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ABSTRACT

Three geothermal exploration wells OW-901, OW-90@ ©W-903 were drilled in Olkaria Domes field to
evaluate its geothermal potential. The three weése drilled to a depth of 2200 m and all encowtea high
temperature system and discharged on test. Complitsts and hydrothermal alteration mineralogycetgd a
cold zone between 900-1150 m in all the three wé&krmeability of the wells was low compared tolsvel
drilled in the neighbouring Olkaria East and OlkaNorth East fields hence low productivity. The lgsas of
well completion tests and alteration mineralogyiétetl that the resource was deeper compared tottier
fields in Olkaria. Six appraisal wells OW-903A, O%04A, OW-905A, OW-906A, OW-907A and OW-908
were recommended to delineate the geothermal reisead also site the best localities to drill puotion
wells. Deep casing set at 1200 m recommended fhenmexploration wells studies for the appraisal svelhs
successfully, with the cold zone being isolated pletely. Directional drilling was able to intersehe faults
and fractures thus enhancing permeability and geepoduction in the field increased from 2.5 MV@e8t
MWe per well, with the highest producer being otdr MWe. Deep drilling to 3000 m was able to tap the
deeper aquifers. Alteration mineralogy studies fithin six appraisal wells were able to delineatefigid and
currently production drilling is underway to progicenough steam for a 140 MWe power plant. This pape
therefore discusses the successful use of hydro#iiealteration mineralogy in to optimize the geothal
resource in Olkaria Domes field.
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INTRODUCTION

The Greater Olkaria geothermal area is situatethsofuLake Naivasha on the floor of the southemnsent of
the Kenya rift (Figure 1). The Kenya rift is part the East African rift system that runs from Afaiple
junction at the Gulf of Eden in the north to Beikdgzambique in the south. It is the segment ofghstern arm
of the rift that extends from Lake Turkana to thertd to Lake Natron, northern Tanzania to the sqBture
1). The rift is part of a continental divergenheowhere spreading occurs resulting to the thinoingpe crust
hence eruption of lavas and associated volcanicitbes.

The Greater Olkaria geothermal area is within thea@r Olkaria volcanic complex. It is subdividatb seven
fields for geothermal development purposes namékar@ East, Olkaria Northeast, Olkaria Centralkadia
Northwest, Olkaria Southwest, Olkaria Southeast @lidiria Domes (Figure 2). Olkaria East field (@i 1)
has been producing power since 1981 when thediingte three 15 MWe units was commissioned. Thesot
generating capacity of the field is 45 MWe. OlkaNortheast field (Olkaria Il) is generating 70 M\&led an
additional 35 MWe is under construction and is e€xpe to be commissioned in 2010. Olkaria Northviiesd
(Olkaria 111) which is being developed by an Indegent Power Producer (IPP) was commissioned in 2009
is currently producing 55 MWe. The rest of thdd&eare at various exploration stages. This paperefore
discus the results obtained from the analysis ohpdas recovered from the exploratory, appraisal and
production wells drilled in the Olkaria Domes fieldhich is the field earmarked for development dsa€ia IV
with an expected 140 MWe.
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Figure 1: Map of the Kenya rift showing the location of @ila geothermal field.

OBJECTIVES OF THE STUDY

1. To identify the rocks and thereby understand tregigtaphy.
2. To identify the hydrothermal alteration mineralsifid in the field.

3. To determine the general location of the wells wibpect to the upflow, outflow and the marginate® of
the system

4. Determine the appropriate casing depths in thd.fiel
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Figure 22 Map of the Greater Olkaria geothermal area shgule location of the fields.Geology
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GEOLOGY
Geology of Olkaria volcanic complex

The Greater Olkaria volcanic complex is characestiby numerous volcanic centers of Quaternary adeisa
the only area within the Kenya rift with occurreacef comendite on the surface. Other Quaternalyawnic
centers adjacent to Olkaria include Longonot voicém the southeast, Suswa caldera to the souththend
Eburru volcanic complex to the north. Whereas dtteer volcanoes are associated with calderas gfingar
sizes, Olkaria volcanic complex does not have arataldera association. The presence of a ringlafnic
domes in the east and south, and southwest hasulsedrto invoke the presence of a buried caldel@aK€ et
al., 1990, Mungania, 1992).

Magmatic activity associated with Olkaria volcardomplex commenced during the late Pleistocene and
continues to Recent as indicated by Ololbutot catitenwhich has been dated at 180+50 yrs B.P u¥i@g
from carbonized wood obtained from a pumice flosoasated with the lava (Clarke et al., 1990).

The litho-stratigraphy of the Olkaria geothermatams revealed by data from geothermal wells agidnal
geology can be divided into six main groups; nant&lgterozoic “basement” formations, Pre-Mau volcani
Mau tuffs, plateau trachytes, Olkaria basalt ange&splkaria volcanics (Omenda, 2000).

Structures in the Greater Olkaria volcanic complex

Structures in the Greater Olkaria volcanic comphekude; the ring structure, the OI' Njorowa gortjee ENE-
WSW Olkaria fault and N-S, NNE-SSW, NW-SE and WNW8EEtrending faults (Figure 3). The faults are
more prominent in the East, Northeast and West r@lkizelds but are scarce in the Olkaria Domes ,area
possibly due to the thick pyroclastics cover. NW-SE and WNW-ESE faults are thought to be the sildad
are associated with the development of the rifhe Thost prominent of these faults is the Gorge Hauit,
which bounds the geothermal fields in the norttexaspart and extends to the Olkaria Domes area nidst
recent structures are the N-S and the NNE-SSWsfatidtydroclastic craters located on the northegeesf the
Olkaria Domes area mark magmatic explosions, whicburred in submerged country (Mungania, 1992).
These craters form a row along where the extrapdlagaldera rim trace passes.

Dike swarms exposed in the OI' Njorowa gorge tréenda NNE direction further attesting to the recent
reactivation of faults with that trend. The deyetent of the OI' Njorowa gorge was initiated bylfang along
the trend of the gorge but the feature as it iswkndoday was mainly due to catastrophic outflowLake
Naivasha during its high stands (Clarke et al.,0099olcanic plugs (necks) and felsic dikes ocitgrralong
the gorge further attests to the fault control ie tlevelopment of this feature. Subsurface faudtgebeen
encountered in most Olkaria wells (KenGen, 200D0e wells encountered drilling problems when tHassdts
were dissected due to cave-ins and loss of drifiaigls and cement. Materials recovered from thesees
were mainly fault breccia.
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Figure 3: The volcano tectonic map of the greater Olkadkanic complex showing the structures in the area

ARGEO-C:
THIRD EAST AFRICAN RIFT GEOTHERMAL CONFERENCE
Djibouti, 22 — 25 November 2010



SAMPLING AND ANALYTICAL METHODS

Cuttings samples from Olkaria Domes wells were nakeevery 2 m interval. Very few and unrepresirda
cores were cut in Olkaria Domes field and therefwearly all the descriptions and interpretatiores lzaised on
cuttings samples. Binocular analysis of the cuttisamples was done using the Wild Heerbrugg bimocul
microscope. A sample is scooped from the samperiia a petri dish and washed with clean wateetoove
impurities and dust. Wetting the cuttings is neeegto enhance visibility of samples and obsceatures such
as finely disseminated sulphides e.g. pyrite.

Representative samples from all the lithologic sirdhcountered in wells were selected and thin et
prepared for petrographic studies. The thin sestiwere analyzed using the Leitz Wetzler petrograph
microscope.

The X-ray Diffractometer is used to identify indivial minerals especially clays. Samples were saleftom
all the lithologic units and analysed for claysheT<2 microns fractions were prepared for X-rayraddtion by
crushing the rock into fine powder and dissolvingitest tube half full of distilled water. Thati¢ube is left in
a rack so that the <2 microns phylosilicates aftdrlesuspension. A few drops are placed in mardleds slides
and left to dry so that the sample can be run ugiagKRD machine. A Shimandzu 6000 Diffractomgeteth
CuKa radiation (at 40 kV and 50 mA), automatic divergenslit, fine receiving slit, and graphite
monochrometor was used for the analyses.

RESULTS
Lithology

The drilled lithological column in Olkaria Dome<lffil is composed of unconsolidated pyroclastics &nat
dominant in the shallow levels overlying a volcasaguence whose lithological composition is doneiddty
comenditic rhyolite, trachyte, basalt, tuff and gogranitic and syenitic dykes. Below is a briesatétion of
the lithology, The drilled lithological column inlkaria domes is composed of unconsolidated pyrtckthat
are dominant in the shallow levels overlying a aolic sequence whose lithological composition is idated
by comenditic, rhyolite, trachyte, intrusives anasalt (Lagat 2007, Lagat 2008, Lagat 2009). Petnmital
analysis indicates that most rocks from Olkaria dsmlot in the region of rhyolite, trachyte and diasA
summary descriptions of the lithologic units endewed in the Olkaria domes are as follows.

Pyroclastics
The pyroclastics are yellowish to brown and forma tipper pats of Domes field. The rock unit is domated
and consists of lithic fragments of rhyolite, trgtghand ash. The formation is mostly unconsolidatedrix
dominated by ash size particles, crystals of glgisartz, feldspars, amphiboles, obsidian and pumice

Tuffs

The tuffs are brownish grey, grey to white in coland occur in two types; the glassy and the fragateuff.
The glassy (vitric) tuff is wholly glassy whered tfragmental tuff is made up of lithics of lavagments as
well as subhedral to anhedral crystal lithics cdiqgiand feldspars.

Rhyolites
Rhyolites are of two types; (i) the granular nomghyritic to quartz and sanidine porphyritic wabundant
riebeckite and occasional hornblende and (ii) iteesulitic rhyolites with bands of volcanic glassiehed with
quartz and feldspar crystals. The first type istligrey to brownish grey in colour, mainly comeidind
occurs at shallow depths and the second type oetulspth.

Trachytes
Trachyte occurs alternating with tuff, basalt amgalite and is the dominant rock type, with mirtaff
intercalation at greater depths. The rock is geerownish grey, fine grained and is composed @plerysts
of sanidine, arfvedsonite-riebeckite, and aegiriftee matrix consists of flow oriented feldspar rolites in a
fine grained to glassy groundmass. Sanidine ciysteé the most common phenocryst and occur inatsyst
measuring up to 5 mm.

Basalts

Basalt is light greenish grey to black, with holgstalline groundmass composed of plagioclase latics
anhedral clinopyroxene and magnetite. It is porjpieywith plagioclase phenocrysts, some of which aoned,
clinopyroxene and glomeroporphyritic clots of pyeoe. Olivine occurs in unaltered basalts, but attd¢éhe
mineral has undergone metasomatism and its presenoevealed by the crystal outline of the altenati
products.
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Hydrothermal alteration

In the Olkaria Domes geothermal field, hydrotherraliération minerals appear both as replacemenhef
primary minerals, as well as fillings in vesiclesigs and fractures. Factors that influence theibligion and
kind of mineral assemblages present in hydrothesystems include permeability, rock and water caositjmm,
temperature, pressure and duration of hydrotheatiaration (Browne and Ellis, 1970). These factars
largely independent, but the effects of one or nudrihe factors can exert a dominant influencenimlbcation
and extent of hydrothermal alteration. Permeabdit the rocks controls the access of thermal #uidhich
cause hydrothermal alteration of the rocks and ipitation of secondary minerals in open spaces.e Th
chemical composition of the host rock determinesahailability of components to form alteration erials as
well as possible fugitive components from the pnesd magmatic heat source. Temperature is the most
significant factor in hydrothermal alteration besaumost of the chemical reactions require elevated
temperatures and also minerals are thermodynamistdble at high temperatures. Pressures at ththsle
penetrated by Olkaria Domes drill holes, like ihatgeothermal fields elsewhere in the world aresoéficient

to greatly affect hydrothermal alteration minettadésisformation (Browne and Ellis, 1970).

Although hydrothermal alteration has changed theagmy minerals in different ways and magnitudeenfthe
original textures and minerals are still recognigabThe main hydrothermal minerals in Olkaria Danfield

are albite, amphibole (actinolite), biotite, cad¢ithlorite, chalcedony, epidote, fluorite, gariiéite, K-feldspar
(adularia), mordenite, secondary Fe-Ti oxides,idedf (pyrite), titanite (sphene) and quartz. Iditon, minor
amounts of wairakite and prehnite are present. Mingssociations in vesicles are common and coaosisto

or more of the following minerals; chlorite, quartalcite, epidote and pyrite with the paragenséquence
varying with depth and from one well to anotherable 1 below shows the primary minerals observed in
Olkaria Domes geothermal field and their alterapooducts.

Table 1: Primary minerals, order of replacement and ali@maproducts of Olkaria Domes volcanics
(modified from Browne, 1984a)

Primary phases Alteration products
Volcanic glass Zeolites, clays, quartz, calcite
Olivine Chlorite, actinolite, hematite, clay minkra
Pyroxenes, amphiboles Chlorite, illite, quartz,ifgyrcalcite
Ca-plagioclase Calcite, albite, adularia, quatlite i epidote sphene
Sanidine, orthoclase, microcline Adularia
Magnetite Pyrite, sphene, haematite

Distribution of hydrothermal alteration minerals

The distribution of hydrothermal alteration minerah Olkaria Domes show that at shallow depths, low
temperature phases occur with mainly silica, srtectalcite, zeolites, phyllosilicates, oxides audphides
being the alteration minerals present. In the degarts of the wells, however, hydrothermal atterato
ranged from high to extensive. Hydrothermal zeslitalcite, epidote, phyllosilicates, silica, sidjes, epidote,
albite, adularia, biotite, garnet, fluorite, preienioxides and titanite are the alteration minecodiserved. The
hydrothermal alteration mineralogy patterns shoagpade alteration with increase in temperature deyth
with the low temperature phases disappearing akitjiretemperature phases appear.

Case study wells

Well OW-905A

Well OW-905A was drilled as an appraisal well irk@ia Domes field. The rock types encountered isbo$
rhyolite, tuffs, trachyte, basalt and syenitic irsives at depth. The rocks at shallow depths éxitite or no
hydrothermal alteration at all with mainly smectgiéica, calcite, clays, oxides and pyrite being #iteration
minerals present. Smectite a low temperature degurs from the surface to 1494 m depth, indicating
temperatures of <200°C above that depth. Firstimence of crystalline epidote was encountered3&®21m
indicating expected formation temperatures belaw depth is >250°C Unlike the nearby wells OW-90:#
OW-903A where biotite and actinolite were encousdent depth, it was conspicuously absent in thif we
indicating probable formation temperatures of <®0°Deeper casing therefore managed to isolatdotlie
temperature zones, however when the well was digehtasted, it produced low pressure steam. Higdrotal
alteration mineralogy indicates that the well istegt resource boundary. This well is drilled N9@{t the next
well to be drilled in the sector, OW-907A had to délled at N150°E and is a good producer (7 MWe).
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Hydrothermal alteration mineralogy was thereforecegsfully used to set the production casing i Well and
determine the boundary conditions.

Well OW-910A

Well OW-910A was drilled as a production well ink@tia Domes field. The rocks at shallow depthsilgkh
little or no hydrothermal alteration at all with miy smectite silica, calcite, clays, oxides andifgybeing the
alteration minerals present. Smectite occurs fileersurface to 680 m depth, indicating temperatofe200°C
above that depth. Appearance of chlorite andeilbelow 680 indicate temperatures of over 220°Gst Fi
occurrence of crystalline epidote was encounteté&32@ m indicating expected formation temperatx2s0°C
below this depth. In this well, the casing iniffalas to be set at 1200 m, but after careful stofly
hydrothermal mineralogy patterns, the well was da#e850 m depth. The well is a good produces waith
output of 12 MWe. Hydrothermal alteration was #fere successfully used to set the production gasirthis
well.

DISCUSSIONS

In any geothermal system, there is always somertaioty whether observed minerals distribution eefl
current formation temperatures or are related toesprevious thermal events or regimes. In the @realkaria
geothermal area as in other geothermal fields tittout the world, hydrothermal alteration minerate a
important indicators of subsurface thermal chandgeslex minerals used to construct determine patensén
Olkaria domes include smectite, chlorite and ciijsaepidote with stability temperatures of <200R220°C
and >250°C respectively. Hydrothermal alteratiomeralogy can be a cheaper way of determining the
subsurface conditions of a geothermal well duririlirty where decisions have to be made real time.

CONCLUSIONS

1. The Lithology of Olkaria Domes is made up of pyestics, tuff. Rhyolite, trachyte, and Basalts.

2. Stable formation temperatures of epidote, smeetitd chlorite are <200°C, >220°C and >250°C
respectively.

3. Hydrothermal alteration has been used successfollyet production casing and also delineate the
Olkaria Domes field.
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