential factor in determining
evaporation rates is temperature. Thus the maximum rates of evaporation-are
fognd in the hottest months, whether these are months of minimum rainfall or
not.

The 1imited number of evaporation stations in the Project Area means that
insufficient data are available to draw a reliable map of potential
evaporation. However the good agreement between evaporation rates and
altitude means that a map of estimated potential evaporation based on
topographic data may be drawn and such a map is shown in Figure 3.4. The
figure indicates that.gotentia] evaporation rates in the Project Area are high
- of the order of 3000 millimetres per year.




7/} T T T T T T T T T
3800 N
3400 |- A -
Evaporation (mm) = 4304 - 1.271 x altitude (m)
r=-0.95
3000 |-

A

2600 L &

2200 |-
Key

A Stations in Project Area
e Stations outside Project Area

Potential evaporation (mm)

1800

1400 |-

)

| 1 { I f ] I
800 1200 1600 2000 2400

Altitude (m)
Figure 3.3 Plot of mean annual potential evaporation versus altitude in the Baringo - Turkana area




350 Y 1§0 200 2?0 350
Lodwar
KEY
A Evaporation stations 1
300

—2000— Estimated annual
potential evaporation (mm

300H
«C} Volcanic centre

——)
0 20 km
T
/ //
// /
| /
| |
250} I ,' 250
/’ f
/ I
| I
o !
| |
| wi | | I
/ fé/ / ' A
T Lokori ,’
/ b,(' / Y /
T 54 e
/
200} Iy 200
T\
. VH
/ | /
| e\ | |
' )I 3“”/\\ ! PR / ~
10007 ) - ~_ EMURUANGOGOLAK a5,
s / s
o ) N )
-7 - /W N/ / /
\\2\ / \\ // I\\ N ~ // )
0250, R Do AN %
150} \\1 %y | - 380 ’ s ey 150
\
|
\
100} 100
o050} 050

Figure 3.4 Map of estimated annual potential evaporation for the Baringo-Turkana area




O it T st et i

4. RECHARGE
4.1 Introduction

The extent of groundwater availability for potential geothermal systems
depends primarily on hydrogeological factors such as hydraulic conductivity
and storage. However groundwater data are few in the Geothermal Project area
and therefore more emphasis is placed on the use of surface water data to
estimate natural recharge.

In broad terms, rainfall incident on a catchment which does not evaporate or
run off infiltrates the soil, and, if the soil moisture deficit is satisfied,
ma{ act as recharge to groundwater aquifers. In a region such as the Rift
Valley floor in the Project Area there is little evidence of substantial
surface runoff, presumably because the thin volcanic soils are relatively
permeable and because of the low incident rainfall, and the assumption is
therefore made that rainfall which does not evaporate is potentially available:
as recharge.

If average annual rates of rainfall are compared with similar values of
potential evaporation sTable 4.1) it is seen that in every case - even in the
areas of high rainfall bounding the rift - potential evaporation exceeds
rainfall. Even if average monthly figures are used (to allow for the
concentration of rainfall into particular seasons) rainfall only exceeds
evaporation at the Kabarnet site, between April and August with a total annual
excess of 254 millimetres.

This type of analysis of potential recharge is however too crude for two
reasons. Firstly rainfall over the rift is %enera11y concentrated into short
periods of intense precipitation during which precipitation greatly outweighs
evaporation, but this difference is lost when considering monthly data, and
especially Tong-term monthly means. Secondly, potential evaporation data only
apply to freely evaporating surfaces; actual values in an arid area will be
much lower. To address these problems a more sophisticated approach was
required, described below.

4.2 The Recharge Model

The first of the above drawbacks may be overcome by using rainfall and
evaporation data on a time scale more appropriate to the rainfall patterns.
To this end daily rainfall and potential evaporation data were obtained over
several years for four meteorological stations at different altitudes around
the project area. Basic data concerning the stations are given in Appendix 2.
In three cases - Marigat, Kabarnet and Amaya - data were obtained from files
held by the Ministry of Water Development. Data for Kapedo were abstracted
from files at the Kapedo meteorological station. After checking for errors
all data were converted to SI units and stored in a computer database.

The problem of estimating the actual amount of water lost by evapotranspira-
tion was considered by using a com?uter model developed by Adams (1977). The
program is based on a model of soil moisture deficit (SMD) proposed by Penman
(1949). Soil moisture deficits occur when evapo-transpiration exceeds
precipitation and vegetation has to draw on reserves of moisture in the soil
to satisfy transpiration requirements. The SMD must be satisfied before
infiltration can commence. When potential evaporation exceeds precipitation
over a given period the potential SMD increases by that amount and, up to a
point (termed the Root Constant) the actual SMD increases by the same amount.
Once the Root Constant value of SMD has been reached it becomes increasingly
difficult for evapotranspiration to occur, and therefore subsequent increases
in potential SMD (potential evaporation minus precipitation) lead to ever
smaller increases in actual SMD. In practical terms this means that even for
very arid areas there is an upper 1imit of SMD, taken to be 3.33 times the
Root Constant by Adams (1977), and once this is satisfied infiltration can
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Table 4.1 MEAN ANNUAL VALUES OF RAINFALL AND POTENTIAL EVAPORATION IN THE 4
PROJECT AREA
Station Annual Potential
Rainfall Evaporation

(mm) (mm)

Amaya 889 2698

Kabarnet 1357 1934

Kapedo Mission 445 3373

Kinyach Dispensary 875 2534

Lodwar MWD - 3657

Lodwar Met 182 3488~

Lokori MWD - . 3999

Lokori Met 295 3945
Marigat Pekerra MWD - 2607 ,

Marigat Pekerra Met 637 2559

Marun Mission 820 2824

|
|
i
|
|

Table 4.2 LONG-TERM ANNUAL INFILTRATION VALUES PREDICTED BY THE RECHARGE
MODEL FOR DIFFERENT ROOT CONSTANT (Rc) VALUES

Met. Altitude Infiltration (mm)
Station (m) Rc =50mm Rc =75mm Rc =100 mm Rc = 150 mm
Kabarnet 1980 447 388 358 321
Amaya 1620 143 101 64 12
Marigat (MWD) 1060 36 21 9 0
Kapedo 720 38 22 13 0
/

Values underlined are those considered to be most realistic
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commence. The relationship between actual SMD and potential SMD used in the
program is that proposed by Penman.

The program requires as input data an initial value of SMD, a Root Constant
? and daily values of rainfall and potential evaporation. The program
' calculates the actual SMD at the end of each day, the actual amount of
! evaporation for that day, and the effective precipitation (infiltration)
during the day. :

Potential drawbacks with the use of the program were that neither initial
values of SMD, nor values of Root Constant were available for the four data
sets. With regard to initial SMD values it was found by running the program
with different values that the model was very insensitive to this parameter.
This was to be expected because errors in the initial value of SMD would
quickly become negligible in a program using daily data over several years.

A more serious problem is the choice of Root Constant. Since the Root
Constant defines the point beyond which increases in potential SMD lead to
smaller increases in actual SMD the choice of value for Root Constant must
directly affect the amount of rainfall required to reduce the SMD to zero, and
thereby allow infiltration to occur. In other words, the higher the Root
Constant the lower the calculated infiltration for a given amount of rainfall.

Precise values of Root Constant are unknown in the Rift Valley, but estimated
values were obtained from a recent hydrogeological study of the Chyulu Hills
in southeastern Kenya in which the Adams model was employed (Wright and
Gunston, 1988). In this study light scrub vegetation growing on lavas were
allotted a root constant of 50 mm, grassed lavas and pyroclastics were given
a value of 100 mm and for pyroclastics under montane rain forest a value of
200 mm was used. On this Basis a range of root constants between 50-150 mm
were considered appropriate for the four sites examined during the present
study, with the lower value considered to represent conditions at Marigat and
Kapedo on the floor of the rift, 75 mm representing conditions at Amaya, and
150 mm for Kabarnet on the rift flanks.

4.3 Results of the Recharge Model

The input data for the four sites illustrated the necessity of considerinﬁ
daily rainfall data rather than longer-term averages because of the hig
intensity of frecipitation even in very arid areas. For example at Kapedo,
with an annual mean rainfall of only 445 mm, daily totals sometimes exceeded
40 mm and on one occasion (15 July 1988) reached 79 mm, or nearly 18% of the
long-term mean on a single day.

Such rainfall patterns for the rift floor stations meant that the model
predicted a rapid increase to maximum SMD levels during the long dry periods,
followed by occasional reductions in deficit towards zero conditions during
periods of heavy rain. Infiltration was therefore predicted only on days when
very heavy rain occurred, usually during a sequence of wet days.. The same
pattern, although more subdued in nature, characterised the Kabarnet station.

Table 4.2 shows the long-term infiltration values obtained from the model for
the four stations. Values for the whole range of Root Constants used are
given, with the most appropriate values marked.

The table shows the eercted result that the SMD model predicts higher values
of infiltration for the highest-rainfall station at Kabarnet than would be
suggested by taking potential values of evaporation. What is less predictable
however is how the low-rainfall stations would behave; Table 4.2 suggests
that, for realistic root constant values of 50-75 mm, the model predicts that
1n§11tr$t;gn does occur for both Kapedo and Marigat, with annual values of the
order o mm.




The values of infiltration for the rift valley floor are around 5% of the
rainfall figures (rising to about 20% for Kabarnet, but the Kabarnet value is
probably too high, because in this area of relatively high precipitation, some
runoff is likely to occur). Some support for the 5% figure is provided by
WRAP, who calculated from analysis of baseflow hydrographs that average
infiltration in the Baringo catchment is of the order of 1.5-3% of
precipitation (WRAP, 1987a). It is possible that the calculated infiltration
for the rift valley floor is an under-estimate, because the model assumes that
recharge cannot occur until the SMD is satisfied. However it is possible that
when 1infiltration occurs in fractured aquifers (such as the fractured
volcanics that underlie the rift) - particularly during heavy rainfall -
bypass mechanisms may operate and some percolating waters may enter the
aquifer directly via open fractures before the SMD is reduced to zero.

Another factor affecting infiltration within the rift valley floor is that the
central volcanoes of Korosi, Paka, Silali and Emuruangogolak are likely to
receive more rainfall than the surrounding areas because of their_ altitude.
However the excess infiltration which migﬁt be expected as a result will be
to some extent mitigated by the extra vegetation found on the volcanoes.

These and other considerations (such as errors in the data) mean that the
recharge figures for the rift must be viewed with caution; but the value og
25 mm for the rift floor does suggest that an area 2f the order of 120 km
would be required to support a discharge of 3 x 10° m’/year, which is the
discharge rate from the Olkaria Geothermal Field in the Central Kenya Rift
(Allen et al., 1989). This area is of the same order as the regions occupied
by each of the central rift volcanoes and suggests that in the arid rift
floor, local recharge mechanisms might be enough to sustain geothermal
production, even in the absence of recharge from the rift sides and along its
axis.




5. WATER BALANCE
5.1 Introduction

The Soil Moisture Deficit model used in the previous section to estimate
recharge considers only the relationship between rainfall and evaporation.
In this section the extent to which the analysis can be extended by
considering catchment water balance is examined.

In general terms, the water balance equation for a catchment may be written
as follows:

P = E+R,,, + G +aS. .., ... (1)
where P = Precipitation

E = Evaporation

Rout = Runoff (out of the catchment)

G e = Subsurface flow (out of the catchment)

Agtnal = Change in storage (surface water + groundwater)

The quantity of interest is G, because this determines the theoretical Tong-
term maximum value for groundwater abstraction for all purposes, including
geothermal.

5.2 Lake Baringo

5.2.1 MWater balance model

The water balance of Lake Baringo, within the Baringo catchment, is best
considered separately from the rest of the catchment, because a major factor
in its water balance equation - evaporation - can be accurately estimated,
since it is equal to the potential value at all times.

The water balance of Lake Baringo was considered in a recent study (WRAP,
1987a), where the following equation was used:

PLake + Rin(Lake) ELake + Gout(Lake) + ASLake tee (2)
where P ... = Precipitation over the lake

RincLake) = Runoff into the lake

Elake = Evaporation from the lake

Gt Lake) = Subsurface flow from the lake

Agim@ = Change in lake storage

The WRAP study estimated annual values for precipitation P from those recorded
at Marigat and adjusted for those expected over the lake using a rainfall maﬂ.
Annual values of evaporation E were obtained partly by application of the
Penman formula Sas used by Woodhead [1968]) and partly from evaporation pan
data. The annual change in Take storage aS was obtained from lake water level
measurements.

Unfortunately, values of river discharge into the lake (R are too poorly

in)
known to be used in equation (2). Therefore WRAP used a salt"balance approach
to relate R, to the subsurface outflow from the lake, G,,. Thus:

Rinctakesy = Goutcrakey X TDS_axe/TDSgiver ... (3)




where TDS.. .. and TDS . refer to the total dissolved solid content of river
and lake water respectively.

By combining equations (2) and (3) to eliminate R;,, and by using the
resultin? formula to calculate G, on an annual basis, values for G , ranging
between 19

average value of G, of 229 qg/year this corresponds to a mean annual
subsurface outflow of 33 x 10° m year.

5.2.2 Discussion

Any water balance approach to the problem of assessing groundwater recharge
is limited by its weakest component. In this case, while factors such as
precipitation, evaporation and change in lake storage can be adequately
assessed, the difficulty lies in adequately estimating the river and lake
chemistry in the relationship between groundwater flow and river runoff
(equation 3).

The WRAP study assumed a constant lake chemistry, with a TDS of 550 mg/1. The
study noted that the average TDS of influent river water was difficult to
determine #main]y because it varied with discharge) but obtained a value of
70 mg/1 rom available data. The evaporative concentration factor
(TDS, o/ TDSg;ve.) derived from these data is therefore 7.9.

Subsequent work by BGS as part of the present project has indicated by a
chloride balance (Section 7.2) that the evaporative concentration factog may
be as low as 2.5, which would suggest a subsurface outflow of 104 x 10° m®> per
year from the lake. Also, an estimate of subsurgac flow using an isotope
balance suggests that flows in excess of 150 x 10° m’/year occur.

In conclusion, while it is difficult to calculate the amount of underflow from
Lake Baringo it is apparent that groundwater recharge from the lake with a
magnitude of at least several tens of millions of cubic metres per year is
occurring. The limited available borehole data show that several such flows
will be directed axially northwards along the rift floor (Section 6).

5.3 Baringo Catchment - The Problem of Groundwater Flow Estimation

The water balance equation for the Baringo catchment (not including the lake,
which may be considered as a separate, but connected, system) may be written
as:

P = E + R

Basin Basin

+ G + aS

out(Basin) out(Basin) total(Basin) s (4)

where the symbols have the same meaning as in equation (1). R, igasiny 18
equal to R, ..., in equation (2& because no rivers flow out of the Catchment.
The groundwé&er inflow from Lake Baringo to the basin is transferred out of
the catchment and therefore does not enter into the calculation; also the aS
(storage) term may be eliminated by considering long periods.

The problem with attempting to use this equation to estimate the groundwater
flow term is that it is so small compared with the other terms. The analysis
of Section 4 suggested that most rainfall evaporates, at least in the Rift
Valley floor. The WRAP study considered that groundwater flow from the whole
basin was at least one order of magnitude less than rainfall, evaporation or
surface runoff, and in using equation (4) regarded the groundwater flow term
as unimportant. WRAP in fact reduced equation (4) to:

PBasin = EBasin + Rin(Lake) (5)

10

9 and 248 mm were derived. For a mean lake area of 144 %m2 and an .
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and found that 95% of the rainfall evaporates, which agreed well with their
baseflow hydrograph analysis, and agrees with the results of Section 4.

It is apparent therefore that using a catchment water balance to determine
groundwater flows in the Baringo catchment is not possible at present, because
the volumes of flow lie we]? within the likely errors in Precipitation,
evaporation and runoff data. The position is even more difficult for the
catchments further north because data are fewer and uncertainties
proportionally greater.

1




6. HYDROGEOLOGY
6.1 Introduction

For the purposes of this study a section of the Rift Valley was considered
between Lake Bogoria to the south and Lake Turkana to the north and extending
to the bounding interfluves. Within this region data for a total of 70
boreholes have been obtained, mainly from Ministry of Water Development (MWD)
records, with additional information from the WRAP Baringo and Laikipia
studies (WRAP, 1987a, 1987b? and from personal communication with a Missionary
actively drilling water wells in the Project Area, Mr A Davies.

Spring details were obtained mainly from visits by BGS staff to sFring
localities. In addition some data were taken from the WRAP study of the
Baringo area (WRAP, 1987a).

The borehole data set is much smaller than that obtained for Phase I of the
Geothermal Project where nearly 600 boreholes were available. In addition,
few of the boreholes are located in the rift floor (Figure 6.1) which is the
area of greatest geothermal interest. A further problem is that no boreholes
at all are known in the rift north of Silali, although some springs have been
located in this region (e.g. Figure 6.2 which shows thermal springs in the
-area), so groundwater conditions there are: not entirely unknown.

Borehole records held b{ MWD contain details such as borehole location, depth,
diameter, casing details and data concerning water strikes and rest levels.
Borehole productivity data for old boreholes may be 1imited to yield but in
recent years some water Tevel data during pumping tests have been recorded
enabling estimates of transmissivity to be made.

Information about aquifer 1ithology held by MWD is limited to basic drillers’
logs but these indicate that the types of material forming aquifers are the
same as for the Phase I Project Area further south; namely fractured
vo;canics, weathered contacts between different 1lithological units, and
sediments.

It is important to reiterate the point made in the Phase I study (Allen et
al., 1989) that the aquifer properties of rocks determined by the analysis of
borehole records can only apply to the depths penetrated by the boreholes.
Since water boreholes only reach a few hundred metres at most it is not
possible to predict the properties of potential geothermal reservoirs at
greater depths, except by extrapolation. However the regional flow systems
guggﬁsted by examination of water Tevel data may persist to substantial
epths.

6.2 MWater Level Data and Regional Flows
6.2.1 Water Strikes

Borehole depths in the Project Area range up to 286 m, with nine boreholes
13%) exceeding 200 m and 38 boreholes (54%) in the range 100-200 m. The
eepest boreholes have been drilled on the rift flanks; boreholes on the rift

floor range up to 180 m (C3437-Tangulbei).

Water strike information is available for 66 of the 67 boreholes which found
water. Water was encountered in these boreholes at depths ranging from a few
metres, to 206 m (C1397 on the eastern rift interfluve). Fifteen boreholes
(23%) had water strikes at depths greater than 100 m, the majority of these
being on the rift flanks.

Rest water level defths range up to 146 m below ground level (C2434, on the
eastern rift interf uve%. ost borehole water levels (89%) however are less
than 100 m below ground level and a significant proportion (61%) are at depths
of less than 50 m.
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A combination of water strike and water rest level information is available
for 63 boreholes. In 55 (87%) of these boreholes the final rest water level
was found to be higher than the initial water strike level, suggesting that
the aquifer was confined. The incidence of confined conditions is probably
not as high as this because if drilling rates are high in aquifers of low
germeabi]ity then water strikes may not be observed until the borehole has
een deepened. However even if only differences between strike level and rest
level exceeding 5 m are considered, then 42 (67%) of boreholes for which
information is available indicate confined conditions. The greatest rises in
water Tevel (of over 50 m) were recorded in boreholes C1397 and C1473 (east
of Churo), C7122 at Tangulbei and C4722 at Kabarnet. The Churo and Tangulbei
results may be associated with the significant faulting seen in this area.
The C4722 figure is suspect, since Kabarnet is in a recharge area where
significant artesian heads should be uncommon.

Records for 36 boreholes indicate that multiple aquifers were encountered (the
records do not indicate how this was known). In 25 cases the rest water level
after the first water strike did not change after subsequent strikes and
therefore hydraulic connection between the water-bearing layers can be
assumed. In 11 cases the rest water level changed after the second water
strike indicating the presence of separate aquifers. These boreholes occur
mainly on the eastern flanks of the rift (east of Baringo), and around
Kabarnet. There is usually Tittle difference between the rest water levels
of the first and subsequent strikes and discrete or perched aquifers do not
appear to be common.

6.2.2 The Potentiometric Map

A potentiometric map of the Project Area has been constructed using borehole
rest water level data and ifring data (Figure 6.3). Where data are scarce
contours have been estimated by assuming that the potentiometric surface is
a subdued replica of the ground surface. The errors inherent in using water
levels measured in different boreholes at different times, or in boreholes
where several separate aquifers were encountered are insignificant when the
scale and topographic variation of the map necessitate the use of contour
intervals of 200 m or more.

In the main Project area the depth to the water table varies from probably
less than 50 m below the rift floor near Korosi to around 100 m near Silali.
Depths to water under the volcanoes are unknown, although rest water altitudes

ga{ b3 higher than in the surrounding rift floor if recharge mounds exist (see
elow).

In broad terms groundwater flowlines would be expected to be perpendicular to
the groundwater contours shown on the map, with recharge occurring at high
groundwater altitudes and discharge at low altitudes. he figure therefore
illustrates the areas of groundwater recharge on the east and west flanks of
the rift and the zone of dischange along the rift floor. Flows along the rift
floor are directed northwards from Lake Bogoria and somewhat east of north
from Lake Baringo. This trend is followed as far as Lake Logipi which is in
a regional discharge area and has a water surface level at only around 250 m
above mean sea level. Lake Turkana, to the north of Lake Logipi, lies at an
altitude of nearly 370 m above mean sea level and therefore subsurface
drainage from Lake Turkana is directed to the south in this region.

The potentiometric data indicate that the regions around the volcanic centres
of Korosi, Paka, Silali and Emuruango?olak appear to be subject to groundwater
flows both laterally from the rift flanks and axially from the south. The
rift flank component a?pears to be dominantly from the east for the Paka,
Silali and Emuruangogolak areas, and perhaps for Korosi. The rift floor
(axial) component is Tikely to be dominated by Lake Baringo water near Korosi
and less so further north and flows mainly on the western side of Korosi,
Paka, Silali and Emuruangogolak.
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Figure 6.3 Potentiometric map of the North Kenya Rift Valley—Bogoria to Turkana
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To the north of the present Project Area the volcanic centre of Namarunu
appears to be in an area of easterly groundwater flow, with perhaps an axial
component (although in this re?ion it is unlikely that any Baringo water could
persist in readily identifiable form). Groundwaters in the area around the

$ar;ier volcano are likely to be dominated by subsurface flow from Lake
urkana.

The above discussion does not necessarily imply that water encountered by
drilling directly under the volcanic centres would necessarily be expected to
derive from lateral rift wall or axial rift-floor sources, because the
volcanoes form substantial topographic hills and may form local rechar?e
mounds. Thus groundwater encountered beneath them to an unknown depth could
be purely local in origin sthe possibility of local recharge on the rift floor
was discussed in Section 4.3).

6.2.3 Effects of Structure on Regional Flows

In the first phase of the Geothermal Project it was considered that faulting
in the Rift had a significant affect on regional flows (Allen et al., 1989).
Flows across the rift were inhibited by major faults acting as zones of low
permeability and in some areas (for example in the region around Mount Suswa)
the potentiometric surface was very deep. In addition, flows along the rift
were affected by the minor axial faults in the rift floor. These faults were
considered to channel flows along the rift axis, either by acting as conduits -
if theg were permeable, or by inhibiting lateral flow if there were of low
permeability. In essence therefore the effects of faulting in the Phase I
Project Area were considered to cause groundwater flows from the sides of the
rift towards the centre to follow longer flow paths reaching greater depths
and to align flows within the rift along its axis.

In hydrogeological terms the structure of the present Project Area has
similarities with the Phase I Project Area, with significant recent faulting
generally trending along the axis of the rift. Therefore the same effects of
structure on regional flows might be expected. The general paucity of
borehole data makes this supposition difficult to prove or disprove but some
support for the inhibition of lateral flows by faults is shown by borehole
data in the Baringo-Paka area. This region is heavily faulted (with most
fault trends NNW-SSE) and the regional groundwater level gradient is roughly
E-W, across the fault trend. Several boreholes in the eastern part of this
area show anomalously high hydraulic gradients in an E-W direction. For
example, boreholes DI and D7 are only 6.25 km apart and have an altitude
difference of only 55 m, yet the rest water altitude difference between these
boreholes is 134 m. Similarly boreholes €3437 and C7122, while only 2.24 km
aﬁart and with an altitude difference of only 30 m, have rest water altitudes
which differ by 120 m. These figures strongly suggest that hydraulic barriers
exist between these borehole pairs and the offset of aquifers by faults is the
most likely explanation.

The great depth (>250 m) to the water table, caused by faults impeding lateral
flow in the Suswa area, is not seen to the same extent in the present Project
Area although water rest levels in excess of 100 m below ground level have
been recorded in two boreholes in the rift floor (D1 and C3461). Bearing in
mind that the rift floor is theoretically an area of discharge this again
implies impedance of lateral flow by faults.

6.3 Aquifer Properties

6.3.1 Introduction

Hydraulic information relevant to the determination of aquifer properties is
available in variable amounts for the 70 boreholes in the project area. Most
of the boreholes (90%) have some productivity information, however only 45%
have data enabling specific capacity to be calculated, and only 25% have
enough information for an estimate of transmissivity to be made. The paucity
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of transmissivity information (only 18 values in total) means that more
reliance must be placed on the less accurate, but more numerous, specific
capacity and yield data as a guide to aquifer properties.

6.3.2 Yield

Information about borehole yield was obtained for 63 boreholes. Three of
these, or 5%, were dry. Data for the rest, based on pumping test estimates,
was obtained from MWD records or from local sources.

Figure 6.4 shows the cumulative relative frequencies of yields (smoothed data)
from the 60 production boreholes, and Figure 6.5 illustrates the same data in
the form of a relative frequency histogram. Both figures indicate clearly
that borehole yields are generally low throughout the project grea.
Figure 6.4 shows that 50% of boreholes have yie]ds less than 103 m’/day
(1.2 1/s) and 90% have yields less than 400 m’/day (4.6 1/s). Figure 6.5
show§ that the greatest frequency of borehole yields is in the range 40-
60 m°/d (0.5-0.7 1/s).

The few high yielding boreholes shown on Figure 6.5 are C5§49 (Tot Bridgeg,
6363 4Kositei) and D7 (Kokwototg} with yields of 1056 m’/day (12.2 1/s),
1088 m’/day (12.6 1/s) and 785 m’/day (9.1 1/s) respectively.

These yield estimates can only be used as a rough guide to aquifer properties
because the values are influenced by factors other than the nature of the
aquifer. For example in a productive borehole the yield may be more a
function of pump capacity than potential borehole productivity. On the other
hand no account is taken of drawdown, and since production tests usually only
last 24 hours, the long-term yield may be less than the stated value. However
the lTow value of the majority of 60 borehole yields does suggest that regional
permeabilities are low.

6.3.3 Specific Capacity

By using the concept of specific capacity (borehole yield per unit drawdown)
for stable drawdown conditions the effects of different pump capacities and
variations in drawdown between different boreholes can be eliminated and
borehole productivity can be compared on a more equal basis. Specific
capacity is not controlled solely by aquifer properties (see below) but it is
much more closely related to them than borehole yield alone.

Available data have enabled 32 specific capacity values to be calculated.
These are illustrated in a cumulative relative frequency diagram (Figure 6.6)
and a relative frequency histogram gFigure 6.7). Figure 6.6 indicates that

specific capacity values are generally low, with, on average, 50% of values
fall;qg below 4.5 m°/day/m (0.05 1/s/m) and 90% of values falling below
85 m’/day/m (1 1/s/m).

Boreholes with specific capacity values greater than 50 m>/day/m (0.6 1/s/m)

are shown in Table 6.1. These boreholes include two of the three high-

5i$1?ing boreholes mentioned above (borehole D7 has no specific capacity
ata).

There appears to be no unique reason why these boreholes have specific
capacities which are relatively high. The limited 1ithological data su%gest
that the three types of aquifer which are commonly found in the rift valley -
sediments, weathered material between volcanic deposits, and fractured
volcanics - are all represented.

6.3.4 Transmissivity

Pumping test data from which aquifer transmissivity values may be calculated
are severely limited in the project area. Conventional pumping tests using
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Table 6.1 BOREHOLES WITH SPECIFIC CAPACITY VALUES EXCEEDING 50 m’/day/m

Borehole Location Yield Specific Lithology
Cagacity (Driller’s Log)
m”/day
C3055 Mugie Ranch 341 225 Weathered Lava
C4838 Kamnorok 264 68 -
€5349 Tot Bridge 1056 106 Sand
’ C5487 Kinyach 480 51 -
: €6363 Kositei 1089 79 Fractured Phonolite
D1 Katangora 115 152 Weathered Basalt




Table 6.2 TRANSMISSIVITY AND SPECIFIC CAPACITY VALUES FOR BOREHOLES IN THE
PROJECT AREA

Borehole Transgissivity Speci{ic Capacity

m°/day m~/day/m
C1833 0.1 0.8
C3470 4.0 3.5
C3506 8.0 16.1
€3833 0.3 0.5
C3855 0.1 0.4
£3868 5.4 4.3
C3869 0.3 0.6
ca722 25.2 31.2
c4780 4.2 19.7
€4838 22.1 68.0
€5170 36.3 28.2
€5349 95.5 105.6
€5370 2.5 5.3
€5487 11.7 51.4
€6362 1.5 1.6
C6363 76.6 79.1
C6364 6.6 9.2
C6365 2.4 3.0




Table 6.3  TRANSMISSIVITY DATA ESTIMATED FROM SPECIFIC CAPACITY VALUES

e T

Borehole Speci{ic Capacity Estimated ;rransmissivity

m”/day/m m°/day
clo18 4.83 2.3
C1785 1.55 0.6
1882 1.48 0.6
C1896 5.59 2.7
C2345 18.14 10.8
C2434 1.97 0.8
C2844 8.91 4.7
2847 0.48 0.2
C2972 0.23 0.1
C3055 224.68 208
C3119 1.39 0.5
C3456 0.64 0.2
C3461 3.99 1.8
D1 151.58 131
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observation boreholes are non-existent and fully-monitored production well
drawdowns and recoveries are rare.

The available data (in decreasing order of transmissivity data quality)
comﬁrise eighteen estimates of transmissivity; three from tests carried out
by WRAP, six from tests with data and analyses recorded in MWD records and
noted by WRAP, and nine from tests where some recovery data exist on file at
MWD which were analysed by BGS.

Transmissivity values were obtained from drawdown data in some tests, from
recovery data in others, and from both in a few cases (in the latter instance
an average value has been used).

Table 6.2 shows the transmissivity values obtained and the specific capacity
value for the same borehole. Figure 6.8 and 6.9 illustrate the frequency
distribution of the transmissivity data.

Although values of transmissivity range up to gear]y 100 m?/day Figure 6.8
shows that 75% gf all values are less than 17 m“/day, and 50% of values are
less than 4.8 m°/day. Figure 6.9 indicates that thg greatest frequency of
borehole transmissivities lies in }he range 0-2 m°/day and although the
average value of the data set is 17 m°/day this is weighed by a few relatively
high values, particularly those of (5349 (Tot Bridgeg and C6363 (Kositei).

If the transmissivity and specific capacity values from Table 6.2 are plotted
(Figure 6.10) it is seen that the data conform to the line:

T = 0.3585 "7 ... (6)

with a correlation coefficient r of 0.93, suggesting a good fit to the data.
The theoretically-based Thiem equation (Thiem, 1906) which was used in the
Phase I study does not fit these data, for unknown reasons.

The good fit of the empirical equation (Equation 6) to the data suggests that °
there is _some validity in using the equation to predict transmissivity values
where only specific capacity data exist; thus enabling the transmissivity data
set to be enlarged to 32 values.

The resulting additional data are shown in Table 6.3 and have been used with
the data in Table 6.2 to produce Figures 6.11 and 6.12. The results suggests
that the borehole transmissivities are on average even lower than were
indicated by the original trangmissivity data, with 50% of values having
transmissivities less than 2.6 m°/day (Figure 6.11). This is reflected in the
relative frequency histogram (Figure 6.12? which shows an increased proportion
of low transmissivity values.

Boreholes with high predicted transmissivities are C3055 gMugie Ranch) and D1

(Katangora) which means that only four boreholes of the 32 for which data are

ggai%z?]e have calculated or predicted transmissivity values in excess of
m°/day.

6.3.5 Discussion

The implication of the above analysis is that aquifer transmissivities in the
study area are generally low (and it should be noted that ‘transmissivity
values derived from pumping test data include both matrix and fissure
contributions to flow). This in turn suggests that, in the absence of other
factors the permeability at depth in geothermal reservoirs is also likely to
be Tow - because in general terms permeability tends to decrease with depth
as a result of diagenesis and fissure closure caused by overburden stress.
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However, for various reasons the borehole data need to be treated with
caution. Firstly, the data set is extremely small for such a large and
hydrogeologically complex area and no data at all are available for the
potential geothermal target areas. Secondly the borehole values only relate
to the depth penetrated, which is much shallower than an{ geothermal aquifer.
Thirdly, the volume of aquifer affected by a borehole productivity test
lasting only a day or so is very small; it is therefore possible that the
permeability enhancement caused by the considerable faulting of the rift is
rarely seen in borehole pumping test data.

A more regional view of aquifer transmissivity may be gained by examination
of the subsurface flow from Lake Baringo. In theory, if the volume of flow,
the hydraulic gradient, and the cross-sectional area are known, then the
average aquifer permeability can be calculated.

Assuming a hydrau]ic gradient of 0.01, a width of 15 km and a flow from the
lake of 100 x 10 /year (an avera?e of the three est;mates given in
Section 5.2), the transmissivity is calculated to be 1800 m‘/day.

This figure is substantially greater than the 17 m?/day average value
estimated for boreholes (Section 6.3.4). However, the boreholes only
partially penetrate the aquifers and the average depth of penetration (taken
crudely to be the depth between first water strike and the bottom of the
borehole) is 74 metres for the 18 boreholes for which transmissivity data are
available. this would imply a full aquifer thickness of nearly 8 km to give
the transmissivity figure estimated from lake discharge. Such a figure is
unrealistically high by a factor of about four - which in turn suggests that
the borehole transmissivity values underestimate regional values.

Naturally the above analysis is very simplistic - with the data available it

cannot be otherwise. In particular the flow quantity from the lake may be

less - if the WRAP estimate is correct. On the other hand the estimate does

not include the (unknown) northward rift floor flows other than 1lake

discharge. A1l that can be concluded is that there is some evidence that

ge%ion? transmissivities are somewhat larger than those suggested by borehole
ata alone.

6.4 Thermal Sprinqs and Boreholes

6.4.1 Thermal Springs

The following discussion is concerned only with the physical aspects of the
various warm and hot springs encountered in the Project Area.

Thermal springs are widespread between Lake Bogoria and ,Lake Turkana
(Figure 6.2, which shows all known springs above an ambient 25C). Fumarole
condensates are not shown on the map which is restricted to thermal springs
which are in direct hydraulic contact with local groundwater. (Thus seeps on
the summits of volcanoes are not shown).

The thermal springs in the Project Area fall into two majn groups. Along the
rift margins springs occur with temperatures of up to 48 C and with generally
Tow flows. These springs do not appear to be associated with high temperature
geothermal activity characterised by fumaroles or altered ground and they
probably result from deep circulation of rift-wall waters through marginal
faults. They are therefore unlikely to be important in a geothermal context.

The second main group of springs_comprises those on the rift floor, which haye
a wide range of flows (up to 1 m3/s% at Kapedo) and temperatures (up to 82.2 C
at Lorusio) and are often relatively close to major recent volcanic centres.

As discussed in Section 6.2 the main direction of subsurface flow under the
rift floor is along the axis of the rift from south to north, reversing north
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of Lake Logipi and modified b% lateral flows from the river flanks and from
local recharge mounds under the central volcanoes. Any explanation for the
origin of the springs must therefore be set in this context.

The springs discharginﬁ on the north shores of Lake Logipi almost certainly
have their origins to the north, where groundwater is driven southwards by the
potentiometric head gradient of 0.08 m/m which exists between Lake Turkana and
Lake Logipi. It is %ike]y that this water from Lake Turkana will have mixed
to some extent with rift-wall waters and perhaps locally-infiltrated water and
will have been heated during its passage through the young volcanics of the
Barrier volcano.

Further south, the hot spring to the east of Namarunu volcano (Figure 6.2) may
be associated with high heat flow beneath the volcano which is situated close
to the western rift flank in an eastward-trending groundwater flow field.

Between Emuruangogolak and Namarunu several thermal springs have been located
with measured temperatures of between 31 C and 70 C. From the orientation of
the potentiometric surface in this area it is most probable that these springs
represent flow from Emuruangogolak: in a similar way the spring south of
Emuruangogolak probably originates from Silali. However neither of these
springs appears to be connected with the hydrothermal systems beneath these
volcanoes (see 7.4 below).

The Lorusio and Kapedo spring systems near Silali volcano are the hottest and
most productive respectively, in the Project Area. At Lorusio the springs
discharge at temperatures up to 82 C in a series of seeps and pools 1.5 km to
the west of the Suguta River at the base of the Tiati hills on the western
margin of the rift. The source of the springwaters is not apparent from the
potentiometric map (Figure 6.3) because the springs lie in an area where
easterly groundwater flows from the western rift margins, westerly and
northerly outflows from Silali and northerly axial rift flows all converge.

If the Lorusio springs had been cold, then on a local scale their position
near the foot of the western rift escarpment and at a higher elevation that
the Suguta river would undoubtedly indicate an origin to the west. However
the high temperature of the springs and their proximity to Silali, the most
obvious heat source in the area, and the fact that the potentiometric surface
may be complex in an area where groundwaters exist at different temperatures
and salinities (causing density variations) su$?ests that the connection
between Lorusio and Silali cannot be discounted, though the waters do not have
high-temperature chemical characteristics (see 7.4 below).

The Kapedo hot springs, approximately 9 km to the south of the Lorusio system
discharge at 50 C from fissured basa1t§ to the south and east of Kapedo
village and the total flow of around 1 m’/s constitutes the baseflow of the
Suguta River. If a mean annual surface temperature of 25 C at Kapedo is
assumed this implies a heat flow from the springs of 100 MW, suggesting a
significant heat source.

In a regional sense the Kapedo springs lie in an area of converging western
rift, rift axis and Silali outflow waters and on this scale the source of the
springwaters is not apparent. The WRAP study of the Baringo catchmgnt (WRAP,
1987a? suggested that because the spring flow, at around 30 x 10 m’/year, is
similar to their estimate for the subsurface outflow from Lake Baringo then
the lake could provide the source of the springs. This idea has the
attraction that it appears to explain how the Kapedo sgrings have such a large
discharge in an otherwise arid area. In the sense that the Baringo outflow
is substantial and directed northwards and that some of the outflow presumably
does emerge at Kapedo this explanation is rart]y correct. However as the
potentiometric map SFigure 6.3) indicates, all groundwater flows from Baringo
to the south of Silali including rift flank lateral flows and locally recharge
waters are directed northwards, and much of this water which does not
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evaporate may move through the Kapedo area. It is Tikely that the channelling
of groundwaters from a variety of sources gives rise to the Kapedo springs and
that the component from Baringo, 50 km to the south, is unlikely to be large.
Stable isotope results suggest that it cannot exceed 30% (7.4 below).

If the average recharge in the floor of the rift is taken to be of the order
of 25 mm/year (Section 4) then the area required to support the Kapedo spring
discharqe would be around 1300 km? or a region of around 35 km square. This
is smaller than the area of the rift floor between Baringo and Kapedo and
provides further evidence that subsurface flow from Baringo is unlikely to be
the only or even the major component of the spring discharge.

On a local scale, the position of the main springs on the western margin of
Silali volcano (and the fact that smaller thermal springs occur a few
kilometres to the northeast on the eastern bank of the Suguta River) suggests
that Silali provides the source of the heat and perhaps for a significant
proportion of the water, for the springs. (Recharge of groundwater into
Silali is likely to be hi%her than that in the rift floor, because of its
e]evationg. It is possible that the heat output of the springs could be
provided by regional groundwater flows causing a convective movement of heat
to the Kapedo area, but Silali is a much more obvious heat source.

In conclusion, the most likely explanation for the source of the Kapedo
springs from a physical hydrological standpoint is as a mixture of outflow
from the Silali volcano recharge mound with groundwaters flowing axially
northwards along the rift, the axial waters themselves being a mixture of rift
floor groundwater, rift wall groundwaters and Baringo lakewater. The heat
source is most likely to be Silali itself with possibly a contribution from
deeply circulating hot waters from the rift floor. There is little evidence,
Eo¥ev§r, that high temperature waters are contributing to the springs (see 7.4
elow). _

6.4.2 Thermal Boreholes

The average annual ground surface tepperature in the floor of the rift in the
Project Area is estimated to be 25C using temﬁerature data from Marigat.
Measured water discharge temperatures from boreholes are often higher than
this and sometimes significantly so (e.g. boreholes C6362 and C6365 with
discharge temperatures of 45C).

Anoma]ous]g high borehole discharge temperatures do not in themselves imply
either hi? geothermal gradients or high heat flows. However in the absence
of borehole temperature logs such data may be used as a preliminary guide to
geothermal gradients if the producing aquifer level is known.

Unfortunately aquifer level data are rarely available for the Rift Valley
boreholes, but a range of estimates may be made by assuming that all
production occurs either where water was first struck during drilling (leading
to a maximum estimate of geothermal ﬂradient) or from the bottom of the
borehole (giving a minimum value). The true value of geothermal gradient
should therefore lie within this range.

Table 6.4 gives details of estimates obtained by this method for boreholes
with discharge temperatures in excess of 25C. Twelve out of the fifteen
boreholes with anomalous temperatures lie in the rift floor. The three
exceptions occur on the eastern rift flanks (boreholes (3855 and (4417 at
Baragoi and C3833, southwest of Maralal) and none indicate particularly strong
thermal anomalies.

Two of the thermal boreholes in the rift - €6362 and C6365 - lie outside the
present Project Area between Lake Bogoria and Lake Baringo. The boreholes
?art1y penetrate a thick series of fluvio-lacustrine sediments between the two

akes. Temperature logs were run in these boreholes by WRAP (WRAP, 1987a)
which indicated a high temperature gradient between the surface and the water
table below which a Tower but still anomalously high temperature gradient was
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Table 6.4 THERMAL BOREHOLE TEMPERATURES AND GEOTHERMAL GRADIENT ESTIMATES

Borehole Location Discharge Estimated Geothermal Gradient
Number , Tempgrature . ( C/km)
(C) Minimum  Maximum
C3437 Tangulbei 30.2 28 49
C3466 Nyunyau "Hot'’ - -
C3470 Chemolingot 37.7 108 347
€3833 Sirata Oirobi 27 16 53
€3855 Baragoi 26 - -
C3868 Nginyang 32.2 92 817
C4417 Baragoi 29 33 121
€6362 Salabani 45 220* 775*%
6363 Kositei 36.2 105 116
C6364 Chesirimion 34 75 85
C6365 Ngambo 45 185* 425*
D1 Katangora 36 69 87
D4a Orus handpump 28 - -
Dab Orus solar 28 - - .;
D7 ~ Kokwototo 28 . .

* values obtained from borehole temperature log




encountered to the bottom of the borehole (60 m in each case). These values
were used as the maximum and minimum figures in Table 6.4. The explanation
for the change in ﬁradient at the water table is presumably that the thermal
conductivity of the unsaturated material is lower than in the saturated
sediments. The source of the thermal water is unknown but is 1ikely to be to
the south or southwest judging by the potentiometric gradients.

The ten remaining thermal boreholes all 1ie in the Rift Valley floor between
Korosi and Silali. Borehole locations, discharge temperatures and estimated
geothermal gradients are shown on Figure 6.13. The figure shows that thermal
waters are widespread in the area. The highest borehole temperatures are
found in the Nginyang-Kositei area (C3470, C3868, C6363) and to the southwest
of Paka, although the variation in temperatures is not large. Estimates of
geothermal gradients are highest for the Nginyang-Kositei boreholes, with
values in excess of 100 C/km suggested.

When these figures are considered with the potentiometric surface in the
region it is apparent that groundwater in the Nginyang-Kositei area probably
originates to the southwest, rather than in the known geothermal centres of
Korosi or Paka. Whether this suggests an as yet unknown geothermal source or
is simpl{ a reflection of the widespread nature of the thermal waters in the
Rift Valley coupled with the lack of borehole data is unknown.

The boreholes around the 1200 m potentiometric contour level east of Paka
intercept water flowing from the eastern rift margin and have less elevated
temperatures than the boreholes further west. Borehole D1, closer to the heat
source of Paka is warmer and shows a more elevated gradient. It may receive
both heat and water fluxes from the volcano because although nominally at a
hizher potentiometric elevation than the Paka area, it is close to the likely
Paka recharge mound.

Heat flow values have been estimated at three borehole sites in the ?roject
area (Morgan, 1973). Two of the values were congidered relatively reliable;
89.6 mW/m" at Chemolingot (C3470?) and 111 mW/m° at a site between Paka and
Silali. These values, at around twice the world mean, are an extra indication
of the widespread nature of the thermal anomalies.
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7. FLUID GEOCHEMISTRY
7.1 Introduction

Samples of surface waters (rivers and lakes), groundwaters (thermal and
ambient) and fumarole gases and steam condensates were collected from
representative sources mainly within the project area (Figure 7.la-c,
Appendix 7). The coverage of sampling was intended to combine detailed
information on the volcanic centres with a more general regional appraisal of
hydrogeological conditions. Standard chemical, isotopic and gas analytical
techniques were employed on samples as appropriate (fuller information on
sampling and analysis is given in Allen et al, 1989 and Darling and Talbot,
1991). The results (Tables 7.1 to 7.6) are now considered.

7.2 Surface MWaters

These may be conveniently split into two groups: lake and river waters in the
Baringo catchment ‘area (and also the seasonal Lake Tilam between Korosi and
Paka), and those rivers draining northwards towards the Suguta Valley.

7.2.1 Surface Waters of the Baringo Catchment

These comprise rivers and streams draining the east and west rift flanks,
together with Lake Baringo and the seasonal Lake Tilam. Many of the rivers
carried a heavy sediment load but most were filterable for chemical analysis.
Rivers from the western flanks had total dissolved solids (TDS) contents o
93-250 mg1™', while rivers from the eastern flanks were higher at 218-655 mg1”
(Table 7.1). The isotopic results do not suggest that evaporation had
significantly affected any of the river water compositions, except perhaps for
the Mukutan river (147) to the southeast of Baringo. Comparison of the
average C1° content (unweighted) of rivers feeding Lake Baringo suggests an
evaporative concentration factor of some 2.5 times. However, measurement of
lake chemistry in 1986 during the dry season (Allen et al., 1989) showed the
TDS to be 1% times higher than in 1988 or 1989, while in 1991 the Tlake
appeared to be returning to a composition similar to that of five years
before. Clearly the lake, which is only a few metres deep in most places, is
subject to considerable seasonal fluctuations in terms of solute load. There
is little evidence that the thermal springs of 01 Kokwe Island exert much
influence on lakewater chemistry.

Although chemistry was not measured on the seasonal Lake Tilam (151) between
Korosi and Paka, an SEC (specific electrical conductivity) measurement gave
a result of 100 mS, suggesting that the TDS would be <150 mgl™'. Despite
local legends about an underground source to the lake, such a low TDS is
characteristics of surface water and is well below the TDS at Chesirimion
(132), the nearest borehole. There is therefore no evidence that Tilam is
other than exclusively rain-fed. '

Stable isotope measurements on the surface waters present a fairly coherent
data set. The s-crossplot in Figure 7.2 shows the river data together with
all other water data, and with one exception (Mukutan, 147) the rivers group
into separate eastern and western groups. 