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INTRODUCTION

The Geothermal Training Programme of the United Nations University (UNU) has
operated in Iceland since 1979 with six month annual courses for professionals from
developing countries. The aim is to assist developing countries with significant
geothermal potential to build up groups of specialists that cover most aspects of
geothermal exploration and development. During 1979-2015, 613 scientists and
engineers from 59 developing countries have completed the six month courses, or
similar. They have come from Africa (37%), Asia (37%), Central America (15%),
Europe (10%), and Oceania (1%) There is a steady flow of requests from all over the
world for the six-month training and we can only meet a portion of the requests.
Most of the trainees are awarded UNU Fellowships financed by the Government of
Iceland.

Candidates for the six-month specialized training must have at least a BSc degree
and a minimum of one year practical experience in geothermal work in their home
countries prior to the training. Many of our trainees have already completed their
MSc or PhD degrees when they come to Iceland, but many excellent students with
only BSc degrees have made requests to come again to Iceland for a higher academic
degree. From 1999 UNU Fellows have also been given the chance to continue their
studies and study for MSc degrees in geothermal science or engineering in co-
operation with the University of Iceland. An agreement to this effect was signed with
the University of Iceland, and a similar agreement has recently also been signed with
Reykjavik University. The six-month studies at the UNU Geothermal Training
Programme form a part of the graduate programme.

It is a pleasure to introduce the 43 UNU Fellow to complete the MSc studies at the
University of Iceland under the co-operation agreement. Xavier Shioya Musonye,
BSc in Geology, from Kenya Electricity Generating Company, Ltd. — KenGen,
completed the six-month specialized training in Borehole Geology at the UNU
Geothermal Training Programme in October 2012. His research report was entitled:
Borehole geology and alteration mineralogy of well OW-914A4, Domes area, Olkaria
geothermal field, Central Kenya Rift. After one year of geothermal research work in
Kenya, he came back to Iceland for MSc studies at Faculty of Earth Sciences in
August 2013. In May 2015, he defended his MSc thesis presented here, entitled: Sub-
surface petrochemistry, stratigraphy and hydrothermal alteration of the Domes
area, Olkaria geothermal field, Kenya. His studies in Iceland were financed by the
Government of Iceland through a UNU-GTP Fellowship from the UNU Geothermal
Training Programme. We congratulate him on his achievements and wish him all the
best for the future. We thank the Faculty of Earth Sciences at the School of
Engineering and Natural Sciences of University of Iceland for the co-operation, and
his supervisors for the dedication.

Finally, I would like to mention that Xavier’s MSc thesis with the figures in colour
is available for downloading on our website www.unugtp.is, under publications.
With warmest greetings from Iceland,
Ludvik S. Georgsson, director

United Nations University
Geothermal Training Programme
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ABSTRACT

Wells OW-905A, OW-910 and OW-917 have been drilled in the Domes area of the
Olkaria geothermal field. Wells OW-905A and OW-910 have been drilled inside the
caldera while OW-917 has been drilled on the eastern margins of the caldera rim.
The caldera rim is characterised by a ring of rhyolitic domes to the east, south and
southwest margins. Plans are underway to expand production drilling to the east of
the Domes field. This study presents an in-depth look at the variation in reservoir
characteristics across the Domes field and to the east of the ring structure. The study
also delineates magma differentiation processes involved in the evolution of the
GOVC. Wells OW-905A and OW-910 cut across seven stratigraphic units namely
basalt, trachybasalt, basaltic trachyandesite, trachyandesite, trachyte, rhyolite and
tuff. Well OW-917 only cuts across trachyte and rhyolite. Intrusives cut by the wells
include micro-granite, syenitic, trachytic and basaltic dykes. Well OW-910 has a
high abundance of high-temperature alteration minerals, OW-905A has moderate
abundance while OW-917 has low abundance of these minerals. Higher
temperatures are observed at shallower depth in OW-910, at relatively greater depth
in OW-905A and at greater depth in OW-917. High permeability is observed in wells
OW-905A and OW-910. Well OW-917 shows poor permeability. Well OW-905A is
located in a recharge zone, OW-910 in the up-flow zone close to the heat source and
OW-917 in a down-flow zone. The main magma differentiation processes involved
in generation of the basalt-trachyte suite are fractional crystallisation and magma
mixing. Rhyolites have been generated through fractionation of trachytes and
anatexis of syenites. The GOVC has had different episodes of eruptions. Its
plumbing system consists of independent discrete magma chambers and conduits in
which magma underwent modification before eruption.
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1. INTRODUCTION

The Olkaria geothermal area is located
within the Greater Olkaria Volcanic
Complex (GOVC), which is 125 km
northwest of Nairobi city. The precise
location is in the south central Kenyan Rift
Valley to the immediate southwest of Lake
Naivasha (0° 53°S; 36° 18’E) (Figure 1).
The GOVC is bound to the north, east and

south by Eburru, Longonot and Suswa [ ."/_Nama“‘"“ S
volcanic centres, respectively. It is flanked

to the west by the western rift margins. All k Emuruangogolak

these neighbouring volcanic centres have @+—siai

distinct calderas as opposed to the GOVC. ~Paka -

Some scientific studies have proposed a
caldera to have existed within the GOVC,
as seen by a ring of rhyolitic domes, mainly
found on the eastern and southern margins

0

of the GOVC (Simiyu et al., 1998, Clarke [l AN
et al., 1990). Other studies have not found ' o\A\ Elménteita
evidence for the existence of a caldera :  Paliaania

(Onacha, 1993). The GOVC is a multi-
centred volcanic field covering 240 km?
(Clarke et al., 1990). It is located in the LEGEND
south central Kenyan Rift Valley which ||G0 juaternay
coincides with an area associated with high || ' vLakes
volcanism during rift development (Simiyu \ Fauls

et al., 1995; Simiyu and Keller, 1997). The @ Geothermai area
estimated crustal thickness in this region is | owm 50 100
35 km (Simiyu et al., 1995; Simiyu and 36°E )
Keller, 1997). Clarke et al. (1990) observed

80 different volcanic centres, mainly FIGURE 1: Location of Olkaria Volcanic Complex

composed of comenditic rhyolite. They  yithin the Kenyan Rift (from Ofwona et al., 2006)
occur as steep-sided domes of lava and/or

pyroclastic rocks or thick lava flows with restricted lateral extent.

Longonot
Margaret

Il NAIROBI

295
% Qhompol;/

O|D0|nyo Lengal
T TANZANIA s >~
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The GOVC is associated with a region of late Quaternary volcanism. Similar late Quaternary volcanic
centres occur in the axial region of the Kenyan Rift Valley. They include from north to south:
Emuruangogolak, Silali, Paka, Korosi, Menengai, Longonot, Eburru and Suswa (Figure 1). These
volcanic centres are characterised by shallow intrusions, which have resulted in the high thermal
gradient measured at these volcanic centres. Unlike Olkaria and Eburru, which are in their geothermal
power production stage, the other volcanic centres are yet to be developed to this level. Production
drilling is ongoing in Menengai in order to gather enough steam before installing turbines for power
generation. The rest of the volcanic centres are still in various exploration stages. However, there is a
potential for geothermal production at these centres according to the surface exploration studies already
done in these regions (Omenda, 1993; Riaroh and Okoth, 1994).

Olkaria geothermal field is a high-temperature geothermal field with an approximate resource area of
204 km?. It has been divided into seven sections for the purpose of easy development (Figure 2). These
include the Olkaria East, Olkaria Southwest, Olkaria Southeast, Olkaria Northeast, Olkaria Northwest,
Olkaria Central and the Domes fields, the Domes field being the focus of this study. These sections
exhibit different reservoir characteristics in regard to reservoir enthalpy, formation temperature, fluid
chemistry and alteration mineralogy. Variation in reservoir characteristics has also been noted within
some of the sections, including the Domes field. Olkaria geothermal field provides a good case study
for fluid-rock interaction behaviour within a high-temperature geothermal system. Plans have been
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FIGURE 2: The seven sections (fields) of the Greater Olkaria geothermal area
(from KenGen, 2012)

underway to extend the production drilling to the east of the Domes field. Two step-out wells (OW-917
and OW-922) have been drilled on the eastern side of the Domes area outside the ring structure in order
to investigate the resource potential in this region (Figure 3).

The main objective of this study is to understand the reservoir characteristics of the area to the east of
the Domes (mainly the area outside the ring structure) in comparison with the Domes area (mainly the
area inside the ring structure), and to identify marker horizons for the purposes of stratigraphic
correlation and inferring buried faults within the Domes area. Three boreholes, OW-905A, OW-910 and
OW-917, were chosen for this study. The stratigraphic study was aimed at investigating the variation in
lithostratigraphy, alteration mineralogy, temperature and permeability within the Domes field along a
NW-SE traverse. This traverse runs from the northwest end at OW-905A, passing through the central
part (OW-910) of the field to the east of the Domes ring structure at OW-917. The drill cuttings give
information about fluid-rock interaction at depth and how this has affected the well production along
this NW-SE traverse (A-B in Figure 3). The study provides important information that will help in
deciding whether to expand production drilling to the east of the Domes ring structure. The drill cuttings
from the three wells were used in this study.

A number of researchers have carried out petrological and geochemical studies to determine the
evolution of the rhyolites and basalts of the GOVC (Davies and Macdonald, 1987; Macdonald et al.,
1987; Black et al., 1997; Scaillet and Macdonald, 2001; Heumann and Davies, 2002; Macdonald et al.,
2008 and Marshall et al., 2009). These studies were mainly carried out on surface samples. Furthermore,
Omenda (1997) conducted petrochemical analysis of some drill cuttings obtained from drill holes from
the Olkaria geothermal area in his doctoral dissertation on the geochemical evolution of Quaternary
volcanism in the south-central portion of the Kenyan rift. He analysed six drill cutting samples of
basaltic rock (from Olkaria East field, North East and West), two trachytic drill cuttings (from Olkaria

2
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FIGURE 3: Map showing the location of study wells (circled in red) and one of
the step-out wells OW-922 (circled blue) within the Domes area

North East and Olkaria East field) and two comendites (from Olkaria Northeast field). These analyses
have not been able to delineate the stratigraphic chemical rock composition range beneath the GOVC.

The main objectives of the petrochemical study presented in this thesis are to outline the petrogenesis
and differentiation of magma groups from the surface down to 3000 m depth; to find out if the chemical
composition of igneous rocks within the Olkaria geothermal field show a bimodal or linear distribution
on a TAS diagram for the purpose of proper rock type classification of drill cuttings; to map the
geochemical relationship between samples from the three wells in order to determine if any displacement
has occurred along the proposed ring structure; to find out the effect the degree of alteration has on the
chemical composition of the rocks and to investigate whether there are any petrochemical differences
between surface rocks and rocks at depth. Petrochemical study will provide an important input for
further water-rock interaction research.

1.1 Geothermal development

Exploration for the exploitation of the Olkaria geothermal field began in the 1960’s, culminating with
the drilling of two geothermal wells (Simiyu, 2010). This work continued in the early 1970’s. In 1973,
drilling of deep exploration wells began, funded by the United Nations Development Program (UNDP).
This continued until 1977 and in 1978 production drilling commenced after a feasibility report had been
published in 1977. Production drilling continued until 1981, when sufficient resource was confirmed for
the installation of the first power plant, Olkaria I (Ouma, 2009). The three units that constitute the
Olkaria I power plant were commissioned in 1981, 1983 and 1985, respectively, with each generating
15 MWe. The Olkaria I power plant is located within the Olkaria East field and the steam fed to the
turbines is tapped from wells drilled in this field. In all, 26 wells supply steam to the plant (Ouma, 2011).
Excess steam obtained through drilling of more production wells in this field and parts of the Northeast
field enabled the installation of additional two units at the Olkaria [ power station, units [V and V. The
construction began in July 2012. Each unit generates 70 MWe. They were commissioned by the end of
2014.

The first appraisal well in the Olkaria Northeast field was drilled in 1985. This was after a scientific
review of the exploration wells that had been drilled in areas around Olkaria East to verify the location



of faults and fractures that were believed to enhance the flow of geothermal fluids in the area. By 1988,
five additional appraisal wells had been drilled in the Olkaria Northeast field, which proved the
availability of a resource (Ouma, 2011). By 1993, 33 wells had been drilled in the Olkaria Northeast
field. These wells were to be used for production, re-injection and monitoring (Ouma, 2011). The
estimated production capacity from these wells was about 105 MWe. The construction of Olkaria IT unit
1 and 2 power plant, which is located in the Olkaria Northeast field, began in September 2000 and was
completed at the end of November 2003. Each unit produces 35 MWe. With continued drilling, unit 3,
which produces 35 MWe, was commissioned in 2010. The Olkaria II power plant produces a total of
105 MWe.

The Olkaria Southwest field, also known as Olkaria West, has been developed by an independent power
producer (OrPower Inc.). Appraisal and production drilling was carried out in this field by the OrPower
company between February 2000 and March 2003. Nine wells were drilled, which proved the
availability of adequate steam to produce 48 MWe for the Olkaria III power plant. A 12 MWe binary
pilot power plant was installed in September and December 2000 in units of 8§ MWe and 4 MWe,
respectively. The remaining 36 MWe were commissioned by the end of 2008. Continued production
drilling saw the installation of another unit, thereby increasing the power production to 110 MWe by
February 2014.

The first exploration wells drilled in Olkaria Central had inverted temperature profiles and low-enthalpy
fluid. Three more wells were drilled between 1994 and 1997. All of them had inverted temperature
profiles with only one well being able to discharge. Oserian Development Company Ltd utilizes 2 MWe
from Olkaria Central in the form of steam from one well leased from Kenya Electricity Generating
Company (KenGen). It has a single unit binary plant. The plant, which was commissioned in 2004,
provides electricity for farm operations.

Exploration wells drilled in Olkaria Northwest showed poor results. Oserian Development Company
utilizes steam from one well leased from KenGen to fumigate green houses, enrich soils with CO,, and
to heat fresh water with the use of heat exchangers.

The first well drilled in the Olkaria Southeast field showed poor results. More geophysical work was
carried out and more wells sited. Currently appraisal drilling is on-going in this field to explore the size
and availability of a resource in this part of the area.

Geo-scientific studies in the Domes area were carried out between 1992 and 1997. Exploration drilling
took place in 1998 and 1999. Three wells (OW-901, OW-902, and OW-903) were drilled (Ouma, 2011).
All the three wells were successful and able to discharge. Further geophysical work coupled with a
review of data from the three wells resulted in the siting of six appraisal wells in 2007. These were
deviated wells and were drilled to a depth of between 2800 m to 3000 m. All of the six wells showed
good results with some of them encountering temperatures as high as over 300°C. The data from these
wells aided in the siting of production wells. At the end of 2011, about 30 wells had been drilled in the
Domes field. Data from these wells proved the presence of enough steam to support a 180 MWe power
plant. Construction of a 140 MWe power plant, known as Olkaria IV, began in July 2012. The power
plant was commissioned in October 2014 and is currently connected to the power grid.

The time from the drilling of geothermal wells until a geothermal power plant can be connected to the
grid is considerably long. To make better use of this time, KenGen decided to employ geothermal
wellhead generator technology to utilize steam from drilled production wells even before the geothermal
power plants are constructed. Wellhead generators are small power producing units with generation
capacity of between 5 MWe and 10 MWe. As of March 2015, 49.6 MWe from wellhead generation had
been installed with 32.8 MWe being generated in the Domes field, while 17.8 MWe were generated in
Olkaria East. KenGen plans to put in place wellhead generating units producing a total of 128 MWe by
December 2015. Five of these units are currently being installed in the Domes field.



2. GEOLOGICAL SETTING
2.1 Regional geology

The East Africa Rift System (EARS) is divided into two branches, the eastern branch and the western
branch. The western branch runs through Uganda, Rwanda, Democratic Republic of Congo and
Tanzania, where it joins the eastern branch. The eastern branch runs from the Red Sea in the Afar region,
through Djibouti, Ethiopia, Kenya, Tanzania and then fading off in Beira in Mozambique. The Kenyan
Rift forms part of the eastern branch of EARS (Figure 4). The evolution of EARS dates back 30-45 Ma.
The evolution of the Red Sea-Ethiopian rift is connected to the long-term kinematics of three major
plates; the Nubian, Somalia and Arabia plates (Corti, 2012), beginning 45 Ma ago. Corti (2012) states
that this rifting process was enhanced by the start of the Afar plume. Moreover, the extension of the rift
from Northern Kenya all the way to Beira in Mozambique is proposed to have been enhanced by the
start of the Kenyan plume, which dates back to 30 Ma. This plume exploited the weak collision zones
at the contact between the Archean Tanzanian craton and the Proterozoic orogenic belts (Smith and
Mosley 1993). Magmatism began at the Turkana rift in the north, migrating southwards through central
to southern Kenya, to the eastern margins of the Tanzanian craton, finally reaching Beira in Mozambique
5-8 Ma ago. Magmatism also propagated north of Baringo in the Kenyan rift valley (Macdonald et al.,
2001).
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Magmatism related to the Kenyan Rift started during the Miocene about 30 Ma at the Turkana Rift. This
was initiated by a north to south elongated crustal up warping, known as the Kenyan Dome (Baker et
al., 1972; Bechtel et al., 1987). Baker and Wohlenberg (1971), Williams (1972) and Hay and Wendlandt
(1995) observed that phonolitic fissure flows occurred on the crest of this up warp. These are considered
to be the most extensive and chemically homogeneous lava flows in the rift. The estimated volume of
the phonolites in the Kenyan Rift is about 25,000 km® (Baker et al., 1972). Volcanism off the rift axis is
believed to have taken place concurrently with the rifting process during the Quaternary period. This
off-rift volcanism resulted in the formation of Mount Kenya, Chyulu Hills and Huri Hills found on the
eastern flanks of the rift.



After the Miocene eruptions, the resulting lavas were affected by faulting events. This was followed by
massive and extensive Pliocene eruptions and successive faulting episodes. These faulting episodes
produced high-angle normal faults within the rift floor. These massive and extensive eruptions and the
subsequent faulting episodes have been divided into four main phases (Baker et al., 1988). The first
phase was the eruption of the Mau-Kinangop tuffs and ash flows that are mainly characterised by
trachytic ignimbrites. These eruptions are estimated at about 22,000 km? in volume (Baker et al., 1972).
The faulting episode that occurred after the ignimbritic eruptions converted an earlier half graben to a
full graben.

The developing graben was associated with fissure flow eruptions of trachytes, basalts, mugearites and
benmoreite. The second phase was initiated by faulting of the eruptives that filled the developing graben,
coupled with progressive inward migration of the fault zones. This resulted in the formation of step-
faulted platforms (Mau escarpments) accompanied by fissure eruptions of the Limuru flood trachytes
(Baker et al., 1988). The third and fourth phases occurred during the Quaternary. These two phases were
triggered by block faulting which created high-angle normal faults within the rift floor. These fractures
served as conduits for the Quaternary volcanic eruptions of mafic to felsic composition. The third phase
is mainly characterised by basalts (estimated at about 11,000 km®), and the fourth by basaltic
trachyandesites and trachyandesites (estimated at about 3,000 km®). The spreading rate of the EARS is
estimated at 2.6 cm/year in the Red Sea, about 1 cm/year in Afar, 0.7 cm/year in the Ethiopian Rift, and
0.5 mm/year in the Western and Eastern Rifts (Jestin et al., 1994).

Crustal thickness overlying the Kenyan Dome is 30-35 km (Mechie et al., 1997). Geophysical studies,
for example by Keller et al. (1994) and Simiyu and Keller (1997), indicate that a mantle material of low
density and low seismic velocity lies below the rift. This mantle comes close to the base of the crust at
35 km. Other studies have indicated this to be the asthenospheric mantle (Latin et al., 1993).

It has been proposed that the convecting asthenospheric mantle was the driving force of the EARS rifting
initiation (Baker and Wohlenberg, 1971). The basis of this model is the fact that volcanism preceded the
major rift faulting episodes. Marshall et al. (2009) also argued for the convecting asthenospheric mantle
as the driving force based on geochemical analysis of rocks from the EARS.

Seismic studies indicate that the most intense volcanism took place within the central sector of the rift
(Henry et al., 1990; Simiyu et al., 1995; Simiyu and Keller, 1997). The estimated thickness for the
volcanic succession in this region is on the order of 5 km. Stratigraphic correlation determined by Baker
at al. (1972) and data from geothermal wells (up to 3 km deep) also point to this thickness.

Various researchers have put forth different hypotheses to explain the origin of the intermediate to felsic
lavas from the Miocene to the present. Weaver et al. (1972), Ferrara and Treuil (1974), Baker et al.
(1977), Latin et al. (1993) and Class et al. (1994) propose that the lavas evolved from partial melting of
the upper mantle, followed by fractional crystallisation. They carried out trace element and isotopic
studies to support their arguments. Latin et al. (1993) argued that such large volumes cannot be produced
by crustal anatexis. They associated the large volume of eruptives to partial melting of the mantle within
the asthenospheric plume. The volume of eruptives associated with EARS rifting process is
approximately 220,000 km?® (Williams, 1972).

On the other hand, Hay et al. (1995) and Hay and Wendlandt (1995) argue that the petrogenesis of the
plateau phonolites is by partial melting of alkaline basalt in the lowermost part of the crust. Strontium
isotope ratios (*’Sr/*°Sr) of the plateau phonolites are characteristic of either an enriched mantle or
crustal contamination of mantle derived magmas. This model may not be feasible because it requires
the existence of basaltic “underplating” prior to petrogenesis of the phonolites, while the volcanic
activity that preceded the phonolite flows was minimal (Baker et al., 1972; Latin et al., 1993) and
unlikely to be sufficient to have developed the required basaltic “underplating”. Therefore, the presence
of'this sequence remains questionable. Nash et al. (1969), and Goles (1976) proposed that the generation
of phonolite was by fractional crystallisation of basalts associated within the Kenyan rift.



Controversy has equally been raised concerning the petrogenesis of the felsic rocks within the rift. Two
hypotheses regarding their origin have been put forth; on the one hand, generation by crustal anatexis
and, on the other, by fractional crystallisation. Davies and Macdonald (1987) using the results of Sr and
Nd isotope studies proposed that the Olkaria comendites have been derived from crustal melts at 6 km
depth. Macdonald et al. (1987) interpreted major and trace elements data to show that closed system
fractional crystallisation alone could not account for compositional variations in the rhyolites. They
favoured a model of partial melting of heterogeneous crustal source rocks, followed by crystal
fractionation with volatiles promoting peralkalinity and affecting trace element distribution patterns.
Black et al. (1997) also favoured anatexis of Precambrian crust for the generation of the comendites. In
contrast, Black et al. (1997) considered the felsic magmas to be products of protracted crystal
fractionation of basaltic parents. They used *°Th/*2Th ratios and showed that the initial Olkaria
peralkaline rhyolites have initial *°Th/***Th ratios (~0.73-0.77) lower than the Olkaria basalts (0.88-
~1.2). This confirmed that the basalts and rhyolites were not part of a cogenetic suite.

2.2 Geology of GOVC

The geology of the Olkaria Volcanic Complex and its surrounding area has been well documented by
Clarke et al. (1990). GOVC is a young (<20 ka) multi-centred complex dominated by peralkaline
rhyolite domes and lavas on the surface (Marshall et al., 2009). The GOVC is located in the south-
central Kenyan rift, where the orientation of the rift changes from a NNW-SSE orientation in the north
to a N-S in the south. The width of the rift here is estimated at 60-70 km. Approximately 80 small
volcanic centres have formed within this complex. These volcanic centres are structurally controlled and
formed by eruptions through fault zones. The centres occur either as steep-sided domes, formed of lavas
and/or pyroclasts, or they occurs as thick lava flows of restricted lateral extent. The Olkaria Complex is
Quaternary in age and is bounded by three other volcanic complexes within approximately 40 km
distance. Eburru is located to the north, Longonot to the east and Suswa to the south. To the west, the
Olkaria Complex is bound by the western rift margin. Whereas the surrounding complexes have clearly
defined calderas, Olkaria volcanic complex does not have an obvious caldera. However, Clarke et al.
(1990) observed the existence of a ring of rhyolitic domes to the east, south and southwest of the Olkaria
complex to indicate a possible caldera. These rhyolitic domes form along a ring fracture, which is part
of the proposed caldera rim. Seismic studies indicate anomalies that coincide with this proposed caldera
rim (Simiyu et al., 1998). However, this hypothesis has drawn a fair amount of criticism. Studies of
subsurface geology indicate the absence of ignimbrites, which tend to be associated with caldera
collapse (Omenda, 1998). Resistivity studies conducted by Onacha (1993) have equally failed to record
any anomalies at the proposed caldera rim.

2.2.1 Surface geology and the evolution stages of GOVC

Clarke et al., (1990) described the surface geology of GOVC. The surface geology comprises pumice
lapilli, ash deposits, pyroclasts and comenditic lava flows (Figure 5). The pumice lapilli is mainly found
in the western and south-western parts of the Olkaria geothermal field. The ash deposits and pyroclasts
are unconsolidated and vary from weakly to highly weathered. They are also oxidised as a result of
interaction with cold groundwater flow making them brown in colour. They cover most of the Olkaria
geothermal field with a relatively thick deposit in the Domes field as observed from data from
geothermal wells. A large fraction of pumice (LP' to LP® in Figure 6) and pyroclastic deposits in Olkaria
field are said to have originated from Longonot volcano (Clarke et al., 1990). Longonot volcano is
located about 20 km east of Olkaria. Analysed data from the old pyroclastic deposits in Olkaria show
that they originated from Olkaria, Longonot and perhaps Suswa, which is located 40 km south of
Olkaria. Suswa volcano has been active during the same period as Longonot and Olkaria (Clarke et al.,
1990). However, the contribution of each of these volcanic centres to the pyroclastic deposits has not
been quantified. The Olkaria geothermal complex is the only area within Kenyan rift with comendites
on the surface (Macdonald et al., 2008). The comendites are mostly exposed in the Olkaria East area.

On the basis of their geological work, Clarke et al. (1990) outlined the evolution of GOVC together with
the surface geology of the surrounding areas. On the basis of the age of the high stands of the local lakes,
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FIGURE 5: Surface geology and structures of Olkaria geothermal area
(modified from Clarke et al., 1990)

they placed the initiation of evolution for GOVC at 22-20 ka BP. They then divided the evolution of
GOVC into six stages.

Formation of the Olkaria Trachyte Formation (Ot) and the Maiella Pumice Formation (Mp)
characterised the first stage (Figure 6). The pumice formation, which is believed to have erupted from
vents within the complex, is mainly found to the west of the complex, while the Olkaria Trachyte
Formation is found to the southwest of the complex, where it is mainly exposed in gullies and ridges.
Stage 2 was characterised by caldera collapse according to Clarke et al. (1990). This was based on the
field evidence of a well-developed ring structure, the presence of a ring of rhyolite domes, intra-ring
volcanoclastic sediment, apparent resurgent activity within the ring structure, and the distribution of
fumaroles. This left a depression of 11 km by 7.5 km. The caldera collapse was accompanied by the
eruption of welded pyroclastic rocks of Ol Njorowa Pantellerite Formation (O"). This formation is only
exposed in the deepest parts of the Ol Njorowa Gorge.

Stage 3 was characterised by post-caldera magmatism. The magmatism deposited the Lower Comendite
Member of the Olkaria Formation. This comprises rhyolite lavas (O?) and pyroclastics (Op?). The
Formation has been dated at >9150+110 BP.
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Stage 4 was a period of ring dome formation (O?) and eruption of thick surge deposits (Op°). This stage
is associated with the deposition of the Middle Comendite Member. The age dates for this member are
between 9150+110 and 3280+120 BP (Clarke et al., 1990) based on '*C dates.

Stage 5 involved the resurgence of the caldera floor, accompanied by the formation of short and thick
comenditic lava flows that constitute the Upper Comendite Member (O%) (Figure 6).

Stage 6 involved the eruptions of comendite lavas from a north-south fissure system (O°). The eruptions
were characterised by very thick flows. The youngest of the comendite flows (Ololbutot lava) has been
'*C dated 180+50 BP.

To the south of the Domes field, lava flows and pyroclastic cones occur, forming the Lolonito Basalt
Formation (Ba') (Figure 6). Eruption age for this formation has been placed at <0.45 Ma (Clarke et al.,
1990). This formation is believed to represent an earlier phase of the younger Akira Basalt Formation
(Ba). The Akira Basalt Formation mainly consists of lavas, scoria and spatter cones.

The Tandamara Trachyte Formation (Tt) is composed of welded scoriaceous lapilli and blocks of
rheomorphic ignimbrite. The formation is geographically associated with and has the same general age
as the Akira Basalt Formation (Clarke et al., 1990).

To the north of the Domes field, an 11 km wide low-lying area between the Olkaria and the Eburru
Volcanic Complexes forms the Ndabibi plains. Mafic volcanism accompanied rhyolite emplacement on
these plains. The Ndabibi Basalt Formation (Bn) is comprised of older faulted lavas and pyroclastic
cone units of pre-caldera age and younger units of Surtseyan tuff cones (kBt) with equivalent fall tuffs



(kBtm) and transitional Surtseyan-strombolian ash cones (Bt). These younger units are largely
contemporary with the post-caldera rhyolites dated <20 ka BP.

2.2.2 Petrochemistry of the surface rocks of GOVC

Macdonald et al. (2008) carried out geochemical analysis on surface rocks from Olkaria Volcanic
Complex and its surroundings. Their aim was to determine the chemical composition of these rocks, re-
examine the petrogenesis of peralkaline rhyolitic magmas and to determine the role of fractional
crystallisation, magma mixing and re-mobilisation of pre-existing material in the evolution of the basalt-
trachyte suite. In their study, they collected samples from the Olkaria and Tandamara Trachyte
Formations (9 and 3 samples respectively), the Lolonito, Akira and Ndabibi basalt formations (6, 4 and
16 samples respectively), the Olkaria Comendite formation (6 samples) and magmatic inclusions (34
samples) in the post-caldera comendites. The magmatic inclusions are mainly basaltic and trachytic
magmas, which together with benmoreites and mugearites forms an extensive suite of inclusions in the
rhyolites in the GOVC.

From this analysis, they divided the rocks into three groups (Figure 7). In Figure 7, the extrusives include
high-level dykes and plugs, bombs and blocks in pyroclastic deposits. In the TAS classification scheme
(Figure 7), Group 1 rock type range from basalt-hawaiite-mugearite-benmoreite-trachyte to rhyolite
(Macdonald et al. 2008). The basalts are close to silica-saturation while the trachytes are mainly
metaluminous. However, five trachyte samples were found to be mildly peralkaline. No compositional
variation was discerned from the mafic rocks of the Akira, Lolonito and Ndabibi Formations. MgO plots
for this group indicate that with decreasing MgO abundance, there is increase in SiO,, Na,O, K,0O, Ga,
Rb, Nb, Ta, Light Rare Earth Elements (LREE), Mo, Sn, Zr, Hf , Th and decrease in CaO, Ni, Cr, Co,
V and Sc (Figure 8). FeO, TiO,, P,Os, Li and Sb abundances peak at ~3-4% MgO (Figure 8). A
comparison of incompatible trace element ratios shows their tendency of remaining constant (for
example Zr/Nb, Zr/Y, Ce/Y, Ce/Zr, Rb/Zr and Th/U) in the range of basalt-benmoreite, while showing
greater ranges in the trachytes. Rocks in Group 1 showed a significant range of many elements at any
given MgO value (Figure 8). Macdonald et al. (2008) stated that there were several lines of descent
during magma evolution. This variability was enhanced by basalt-basalt (or hawaiite) mixing and
mixing between various combinations of benmoreite, trachyte, mugearite and rhyolite in the more
evolved rocks. The mixing caused variation similar to those from crystal-melt process. This makes it
difficult to quantify the mixing.
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Macdonald et al. (2008) also used Thornton-Tuttle Differentiation index (DI) to further establish reason
for the scatter. The DI was used to infer about the differentiation processes of the trachytes and rhyolites.
The MgO plot fail to show what processes are taking place of the more evolved compositions. Hence
the use of DI to infer these processes. He found out that with increasing DI, there was an overall increase
in Si0,, Al,Os, K»0, Zr, Nb and the LREE while there was a decrease in TiO,, FeO, MgO, CaO, P,0s,
Ba, Sr, Y and Na,O/K,O (Figure 9). No systematic compositional differences were noted between the
Olkaria trachytes, Tandamara trachytes and the trachytic melt inclusions. However, the trachytic melt
inclusions are slightly less evolved than the Olkaria and Tandamara trachytes. The trachyte trends
included metaluminous to peralkaline types indicating trachytic magma evolution along several lineages
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close to alumina under saturation
(Macdonald et al., 2008). The
relationship between trachytes and
the least evolved post-caldera
comendites is shown in Figure 9. The
Differentiation Index (DI) plots
show that comendites generally lie
on an extension of the trachyte field.
This is typical of a crystal
fractionation relationship. Major
element variations in this group are
consistent with the fractionation of
an  olivine-clinopyroxene-plagio-
clase assemblage in the range 8-3.5
wt% MgO, clinopyroxene-
plagioclase - FeTi-oxides - apatite
from 3.5 to 1.5 wt% MgO and
sanidine-  clinopyroxene-  FeTi-
oxides-apatite+olivine in  the
trachytes.

Group 2 has a bulk composition
ranging from hawaiite-benmoreite.
However, it is compositionally
different from Group 1, formed by
the mixing of basaltic and trachytic
or thyolitic magmas. It is stated that
mingling was more common than
complete hybridization in this group.
This may have been as a result of
insufficient time for complete
mixing or density and viscosity
barriers. Group 3 samples are mainly
magmatic inclusions and are silica-
undersaturated. The compositional
trends of group 2 and 3 samples in
the TAS classification scheme
(Figure 7 and 10), together with their
compositional features, correlate
with mafic and trachyte/rhyolitic
magma mixing (Macdonald et al.,
2008). However, in many cases, the
presence of feldspar xenocrysts
makes it a three-component
calculation. When compared to
Group 1 rocks of similar MgO
values, ne-normative rocks of Group
3 had higher Na,O, Rb, Th and REE.
They also show a modest LREE
([La/YbJen~9) enrichment. These
rocks provide evidence of extensive
interaction with the host comendites.

Macdonald et al. (2008) suggested
that there has been selective
diffusion into the magmatic
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inclusions of a Na-F-rich fluid. This imparted, inter alia, a ne-normative, and in other cases peralkaline
character to these rocks. Rocks in this group range from close to peralkaline (Peralkalinity Index of 0.94-
0.95) to clearly peralkaline (Peralkalinity Index of up to 1.39). From this analysis, Macdonald et al.
(2008) concluded that crystal fractionation of basaltic magmas generated mugearitic magmas. Mixing
between basaltic magmas was common. Post-caldera comendites, benmoreitic and trachytic magmas of
group 1 and 3 were produced by further crystal fractionation along several lines of descent. Mingled and
hybridized magmas were produced by two to three component mixing between mugearites, benmoreites
and less commonly trachytes, while Group 2 rocks were generated by basalt-trachyte/rhyolite magma
mixing.

The system is said to be quite dynamic where crystals with a variety of growth and resorption histories
have been juxtaposed shortly before being erupted. Repeated occurrence of different magma eruptions
over short periods indicates a plumbing system with several small and independent reservoirs and
conduits.

2.2.3 Sub-surface geology of the GOVC

The sub-surface geology of GOVC
has been documented mainly from
studies of drill cuttings obtained
from geothermal wells. The sub-
surface geology is divided into six
litho-stratigraphic units (Figure 11).
The uppermost one is the Upper
Olkaria Volcanics. They are mainly

comenditic  lavas and their
pyroclastic ~ equivalent. =~ Minor
trachyte and basalt are also

intercalated. Ash from Suswa and
Longonot also form part of this unit
(Omenda, 1997; Clarke et al., 1990).
They are the youngest eruptives and
occur from the surface down to 500
m depth. The Ololbutot comendite is
the youngest lava of the Upper
Volcanics, having been dated
180+50 years BP (Clarke et al.,

. Upper Olkaria Volcanics -upper rhyolite,
trachyte, minor basalt and unconsolidated
pyroclastics (<0.95Ma).

o t«<—— Olkaria Basalt- basalt tufls, rhyolites and trachytes
3 (1.65Ma).

«—— Plateau Trachytes-Trachytcs dominant, but
basalt, thyelites and and tuffs occur (2.1 1o
; 1.8Ma).
‘|« Mau Tuffs- Tuffs dominate, but minor trachytes,
F thyolites and basalts occur (3.7 to 3.4Ma).

Pre-Mau Velcanics- consist of phonolites,
basalts, trachytes and tuffs (<10Ma).
Proterozoic Metamorphic Gneisses and schists
(>500Ma).

Olkaria intrusion (<1.8Ma).

FIGURE 11: Stratigraphic column and age span of the
Greater Olkaria Volcanic Complex (Omenda, 2000;
modified by Musonye, 2012)

1990).

The second unit is the Olkaria Basalt which mainly occurs between 500 m to 1000 m depth. The rock
units in this stratigraphic interval include basalt flows, minor pyroclastics and trachyte. It forms the
Olkaria geothermal system cap rock (Ambusso and Ouma, 1991).

The third unit is the Plateau Trachytes. These occur between 1000 m to 2600 m depth and form the
reservoir rock of the Olkaria East field where they are the thickest. The unit is mainly composed of the
trachyte with minor basalt and tuff intercalations.

The Mau Tuffs form the fourth unit. The tuffs are mainly consolidated and have ignimbritic texture.
They form the reservoir rocks of the Olkaria West field (Omenda, 1998). They are the oldest exposed
rocks in the Olkaria area.

The other two stratigraphic units are neither exposed in Olkaria area nor encountered in geothermal drill
holes within Olkaria. However, they are exposed on the southern flanks of the rift. The Pre-Mau
Volcanics, which form the fifth unit, are composed of trachytes, basalts and ignimbrites. The Proterozoic
Formation is the sixth unit. It forms the basement rock. It comprises amphibolite grade gneisses and
schist with associated marble and quartzite of the Mozambican Group (Shackleton, 1986). Figure 12
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FIGURE 12: Rock units and stratigraphic correlation of drilled wells in Olkaria geothermal area
(from Lagat, 2004)

shows the rock units and the stratigraphic correlation of drilled wells between the Olkaria East (OW-8,
OW-9, OW-19 and OW-22) and the Domes field (OW-901, OW-902, and OW-903).

2.3 Structures of the GOVC

The GOVC is located on the floor of the rift valley in the south central part of the Kenyan Rift. The
complex is located at a point where the rift valley forms a bend from a NWW-SSE orientation to the
north of this complex to a N-S orientation to the south of this complex (Figure 13a). The main tectonic
structures in GOVC include faults, fractures, the Ol Njorowa gorge, the ring structure and dyke swarms.
The structures are the main controls of geothermal fluid movements. The faults are observed on the
surface in the West, East and Northeast fields. They are absent in the Domes area due to the thick
pyroclastic cover. However, buried faults have also been encountered in Domes as well as the Olkaria
area in geothermal wells (Mungania, 1992). This is deduced from total loss of circulation returns, cave-
ins, stratigraphic correlations and occasional collapse of wells during drilling. Lagat (2004) identified
buried normal faults between the Olkaria East and the Domes area by correlating wells in these two
fields (Figure 13b). He also identified faults within the Domes area between wells OW-901 and OW-
902. These faults have resulted in a down throw of about 300 m.

The main faults in GOVC are the ENE-WSW Olkaria fault, and NNE-SSW, N-S, NW-SE and WNW-
ESE trending faults (Figure 13). The N-S and NNE-SSW faults and fractures are the youngest. The
Ololbutot fissure is the most prominent of these structures, which are characterized by intense fumarolic
activities. This indicates vertical permeability along the fault (Omenda, 1998).

The NW-SE and WNW-ESE striking faults are thought to be old and associated with rift development.
The most prominent of them is the Gorge Farm fault, which bounds the geothermal field in the north-
eastern part and runs all the way to the Domes field (Muchemi, 2000). The Suswa fault which trends
NW-SE, crosses the SW corner of the geothermal area.

The Olkaria fault is interpreted as an old rejuvenated fault (Omenda, 1998). This fault intersects the
northern slopes of Olkaria Hill. It is oriented in the NNE direction and is characterized on the surface
by a zone of intense geothermal manifestations covering a width of 50-100 m on the northern slopes of
Olkaria Hill. The Ol Njorowa gorge forms a boundary between the Domes field and the Olkaria East
field. The gorge is believed to have been initiated by faulting along its trend. The gorge was deepened
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FIGURE 13: A structural map of GOVC (a) and its location within the Kenyan Rift (b)
(Omenda, 1998; Clarke et al., 1990 respectively)

by a catastrophic outflow of Lake Naivasha during one of its high stands (Clarke et al., 1990). Dyke
swarms with a NNE orientation are mainly observed along the Ol Njorowa gorge. Volcanic plugs have
also been observed along the gorge (Otieno et. al, 2014).

The arcuate alignment of domes in the southern and eastern parts of Olkaria is another main structure.
This structure is proposed to indicate a buried caldera, with the rhyolitic domes being the products of a
subsequent resurgence (Clarke et al., 1990; Mungania, 1999). Omenda (1998) observed that the ring
might have been produced as a result of magmatic stresses in the Olkaria magma chamber. In this
hypothesis, the line of weakness, which defines the ring, was the centre of rhyolitic volcanism.

2.4 Hydrogeology

The pre-Holocene faults are the main features controlling hydrologic flow in the Olkaria complex.
Permeability has been enhanced in this area by recent tectonic events that caused movement along pre-
existing fractures (Omenda, 1998). Studies indicate two probable sources of recharge for the Olkaria
complex. The two sources are the Mau and Kinangop escarpments to the west and east of GOVC,
respectively (Naylor, 1972; Ogoso-Odongo, 1986; Clarke et al., 1990 and Omenda, 1994). The water is
mainly of meteoric origin. The source are the young rejuvenated N-S faults, which provide shallow
recharge and control the axial groundwater flow within the geothermal system. This shallow recharge
has caused temperature profile reversals, as observed in wells drilled close to the N-S trending faults.

The pre-Holocene faults provide deep recharge. The NNW-SSE and NW-SE faults are the main recharge
paths. These faults are exposed on the Mau escarpment. The Olkaria fault, which trends ENE-WSW,
forms one of the most important recharge channels in the Olkaria geothermal field. It transects between
the Northeast and West Olkaria geothermal fields. Wells drilled to the north of this fault are liquid-
dominated while those drilled to the south are liquid-dominated two-phase with an overlying steam cap
(Ambusso and Ouma, 1991). The fault is pre-Holocene in age but was rejuvenated by recent tectonic
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events. The recharge channels for the Olkaria East and the Domes field are believed to be rift-floor faults
that have not been rejuvenated (Omenda, 1998). They are not exposed in these fields due to pyroclastic
cover.

Fluid flow within faulted zones is controlled by fracture permeability, while fluid flow outside fault
zones is mainly horizontal and is enhanced by lithological boundaries. Cooling joints within thick lavas
provide primary permeability as well. Vesicles and vugs within the formations also enhance fluid flow
within the Olkaria geothermal field. However, high susceptibility to hydrothermal alteration seals
primary permeability. For example, some wells drilled in the Northwest field, where the reservoir host
rock is tuff that is highly susceptible to hydrothermal alteration, have low productivity as a result of low
permeability.

2.5 Geophysical exploration

The geophysical survey of the Olkaria geothermal area has been well described by Mariita (2011).
Geophysical exploration has been done in the Olkaria geothermal field since the 1980s. Various
geophysical techniques have been employed in the exploration, which include resistivity, seismology
and gravity. The most extensively used method has been resistivity, with over 220 magnetotellurics
(MT) and 160 transient electromagnetic (TEM) soundings having been done since the year 2000
(Mariita, 2009). From these soundings, low resistivity (less than 15Qm) anomalies recorded at 1500 m
a.s.l. have been found to align along linear structures, mainly the NE-SW, NW-SE lineaments and the
ring structure. There is also a generally low-resistivity anomaly at this depth in the Olkaria geothermal
area (Figure 14). This low resistivity is attributed to low-temperature, conductive minerals, for example
smectite clay. There is relatively low resistivity recorded in Olkaria West field as compared to the
Northeast and East fields. The low-pH high, conductive fluids, coupled with extensively altered tuff
deposits near the surface that characterize the Olkaria West field, are thought to be the cause of these
relatively low-resistivity anomalies (Omenda, 2000 and Muchemi, 1999). On the other hand, the
relatively high-resistivity anomalies in the Northeast and East field are attributed to high-pH fluids,
coupled with less altered flood trachytes. The flood trachytes are less susceptible to alteration. Deep low
resistivity in the proximity of Olkaria Hill is interpreted as a heat source for the Olkaria West geothermal
field (Mariita, 2011).

MT soundings along with data from drilled wells indicate low-resistivity anomaly at 1000 m a.s.l. in the
whole of the Olkaria geothermal field. This is interpreted to define the geothermal system with
temperatures above 240°C. For the East and West fields, high resistivity coincides with cold recharge
areas associated with the N-S trending Ololbutot fissure and the ENE-WSW trending Olkaria fault. High
resistivity is also noted in the Domes area at 500 m a.s.l., except along the ring structure. This is a result
of the abundance of high-temperature, high-resistivity alteration minerals, such as chlorite and actinolite.
This depth also marks the start of the reservoir zone.

Seismic monitoring of the Olkaria geothermal field started in 1985. The main purpose of the initial
monitoring was to determine the seismic background of this field before full geothermal exploitation
(Simiyu and Keller, 2000). The location of seismic events in geothermal areas can provide data that can
be used to locate active fault zones that function as conduits for geothermal fluids. The focal depth can
also be used to predict the depth of geothermal fluid circulation.

Six seismic monitoring stations were operated in the Olkaria East production field between 1996 and
1998. Simiyu and Keller (2000) interpreted these data in large part by correlation with geological
structures identified in geological studies. Seven linear alignments were noted (Figure 15). The N-S
trending alignment (marked I in Figure 15) coincides with the Ololbutot fracture zone. The seismic
activity along this zone may be attributed to geothermal fluid movement within the Ololbutot fissure or
tectonic movements along this fissure. This fissure has been modelled as a recharge zone on the basis
of downhole-temperature measurements, resistivity and geochemical signatures (Mariita, 2011).
Another epicentre location (II, Figure 15) extends from SSE of the area to the centre. No mapped
geological feature coincides with this trend but a buried fault is suspected to exist along this trend.
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Two alignments (III and IV, Figure 15) located to the north and south of the Ololbutot lava field correlate
with the two faults identified through geological mapping and gravity survey (Mungania 1995). Two
other alignments trends, named V and VI (Figure 15), trend E-W to the north of Ololbutot lava field.
Alignment VII is composed of events that form the NNE trend, which starts from north of the Olkaria
East field. This line correlates with a NNE-SSW trending fault identified by Omenda (1998).

Shallow high-frequency seismic events and deep low-frequency events have been recorded in Olkaria
West field (Mariita, 2011). The shallow high-frequency events were recorded at the intersection point
between the Suswa and Olkaria faults. This is associated with an upflow zone in the Olkaria West field.
There are also shallow high-frequency events and deep low-frequency events in the Olkaria East and
Northeast fields and along a NW-SE linear trend. The shallowest of these high-frequency events are
associated with fluid movement and volcano-tectonic structure. The occurrence correlates with the
intersection of the Ololbutot fissure and Olkaria fault. Deeper to medium-depth events along Ololbutot
fissure zone have been interpreted to show fluid movement (Mariita, 2011).
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3. SAMPLING AND ANALYTICAL TECHNIQUES

In borehole geology and alteration mineral studies, various analytical techniques are applied. The main
techniques include binocular microscope analysis, petrographic analysis, fluid inclusion analysis and X-
ray diffractometry. In this study, three wells were chosen for study, OW-905A, OW-910 and OW-917.
The elevation, location, casing depth and the total drilled depths are shown in Table 1. The wells were
drilled between the years 1999-2014. Sampling was done at the rig during drilling, with samples
collected at 2 m interval and the depth recorded continuously in a rig notebook. Depths at which losses
were encountered were also recorded in the notebook. The analytical techniques used in this study were
binocular microscope analysis, petrographic microscope analysis and X-ray diffractometer (XRD) for
the borehole and alteration mineralogy studies. For the study of petrochemistry, inductively coupled
plasma-optical emission spectrometry (ICP-OES) analysis was applied.

3.1 Binocular microscope analysis

Binocular microscope analysis was the first analysis carried out on the drill cuttings from the wells in
question. The analysis was done using a Wild Heerbrugg binocular microscope at the Iceland GeoSurvey
(ISOR) laboratory. The technique is a visual method where samples are observed under a binocular
microscope. The samples were each scooped from the sampling bags into petri dishes. To remove dust,
enhance visibility and reveal obscured features such as finely disseminated sulphides (e.g. pyrite), each
sample was first washed in water. The sample was then mounted on the microscope stage. The main
properties studied under the binocular microscope include the primary rock forming minerals, alteration
minerals, colour of the rock cuttings, rock fabrics, vein fillings, porosity, texture and grain size, intensity
of alteration and the rock type. The mineral paragenetic sequence is also determined with the use of the
microscope in cases where the vesicles or veinlets have not been destroyed by the drill bit. Drill cutting
analysis is challenging compared to core sample analysis. The composition of drill cutting samples,
especially from greater depths, may not be representative of the rocks penetrated at that particular depth.
The considerable length of time it takes for samples from greater depths to reach the surface means that
the recorded depth is deeper than the actual sample depth. Mixing of cuttings from different depths by
the circulation fluid, especially when there are soft formations at shallower depths, also complicate
identification of different lithological units. Furthermore, the crushing of the rocks by the drill bit leads
to loss of detailed geological features. These complications have to be accounted for during binocular
analysis. After the binocular analysis, representative samples from the encountered lithological units
were selected for analysis by the use of the other techniques. A summary of the results of this analysis
is presented with aid of LogPlot software (Rock Ware Inc. 2007). Detailed description of this analysis
is presented in AppendixA.

3.2 Petrographic microscope analysis

The petrographic microscope analysis was done with the use of a Leitz Wetzler petrographic microscope
at the ISOR petrography laboratory. In this analysis, minerals were identified based on their properties
in plane-polarized as well as cross-polarized light. Properties identified include birefringence, cleavage,
colour, pleochroism, twinning and the interference properties. 180 samples were chosen from the three
wells for this study. To prepare the cuttings for this analysis, they were first dried. The dried samples
were then cemented in epoxy, and then mounted on a glass slide. They were then ground to the
customary thickness of 30 microns. The resulting glass slides containing the mineral grains were placed
on the stage of a petrographic microscope for observation. This analysis was carried out in order to
confirm rock type(s), the intensity of alteration and secondary minerals as identified in the binocular
analysis, as well as to identify additional features not seen during the binocular analysis. Mineralogical
evolution is also determined by noting paragenetic sequences and the association of primary and
alteration minerals. In petrographic analysis, samples were chosen at intervals ranging between 30-50
m. The interval may vary outside this range, depending on the rate at which the rock units are changing
or other changes observed under binocular analysis. A summary of studies were presented with the aid
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of the LogPlot software. Petrographic findings were also the results together with the binocular
incorporated under the rock type description subtitle.

3.3 X-ray diffractometer analysis

The diffractometry analysis is based on principles of Bragg’s law. It states that Bragg diffraction occurs
when an electromagnetic radiation or subatomic particle waves with wavelength comparable to atomic
spacing are incident upon a crystalline sample, and undergo a constructive interference (Yoshio et al.,
2011). XRD analysis is mainly used to identify clays and zeolites. It can also be used to identify other
minerals, for example amphiboles. However, in this study, the XRD analyses were done for the sole
purpose of identifying clay minerals. In clay analysis, X-rays are diffracted by a powdered sample with
preferentially oriented grains. X-ray spectra that are characteristic for different clay minerals are
produced by slowly changing the diffraction angle (Yoshio et al., 2011).

Ninety samples were selected from the three wells based on the intensity of alteration. The samples were
first dried. Then a teaspoon of each of the dried samples was placed in a test tube. Water enough to
submerge the samples was added. The tube was mounted on a shaker and subjected to vibration for four
hours. The shaking washes the clays from the drill cuttings. Drops of water from the test tubes were
emplaced on a glass slide that had been washed with acetone to enhance cohesion and adhesion. These
drops contain the washed clay suspension. The slides were left for twelve hours undisturbed to enable
the water to evaporate and let the clay grains settle down. The slides with clay samples were run in the
XRD instrument and a spectrum recorded. The slides with the samples were then placed in a container
with glycol fumes for 24 hours and run in the XRD instrument and the spectra recorded. The final X-
ray analysis involved heating the same samples to 550°C before running them in the XRD instrument.
Peak positions, shapes, intensities and changes caused by different treatments are diagnostic for the
identification of different clay minerals. Clay mineral analysis helps in deducing the clay mineral
alteration zones. From these zones, alteration temperatures of various rock units can also be inferred. A
summary of the analytical results for well OW-905A were presented in Appendix B.

3.4 Inductively coupled plasma-optical emission spectrometry (ICP-OES) analysis

The ICP-OES analytical technique is a type of emission spectroscopy that uses inductively coupled
plasma to produce excited atoms and ions, which emit electromagnetic radiation at certain wavelengths
characteristic of a particular element (Holloway and Vaidyanathan, 2010). The intensity of the
characteristic radiation is a measure of the concentration of an element in the sample. ICP is a stream of
argon atoms that are inductively heated by a radio-frequency coil and ignited by a high-frequency Tesla
spark to produce 6000-10,000K hot plasma (Holloway and Vaidyanathan, 2010). During analysis, the
sample, which is in a solution, is passed as aerosol from a nebulizer into the argon plasma. Samples are
heated (excited) to different (atomic and/or ionic) states that produce characteristic optical emissions.
These emissions are separated based on their wavelength (Holloway and Vaidyanathan, 2010). Their
intensities (spectrometry), which are proportional to the concentration of the element in the sample, are
measured.

Under the ICP-OES study, 126 samples were selected from the top to the bottom of the three wells.
Sample selection was mainly based on the binocular microscope analysis. The aim was to capture the
different rock units and the various textures exhibited by the same rock unit. Both trace and major
elements were determined. The major elements include Si, Ti, Fe, Al, Mn, Mg, Ca, Na, K and P. All
these were recalculated to oxides. The trace elements include Sr, Ba, Zr, Y, Zn, Ni, Cu, Cr, Co, V, Sc,
Rb and La. These were presented as ppm concentrations. It is important to note that mixing of samples
from different depths can mask the pristine chemical composition of different rock formations.
Hydrothermal alteration results in secondary mineral deposition, leaching and element mobility, and
may affect the bulk chemical composition of the analysed samples. All this was taken into consideration
during sample selection by the selection of homogeneous and relatively fresh samples. These factors
were also taken into account during chemical data interpretation. The detailed procedure for sample
preparation and analysis for this technique is presented in Appendix C.
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4. RESULTS
4.1 Introduction

The Olkaria Volcanic Complex is a high-temperature geothermal field. The fluid-rock interaction in this
field has resulted in the formation of alteration minerals that reveal certain alteration sequences with
depth. The sequences are comparatively uniform throughout the field with a few exceptions. To
understand the fluid-rock interaction dynamics and petrogenesis of the Domes field in the southeastern
part of Olkaria Volcanic Complex, wells OW-905A, OW-910 and OW-917 have been analysed. The
rock cuttings from these wells provide the data needed to delineate the stratigraphy, alteration
mineralogy, aquifers and the sub-surface petrochemistry in the Domes field. These observations,
together with the reservoir data, enable an in-depth analysis of the variation in formation temperature
and permeability across the Domes field (NW-SE traverse). The observations are explained below.
Table 1 shows the geographic location (reference system is UTM), elevation, total drilled depth,
production casing depth and the year each well was drilled for OW-905A, OW-910 and OW-917. The
production casing size for all the three wells was 7" slotted liners.

TABLE 1. Data for wells OW-905A, OW-910 and OW-917 from the Domes field

Well East North Elevation Total Prf)ductlon R
. depth | casing depth Year of drilling
number (m) (m) in m a.s.l.
(m) (m)
OW-905A | 202778 | 9901246 1947 2794 1200 Nov 2007-Jan 2008
OW-910 203732 | 9899738 1995 2990 950 Dec 2009-Feb 2010
OW-917 206249 | 9898918 2108 2990 1250 Oct 2012-Dec 2012

4.2 Description of the rock types

Judging from the binocular, petrographic and ICP-OES analyses, the study wells penetrate seven rock
types. Five of these rock types were identified in all of the binocular, petrographic and ICP-OES
analyses. The remaining two units were only identifiable in the ICP-OES analysis (Figure 16).

The rock types observed include pyroclastics, rhyolite, tuff, basalt, trachyte, basaltic trachy-andesite,
trachy-andesite and trachy-basalt (Figure 16). The pyroclastics and rhyolites, which form the Upper
Olkaria Volcanics, mainly occupy the uppermost 500 m. They are intercalated by minor trachyte and
tuff. The rhyolites occur with two different textures; spherulitic and granular. Basalt was noted to occur
between 500 m to 1000 m depth. Minor trachyte, tuffs and rhyolite intercalate this unit. This unit forms
the Olkaria basalt. Tuffs are mainly found intercalating the trachyte, rhyolite and basalt lava flows
between 100 m to 1000 m. These tuffs are believed to have erupted between the various episodes of lava
flows that formed the GOVC. The trachytes are found from 1000 m to 3000 m depth. They are the most
dominant rock unit as observed in the three wells. They are intercalated by minor tuffs, rhyolite and
basalt. This unit forms the plateau trachytes in the GOVC stratigraphic classification. The
trachyandesites and basaltic trachyandesites were observed intercalated in rhyolites, basalts and
trachyte. They occur between 350 m to 1600 m. The minor units noted are tephrite basanite and
phonotephrite. Micro-granite intrusives, syenitic intrusives and basaltic dykes were also noted.

Wells OW-905A and OW-910 contain all the seven units while well OW-917 only has five units. The
rocks in wells OW-905A and OW-910 show a continuous trend from basalts through basaltic
trachyandesite, trachyandesite, trachyte to rhyolite in the TAS plot (see Section 4.7 Figure 27).
Approximately 75% of these rocks plot in the trachyte and rhyolite fields in TAS classification scheme.
One sample from well OW-905A plots as tephrite basanite, while two samples, from wells OW-905A
and OW-910, plot in phonotephrite. These samples were basalt and basaltic trachyandesite in the case
of OW-910 and OW-905A, respectively, with abundant altered plagioclase feldspar phenocrysts, which
results in high Na,O values as a result of albitization. Hence, their plotting in the tephrite basanite and
phonotephrite fields. One trachytic tuff, three trachytic dykes and one trachytic lava plotted in the dacite
field.
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Two of the trachytic dyke samples and one of the tuff samples were from OW-905A while two of the
trachyte dyke samples were from OW-910. These rocks were highly altered with most of the sanidine
having been replaced with clays. This resulted in depletion of Na,O. Hence, the reason why they plot in
the dacite field. Approximately 95% of OW-917 samples plot in the rhyolite and trachyte fields in the
TAS classification scheme. Only two of the samples from well OW-917 plot in the dacite and trachy-
andesite fields. The sample that plotted in dacite field was a highly altered trachyte dyke rock. Below is
a brief description of the rock units and intrusions observed, while detailed descriptions are in Appendix
A.

Pyroclastics

The pyroclastics in Olkaria are believed to comprise of Olkaria, Longonot and Suswa pyroclasts (Clarke
et al., 1990). The Longonot and Suswa volcanoes are believed to have erupted in the same period as the
Olkaria complex. Pyroclastics are found from the surface to 100 m depth. They are unconsolidated
mixture of volcanic glass, scoria, pumice, tuff and rhyolite fragments. They range in colour from brown,
yellow to grey. Volcanic glass is noted altering to palagonite. In thin sections, volcanic glass shows
oxidation (limonite) as a result of the percolation of surface water. They occur from 0-84 m in well OW-
917, 0-16 m and 292-312 m in well OW-910. No pyroclastics were observed in well OW-905A due to
the loss of circulation returns encountered from 0-320 m during drilling.

Tuff

Tuff occurs as thin layers ranging from 4 m to 30 m in thickness. Two types of tuff were identified;
vitric (glassy) and lithic tuff. Lithic tuff is brown, grey to green in colour. The groundmass is lithic with
subhedral to euhedral crystal fragments of quartz, aegirine/augite, amphiboles and sanidine. Fragments
of trachyte, rhyolite and basalt are also observed embedded in the lithic groundmass. The fragments are
rounded in some of the samples. The tuff is slightly vesicular with vesicles being filled with alteration
minerals. This is the common tuff found in the three wells. Glassy tuff is white, non-crystalline and
vesicular with quartz phenocrysts. The groundmass is glassy in thin sections, with subhedral to euhedral
quartz and minor sanidine fragments discerned. Tuff occurs intercalating with other rocks between 0-
600 m in well OW-917, 0-1900 m in OW-910 and 0-1300 m in OW-905A.

Spherulitic rhyolite

This type of rhyolite is glassy to light grey, fine grained, moderately to highly porphyritic with quartz
and sanidine phenocrysts dominating the groundmass. In thin sections, the groundmass is dominated by
fine-grained quartz and sanidine. Riebeckite, aegirine and augite micro-phenocrysts are also observed.
The spherulites are made of bands of sanidine, quartz and pyroxene (aegirine-augite), which radiate
from a central point. In well OW-905A, it is found at 868-908, 1366-1378 m and 1846-1844 m; OW-
910 at 446-510, 926-940 and 2240-2248 m depth; and in OW-917 at 136-152, 300-424, 444-450 and
1094-1124 m depth.

Granular rhyolite

This type of rhyolite is mainly pink to brownish in colour. It ranges from aphyric to moderately
porphyritic with quartz and sanidine phenocrysts. It has fine-grained sanidine and quartz forming the
groundmass in which minute pyroxenes (aegirine and augite), riebeckite and magnetite are discerned.
This rhyolite is highly siliceous with silica values as high as 80 wt% being recorded. This type of rhyolite
is dominant in the upper 0-1500 m of the wells. It is observed at 370-398, 432-544, 714-726, 768-804,
1350-1366 and 1422-1430 m in OW-905A; in OW-917 at 108-136, 234-274, 962-1028, 1124-1292 and
1488-1492 m; and in OW-910 at 218-226, 430-446, 510-526, 1032-1126, 2048-2058, 2296-2308 and
2370-2430 m.

Basalt

The basalt ranges in colour from grey, dark grey to green grey. It is fine- to medium-grained with
porphyries of clinopyroxene and plagioclase feldspar. The groundmass ranges from holocrystalline to
hypocrystalline with the subhedral to euhedral clinopyroxene and plagioclase crystals. The mineral
grains are inter-locked in a randomized manner. Plagioclase is slightly more abundant than
clinopyroxene. Olivine is seen to be replaced by clays and calcite as indicated by the shapes of these
two minerals, which reflect the original olivine shape. In well OW-917, basalt is observed at 1872-1880
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and 1992-2004 m; in well OW-905A at 544-580, 590-616, 644-662, 1142-1158 and 1484-1496 m; and
in well OW-910 at 838-914, 1862-1870, 1898-1922, 2058-2062, 2290-2296, 2448-2458, 2498-2405,
2784-2808 and 2916-2932 m. Basalt thins out towards OW-917. Basalt was used as a marker horizon
to correlate the stratigraphy in the three wells. This marker horizon is at 544-616 m in OW-905A, and
839-914 m in OW-910. In OW-917, the basalt at 1872-1880 m was correlated with basalt at 2448-2458
m in well OW-910.

Light grey trachyte

This type of trachyte is whitish to light grey in colour. It is aphyric or slightly to moderately porphyritic
in texture. The groundmass has abundant alkali feldspar (sanidine, minor albite and microcline), which
gives the rock the whitish or light grey appearance. Phenocrysts of sanidine and pyroxenes (aegirine and
augite) are embedded in the groundmass. It occurs intercalated with other rock units from 398 m in OW-
905A, 520 m in OW-917 and 698 m in OW-910 to the bottom of the wells.

Flow-textured trachyte

This type is light grey to grey, fine-grained aphyric to moderately porphyritic. The groundmass is
characterised by finely grained sanidine, pyroxenes and rare microcline and albite. Phenocrysts of
sanidine and aegirine-augite dominate the lavas. This type of trachyte displays a flow texture (also called
trachytic texture) with tabular sanidine and pyroxene crystals aligned in one direction. This orientation
indicates the flow prior to cooling. This occurs intercalating with the light grey trachyte and other rock
units from 398 m in OW-905A, 520 m in OW-917 and 698 m in OW-910 to the bottom of the wells.

Trachybasalt

This rock unit was noted in well OW-905A at 1924-1966 and 2012-2056 m. In OW-910, it was found
at 1382-1394, 1430-1450 and 1466-1476 m. It is grey in colour, fine grained and aphyric. The
groundmass is characterised by sanidine and plagioclase feldspars in which are discerned minute
pyroxenes (augite), glass and opaque oxides. This rock unit was only confirmed by its chemical
composition.

Basaltic trachyandesite

It was identified through its chemical composition in well OW-905A (1108-1158 and 1774-1778 m.)
and OW-910 (1226-1264 and 1452-1466 m). It is pale green to light grey, fine to medium grained phyric
rock. The groundmass is dominated by fine to medium grained sanidine and minor plagioclase feldspars
in which amphiboles, clinopyroxenes and magnetite are observed. The phenocrysts are mainly sanidine,
minor plagioclase and pyroxenes.

Trachyandesite

The rock appears grey to light grey in colour, fine to medium grained and moderately porphyritic in
texture. The phenocrysts are sanidine and aegirine-augite pyroxenes. For the light grey fragments, the
groundmass is rich in sanidine in which pyroxene mineral grains and a few amphibole mineral grains
are sparsely dispersed. The grey fragments have the groundmass made of finely grained sanidine in
which minute pyroxenes (aegirine-augite) are intensely dispersed. Amphibole mineral grains mainly
riebeckite is noted in thin section. This rock unit is scarce and is only identified through its chemical
composition. It is identified at 1318-1346, 1372-1382 and 1566-1542 m in OW-910. In OW-905, it is
observed at 432-338 and 1778-1792 m. In OW-917, it is observed at 2200-2216 m.

Basaltic dykes

They are grey to dark grey fine grained aphyric rocks. The groundmass is rich in plagioclase in which
is dispersed minute clinopyroxenes. Traces of olivine in the last stages of alteration was observed in
some of the dykes (OW-917 at 2982-2990 m) under the thin section analysis. The basaltic dykes are
noted at 1992-2004, 2962-2966 and 2982-2990 m in OW-917. In OW-905A, they are observed at 1244-
1254 and 1350-1366 m. In OW-910, they are observed at 1520-1538 and 2498-2506 m.

Syenite intrusives

Syenite occurs as white relatively fresh medium to coarse grained rock. The groundmass is dominantly
alkali feldspar in which quartz is sparsely dispersed. Minute augite-aegirine, amphiboles and magnetite
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are noted in the groundmass. Some of the syenite (OW-905A) shows oxidation as a result of interaction
with water from the surrounding rocks. Syenite occurs in the three wells with thickness ranging from 4-
58 m. In well OW-917 it occurs at 2340-2344, 2610-2618 and 2914-2938 m; in OW-905A at 1884-
1896, 2552-2606, 2674-2726 and 2770-2794 m; and in OW-910 at 2554-2572 and 2932-2990 m.

Micro-granite intrusives

This is white, medium-grained holocrystalline rock. The matrix is characterised by equigranular
interlocking mineral grains of quartz and sanidine. The matrix has fine-grained with arfvedsonite and
clinopyroxene peppering its white background colour. Minute pyroxenes are noted in the groundmass.
It was observed at 2762-2784, 2808-2818 and 2842-2846 m in OW-910 and 1884-1896 m in OW-905A.

4.3 Hydrothermal alteration

A study of hydrothermal alteration provides information about the fluid-rock interaction dynamics in a
geothermal field. Hydrothermal alteration is the interaction of the rock with fluids called “hydrothermal
fluids” (Simmons and Browne, 2000). Hydrothermal fluids are found several hundreds of meters to
kilometres beneath the surface of the earth and can either be water or gases (for example carbon dioxide).
The fluids, which exhibit temperature range between 32° C to 400° C (Browne, 1978), are believed to
have percolated from the surface over a long period of time. The fluids also have escaped from magma
during cooling and trapped within fractures and voids in the rock. The fluids are heated either through
interaction with a magma heat source or with hot crustal rocks. As the fluids heat up, they dissolve
minerals from the nearby igneous source or the country rock. The hot fluids rise due to buoyancy. As
they rise, they either deposit dissolved mineral ions in vugs and voids or dissolve ions from the primary
rock resulting in the formation of secondary minerals which are either stable or metastable in that
depositional environment (Simmons and Browne, 2000).

The main factors affecting the rate and intensity of hydrothermal alteration in a geothermal environment
include temperature, permeability, pressure, fluid composition, duration of hydrothermal activity and
the mineral composition of the primary rock (Browne, 1978). Pressure does not have a direct effect on
alteration but has a bearing on fluid composition as a result of boiling. In boiling conditions, COs is lost
and this may result in the deposition of minerals, for example bladed calcite. Hydrothermal alteration
causes conspicuous changes in the rock appearance (colour and texture) and composition. However,
some of the primary minerals retain a shade of their original texture. This make it easy to identify the
order of replacement of the primary minerals (Table 2). In studies conducted in various geothermal
fields, it has been possible to correlate alteration temperatures with alteration minerals
(Kristmannsdottir, 1979). This has been achieved in systems which have remained in a steady state of
thermal equilibrium over a period of time. From these studies, it has been concluded that alteration
minerals are deposited at specific temperature conditions. For example, in a high-temperature
geothermal field, quartz deposits at minimum temperature of 180°C, while epidote deposits at 240°C or
higher temperature (Browne, 1978). In a system that has been at steady state thermal conditions over
time, these temperatures have shown to correlate well with the formation temperatures. It therefore
implies that in such systems, alteration mineral temperatures can be used to estimate the formation
temperature of the system.

TABLE 2: Primary minerals, their alteration products and order of replacement as observed in the
study wells (modified from Browne, 1984)

Most Primary minerals Alteration products
susceptible | Volcanic glass Zeolites, clays, quartz, calcite, palagonite
Olivine Chlorite, clay
l Pyroxenes, amphiboles Chlorite, illite, quartz, pyrite, calcite
Plagioclase Calcite, albite, quartz, epidote, sphene
Least Sanidine, microcline Adularia, chlorite, illite, calcite
susceptible |Fe-Ti oxides Sphene, haematite
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4.3.1 Hydrothermal alteration minerals in the study wells

Olkaria geothermal field is a high-temperature geothermal field. Alteration minerals occur as deposition
or replacement minerals. As deposition, they fill voids, vugs and fractures, either as layers or as vein
fillings. As replacement minerals, they replace the primary rock forming minerals. In this field, the
intensity of alteration and abundance of alteration minerals varies as seen in the binocular and thin
section analyses. Variations were noted from sample to sample and from well to well. This can be
attributed to the location of the wells in areas with different reservoir characteristics. The alteration
minerals observed in the wells include hematite, sphene, albite, calcite, chalcedony, pyrite, chalcopyrite,
mesolite, scolecite, phillipsite, laumontite, smectite, illite, chlorite, sphene, quartz, wairakite, prehnite,
epidote, actinolite and garnet. A summary of the minerals is shown in Figures 17, 18 and 19, while the
description is as below.

Scolecite and mesolite

Scolecite and mesolite occur in wells OW-910 and OW-917 at 250-312 and 84-590 m, respectively. In
well OW-905A, only mesolite occurs at 354-432 m. These minerals are observed filling in vesicles.
Scolecite appears colourless, flattened in some instances and four sided in other instances. It occurs in
clusters, radiating from a single point and grows thicker away from the base of growth. The grains also
separate as they grow further away from the base, and display longitudinal cleavage in thin section.
Mesolite occurs as thin needle-like crystals, red to white in colour. The grains separate as they radiate
away from the base forming spiky ends. These are low-temperature deposition minerals associated with
deposition temperatures of between 60 and 100°C.

Phillipsite

This mineral was only noted in OW-917. It occurs from 84-564 m. It occurs as colourless thick
tetragonal columnar crystal clusters. This is a low-temperature zeolite associated with deposition
temperatures of 50-90°C. It displays twinning and uneven cleavage in thin section. It was observed
growing in vesicles.

Laumontite

Laumontite was observed in OW-910 at 1226-1990 m. It was mainly observed in basalts. It is white in
colour, elongated with square ends. Laumontite is a zeolite that deposits at temperatures as high as
230°C.

Chalcedony

This appears whitish to pale blue in colour. The crystals occur in vesicles where they appear in a
spherulite-like form. In other instances, the mineral appears amorphous. It was observed at 300-412 m
in OW-917 and at 398-662 m in OW-905A. This mineral was not observed in OW-910. Its deposition
temperatures range from 100°C to 180°C.

Hematite

Hematite is a low-temperature Fe-oxide associated with the percolation of cold water into the formation
in a geothermal field. It is reddish brown to greyish shiny in colour. It is formed by oxidation of
magnetite. In thin section, the crystals are opaque and have a hexagonal shape. It was observed at 0-
286 m in OW-917, 0-260 m in OW-910 and 320-494 m in OW-905A.

Albite

Albite was identified in thin section analysis. It appears cloudy white in colour. The crystals are anhedral
to euhedral. It has uneven fracture. It is an alteration product of plagioclase and sanidine feldspars. In
the case of plagioclase, the original plagioclase twinning is obscured by the cloudy nature of albite.
Albite is formed at temperatures of about 180°C. It first occurs at 854 m in OW-910, 1278 m in OW-
905A and 1364 in OW-917. It is observed down to the bottom of the wells.
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FIGURE 17: Lithology, alteration minerals and alteration zones of OW-905A
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Chalcopyrite

Chalcopyrite appears brass yellow in colour under binocular microscope. The crystals are euhedral and
are observed embedded in the rock matrix. It was observed from 1088 m in OW-917, 914 m in OW-910
and 646 in OW-905A down to the bottom of the wells, albeit intermittently.

Sphene

Sphene is observed disseminated in the rock matrix. It appears colourless to reddish brown. Under thin
section analysis, it appears with acute thombic cross section with first order birefringence colours. It
was first observed at 560 m in OW-917, 656 m in OW-910 and 324 m in OW-905A.

Pyrite

Pyrite occurs as brass yellow euhedral crystals embedded in the rock matrix. In other instances it occurs
as minute disseminations in the rock matrix. It varies from low abundance in OW-905A, moderate to
high abundance in wells OW-910 and OW-917. In OW-917, it first appeared at 260 m, 300 m in OW-
910 and 320 m in OW-905A (Figure 20, 21 and 22). It occurs in association with calcite and clays. In
thin section, it was distinguished from other opaque minerals by its cubic crystal form. Pyrite is a
hydrothermal mineral that indicates high permeability.

Wairakite

Wairakite is observed as depositional mineral filling vesicles and fractures. It is colourless, transparent
with many faces. It occurs in clusters in most instances. It occurs in association with quartz, epidote and
chlorite clay. Wairakite is a scarce mineral in the three wells. In thin sections, it appears transparent with
low relief and a distinct cleavage. It was observed from 1844 m in OW-917, 598 m in OW-910 and 1112
m in OW-905A down to the bottom of the wells, albeit intermittently. Wairakite is deposited at minimum
temperature of 200°C.

Quartz

Quartz occurs as a depositional mineral filling veins, fracture planes and vesicles. It forms hexagonal
transparent crystals. The mineral grains grow either as individual grains or as clusters. It was observed
to be more abundant in wells OW-910 and OW-905A as compared to OW-917. Quartz also occurs in
association with chlorite, wairakite and epidote. In thin sections, it has a characteristic undulating
extinction and lacks cleavage. It also exhibits higher relief than the resin. Quartz deposits at 180°C and
above. It was observed from 464 m in OW-917, 400 in OW-910 and 566 m in OW-905A down to the
bottom of the wells.

Prehnite

Prehnite occurs as white spherical clustered crystals. It occurs in vesicles and fractures. It has
characteristic high interference colours. It appears like a bow-tie structure in thin sections. Prehnite was
observed at 816 m in OW-910 and at 1262 m in OW-905A. 1t is scarce and occurs intermittently in the
wells. Prehnite is a high-temperature mineral and occurs in association with other high-temperature
minerals, including epidote and actinolite. It is deposited at a minimum temperature of about 240°C.

Epidote

Epidote appears non-crystalline and yellow-green in colour. It occurs as a depositional mineral as well
as a replacement mineral. As a depositional mineral, it fills vesicles and fractures. It occurs in euhedral
to anhedral crystal form and occurs in clusters as well as individual crystals. The clustered crystals occur
in a radiating manner. As a replacement mineral, it replaces feldspars and pyroxene. Epidote has high
interference colours with a parallel extinction in thin section analysis. Epidote was first observed at 1218
m in OW-917, at 600 m in OW-910 and at 590 m in OW-905A. Epidote was observed in abundance in
well OW-910, and lesser amount in OW-905A. These two wells had epidote as both depositional and
replacement mineral. In OW-917, epidote is scarce and is only seen as a replacement mineral. It partially
replaces feldspars. Epidote is a high-temperature mineral formed at minimum temperatures of 240°C.
Epidote occurs in association with actinolite, prehnite, wairakite and chlorite. In Olkaria geothermal
drilling, the first appearance of epidote is used as a marker for casing depth. The variability in the
abundance of epidote in the three wells can be attributed to the different reservoir characteristics (mainly
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temperature and permeability) in the location of the three wells. This is explained in the coming sub-
chapter.

Wollastonite

Wollastonite was only observed in well OW-910 from 1226 to 1262 m. It occurs as an aggregate of
white needle-like elongated crystals. It occurs as a mineral deposited in vesicles. It appears colourless
and fibrous in thin section analysis. It has high interference colours with a parallel extinction.
Wollastonite occurs in association with epidote. It is a high-temperature mineral with a minimum
deposition temperature of about 270°C.

Actinolite

Actinolite occurs as feathery to fibrous white to greenish crystals growing in vesicles as a deposition
mineral as well as replacing pyroxene. The tendency to replace pyroxene occurs with increasing depth
with complete replacement being noted at about 1800 m in wells OW-905A and OW-910. In the fibrous
form, they grow radiating from one point. It has a high relief, simple twin, 3" order interference colours
and displays pleochroism. It was first observed at 816 m in OW-910 and 1484 in well OW-905A. It
occurs down to the bottom of the wells. The minimum depositional temperature of actinolite is about
290°C.

Garnet

Garnet was observed in OW-910 at 2880-2892 m. It occurs as reddish brown regularly faced crystals
which are densely packed. Garnet is a high-temperature alteration mineral deposited on the margins of
intrusions. Garnet deposits at a minimum temperature of about 300°C.

Calcite

Calcite is white in colour and is deposited in vesicles and fractures. It also occurs as a replacement
mineral for feldspar, volcanic glass and pyroxene. In thin sections, calcite is transparent, has thomboid
cleavage, high birefringence and changing relief with rotation. Calcite abundance varies in the three
wells. OW-917 has moderate to high abundance throughout the well. The calcite in this well was
deposited in the rock matrix and vein fillings. Blades of calcite extracted from the vein filling were noted
in the rock cuttings. This may be as a result of the drill bit having broken the calcite veins open. OW-
910 has low levels of calcite, with most of it being observed down to 900 m only. Calcite in this well
occurs filling vesicles and in other instances filling veins. It is occurring in association with clays and
pyrite. Well OW-905A has low to moderate abundance, which occurs almost along the entire depth of
the well. It occurs as filling vesicles and veins, as well as deposited in the groundmass. Calcite was rated
at a range of 0-3 with 0 indicating total lack of calcite and 3 indicating high abundance (Figures 25, 26
and 27).

Clays

Clay minerals are deposited over a large temperature range in geothermal fields. The clay depositional
temperature range is useful in delineating alteration minerals zones along the drilled depth. The type of
clays deposited varies with increasing temperature. Illite and chlorite are deposited at comparatively
higher temperatures (above 180°C) than smectite (below 180°C). Clays occur as depositional as well as
replacement minerals. They replace volcanic glass, olivine, feldspar and pyroxene (Table 2). In the
vesicles and fractures, they occur in association with other minerals including quartz, epidote and
actinolite. In the vesicles and fractures, they display a paragenetic sequence which reveals the paleo-
thermal evolution of the system. Clay identification was done with the use of XRD analysis. The clays
analysed in the three wells were smectite, mixed layer clays, illite and chlorite. Clay analysis for well
OW-905A was carried out during this study. Clay data for wells OW-910 and OW-917 was from an
earlier unpublished report (KenGen, 2012). A summary of the clay analysis data for OW-905A is shown
in Appendix B. The data for the other two wells can be obtained from KenGen (2012).

Smectite

Smectite is a low-temperature alteration mineral formed at temperatures below 180°C. It is fine-
grained and brown to green in colour. In these wells, smectite occurs as an alteration product of
volcanic glass, pyroxene, and Ca-rich feldspar. Smectite swells with the addition of water. The root
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cause is the negative charge characterising the structural layers of smectite, causing the mineral to
attract water or other polar molecules into the interlayered structure, which results in expansion
(Rule, 2007). Smectite has first order interference colours and shows radiating extinction under
petrographic analysis. Smectite has peaks for air dried, glycolated and heated treatment at 12, 17,
and 10 A, respectively. Smectite was observed in wells OW-905A, OW-917 and OW-910 at depths
between 332 and 1092 m, 76 and 210 m and 200 and 320 m, respectively.

Mixed layer clays

Mixed layer clays in the wells represent the intermediate stage in the transformation of swelling clays
to non-swelling clays. They are brown to green and fine- to coarse-grained under binocular
observation. In thin sections, they are green to yellowish in colour and display strong pleochroism
compared to chlorite. The chlorite diffraction peaks are at 7.16-7.36 A for air dried and glycolated
samples but clay collapses when heated. The smectite peaks range between 12.91 and 16.26 A, 17.79
and 18.86 A, and 10.09 and 10.53 A for air dried, glycolated and heated samples, respectively. In
OW-905A, the mixed layer clay analysed was smectite-chlorite (Figure 20), occurring from 672 to
1072 m. In well OW-910, the mixed layer clay was first observed between 700 and 1200 m, in this
case also smectite-chlorite. Mixed layer clays are absent in OW-917.
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FIGURE 20: Mixed layer clay peaks in OW-905A showing the smectite-chlorite mixed layer clay

lllite

[llite is stable at temperatures of about 200°C or higher. It appears colourless to yellow brown in thin
section. It has a characteristic low refractive index. Illite occurs in close association with chlorite.
Illite XRD peaks remain stable throughout the three treatments, the diagnostic peak occurring at
between 10.29 and 10.63 A. In well OW-905A, it was first observed at 672 m. It was observed to
form by alteration of K-feldspars, as well as filling in vesicles and veins. It starts replacing sanidine
from 1200 m depth. It occurs mainly as traces between 672 and 1500 m, whereas from 1500 m down
to the bottom of the well, its abundance increases. This indicates its stability at high temperatures.
[llite in OW-917 was first observed at 318 m and occurs sporadically down to the bottom of the well.
In well OW-910, illite occurs from 420 m down to the bottom of the well. The abundance of illite
increases with depth in all the wells.

Chlorite

Chlorite is a medium to high-temperature alteration mineral stable at over 200°C temperature. It
appears green to pale green, fine to coarse-grained filling vesicles, vugs and veins. Under thin section
analysis, it is weakly pleochroic but shows a range of colours (blue-brown -purple). It also has a
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moderate relief. Chlorite occurs in association with illite. In OW-905A, chlorite occurs from 772 m
down to the bottom of the well (Figure 21). It was noted as a deposition mineral as well as an
alteration product of sanidine and pyroxene. It occurs in association with epidote, quartz, actinolite
and wairakite. The chlorite in this well had peaks of between 7.16-7.36 A for both air dried and
glycolated treatment. These peaks collapse on heating. Another chlorite peak was at 14.59-14.96 A
for all the three types of treatment (air dried, glycolated and heated). In well 917, the chlorite occurs
from 518 m to the bottom of the well. Chlorite is abundant compared to illite. The chlorite has more
pronounced peaks at 7 A while the 14 A peak is highly obscured. Chlorite was first observed at 578
m in well OW-910. It occurs down to the bottom of the well. This chlorite, like in the other two wells,
shows pronounced 7 A peak with a more obscure 14 A peak.
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FIGURE 21: Diffractogram for chlorite in OW-905A with a pronounced peak
at 7 A and a less pronounced peak at 14 A

The chlorite peak at 7.16-7.36 A being larger compared to the peak at 14.59-14.96 A, as observed
for samples from all three wells, is characteristic of Fe-rich chlorite (Moore and Reynolds, 1997). In
this type of chlorite, the peak at 14 A may be obscured leaving the peak at 7 A as the only noticeable
peak, as seen in most samples in the wells. Low concentration of chlorite in the samples may also
result in pronounced peaks at 7 A and obscured peak at 14 A (Moore and Reynolds, 1997). More
studies are recommended for the chlorite clays in Olkaria geothermal system in order to learn more
about their chemical composition.

4.3.2 Alteration mineral zonation

Alteration mineral zonation is based on the distribution of alteration minerals with depth. Different
alteration minerals deposit at different temperatures. These zonations can be used to vertically divide
wells into sections with different alteration mineral temperatures. These temperatures can be used to
approximate the formation temperatures in these zones in a system where steady-state thermal
conditions have been maintained over time. However, this is not strictly the case since hydrothermal
alteration is a function of many other factors (e.g. rock composition, fluid chemistry and the primary
rock composition) apart from formation temperatures. From alteration mineral zones determined in
Olkaria Domes (Lagat 2004, Musonye 2012, Mwangi 2012), the formation temperature is observed to
increase with depth. This may be attributed to the closeness to the heat source with increasing depth.
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The mineral zones identified in the three wells include: Unaltered zone, smectite-zeolite zone, illite-
chlorite zone, chlorite-epidote zone, chlorite-epidote-actinolite zone (Figures 17, 18 and 19).

Unaltered zone: This zone is mainly characterised by pyroclastics. In the unaltered zone, most of the
primary rock forming minerals (especially volcanic glass) can still be recognized in petrographic
analysis. This zone is mainly characterised by oxidation. The alteration temperature in the zone is below
50°C. The main secondary minerals observed in this zone are iron oxides. Calcite was observed in this
zone in OW-917. The unaltered zone is about 100 m thick from the surface in OW-917 and 200 m thick
in OW-910. In OW-905A, there was loss of circulation returns from the surface to 320 m. This made it
impossible to know where this zone exactly ends within this depth range.

Smectite-zeolite zone: Most of the minerals found in this zone are stable at temperatures below 100°C.
Smectite replaces olivine, sanidine and volcanic glass from low temperatures to a maximum of 180°C.
The main minerals found include scolecite, mesolite, phillipsite, smectite and hematite. Other minerals
include chalcedony, calcite, pyrite and sphene. In OW-905A, this zone is at least 352 m thick (between
320-672 m depth). In well OW-917, this zone is 200 m thick occurring between 100 m to 300 m depth.
In OW-910, the zone is 220 m thick (from 200 m to 420 m depth).

llite-chlorite zone.: This zone is characterised mainly by illite and chlorite. Other minerals present in
this zone include quartz, laumontite, pyrite, calcite, chalcopyrite, and chalcedony. This zone was
observed in well OW-917 from 300 m to 1226 m depth. In OW-910, it occurs from 420 m to 600 m
depth. The zone was absent in OW-905A since epidote occurred at a shallower depth as compared to
illite and chlorite. The temperature in this zone is above about 200°C.

llite-chlorite-epidote zone: This zone’s upper boundary is marked by the first appearance of epidote.
The main minerals observed in the zone include chlorite, epidote, illite, quartz, wairakite, calcite, pyrite
and prehnite. The temperature in this zone is about 230°C and higher. In OW-905A, it is observed from
590 m to 1484 m. In OW-917, it is observed from 1218 m down to the bottom of the well. In OW-910,
it is observed from 600 m to 816 m. There is a large abundance of depositional epidote in OW-910 in
this zone compared to the other two wells.

Chlorite-epidote-actinolite zone: The distinguishing feature of this zone is the first appearance of
actinolite. The main minerals found in this zone include epidote, chlorite, wairakite, quartz, wollastonite,
prehnite, illite and actinolite. Other minerals include pyrite, calcite, chalcopyrite, garnet and sphene.
This zone has high temperatures ranging from 290°C and higher. This is deduced from the alteration
minerals observed in this zone in wells OW-905A and OW-910. In OW-905A, it occurs from 1030 m
down to the bottom of the well. In well OW-910, it is observed from 816 m to the bottom of the well.
OW-910 showed abundance of depositional epidote and actinolite as compared to OW-905A in this
zone. Garnet was only observed in OW-910 at 2880 m. This indicates temperatures of about 300°C.

Zeolites, quartz, epidote, actinolite and garnet index minerals were also chosen for alteration temperature
correlation across the field along AB intersection which is in a NW-SE orientation (Figure 22). OW-
914, which was analysed earlier (Okoo, 2011), was also included in this comparison (Figure 22). The
upper boundary for the zones was marked by the first appearance of the respective index mineral in each
well. For instance, the first appearance of quartz marked the top boundary of the quartz zone, the first
appearance of epidote marked the top boundary of the quartz-epidote zone, actinolite appearance marked
top boundary for actinolite zone and the first appearance of garnet marked the top boundary of the garnet
zone.

As seen in Figure 22, the thickness of the smectite-zeolite zone is slightly greater towards OW-905A
and OW-917 and decreases at OW-910 and OW-914. This indicates lower temperature at greater depth
in OW-917 and OW-905A compared to OW-910 and OW-914. The quartz zone is thicker in OW-917
and thins out towards OW-905A. This zone is found at shallow depths in wells OW-910 and OW-914
and at greater depths in wells OW-917 and OW-905A. The quartz-epidote zone occurs at shallow depth
in OW-905A followed by OW-910 and OW-914. In OW-917, the top of the quartz-epidote zone occurs
at greater depth. This indicates that high alteration temperatures (about 240°C) are only encountered at
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greater depth in OW-917 as opposed to the other three wells, and the quartz-epidote zone is the highest
alteration temperature zone found in OW-917. The actinolite zone is observed in OW-905A, OW-914
and OW-910. This zone occurs at shallow depth in well OW-910 (816 m) and at greater depth in well
OW-905A (1484 m). This is the highest temperature zone observed in OW-905A. The garnet zone is
observed below 1794 m depth in OW-914 and at the bottom of OW-910 (2884 m). This indicates higher
temperatures (above 300°C) at a relatively shallow depth in OW-914 compared to OW-910.

4.4 Temperature distribution across the field

Alteration temperatures are
temperatures that existed at
the time of the alteration
minerals” deposition. From
alteration minerals observed
in drilled wells, hydrothermal
isograds  cutting  across
different wells can be drawn.
The index minerals chosen for
this  comparison include
quartz, epidote, actinolite and
garnet. Data from previously
studied well OW-914 (Okoo,
2011) was also included in
this comparison (Figure 23).
This was plotted alongside the
measured formation tempera-
tures in the wells. The
alteration mineral temperature
isograds are mnot exactly
parallel to the formation
temperature trends. This is
because hydrothermal
alteration is not only a
function of the formation
temperature, but also the
primary mineral composition
and permeability. Moreover,
the temperatures in some of
the wells (for example OW-
914) were taken before the
wells had been given enough
time to heat up.

From Figure 23, it can be
seen that OW-905A and OW-
917 have a relatively large
section of their upper section
615 m and 700 m,
respectively) with tempera-
tures below 150°C. Wells
OW-910 and OW-914 have
only 470 m and 500 m depth
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FIGURE 22: Alteration mineral correlation between
the 4 wells along the traverse AB

interval, respectively, from the surface with temperatures below 150°C. In general, well OW-905A has
lower temperatures with most of it in the temperature range of between 225 and 250°C. The highest
temperature recorded in this well is between 275 and 300°C, which was measured in the deepest part of
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the well below 2600 m depth. Domes Field, Olkaria
OW-910 and OW-914 have
higher  temperatures at
shallow depth with a 2
maximum of 250°C being
recorded at 1200 m a.s.l. (at
about 800 m depth). From 800
m down to the bottom, the
wells have temperatures
ranging between 250 and
350°C (Figure 23). Relatively
low temperatures are recorded
in  OW-917 with the
maximum temperature range
of 225-250°C. In most of the
well (700-1900 m), the
recorded temperature is below
225°C.
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OW-914 and OW-910. This
isograd is likely to be found at FIGURE 23: Formation temperatures and alteration mineral
greater depth in well OW-917 isograds cross section across AB

region since it does not cut

across the drilled depth in this well. Garnet was only observed in wells OW-910 and OW-914. Garnet
isograd plots in formation temperature of over 275°C in OW-914 and 325°C in OW-910, but is shallower
in OW-914 at 1794 m depth as compared to OW-910 where it is at 2884 m depth.
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4.5 Feed zones

According to recent stratigraphic studies (Lagat 2004, Mwangi 2012, Musonye 2012 and Okoo 2011),
permeability in Domes area is enhanced by fractures, lithological contacts, joints, faulted and fractured
breccia. In this study, feed zones were located on the basis of temperature recovery profiles, intensity of
alteration, and the abundance of calcite and pyrite. Most of the feed zones identified from kinks in
temperature recovery logs coincide with certain geological features. High alteration, abundant
calcite/pyrite and/or fracturing were some of the features observed in these zones. Calcite, pyrite, vein
fillings and alteration intensity are rated in the range of 0-3, where 0 depicts absence of the feature while
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3 depicts high abundance. There were no major circulation losses upon which the location of feed zones
could be based. However, some circulation losses occurred at shallow depth. This was as a result of the
blocky rhyolitic formation. These losses were due to fractured formation and were cased off. Most of
the feed zones in the three wells were located within fractured lavas and lithological boundaries.

In OW-905A, temperature recovery measurements were taken at 23, 67 and 134 days (Figure 24). The
injectivity index was 240 lpm/bar. Step pumping was done at 1000 Ipm, then stepped up to 1300Ipm,
1600 Ipm and eventually 1900 lpm. High alteration intensity was noted between 360 and 400 m; a zone
coinciding with the water table. This intensity occurred in a trachyandesite underlying a tuff. In OW-
905A, there were five feed zones noted. Four major feed zones were located at 1280, 1410, 1620, and
2500 m (Figure 24). One minor feed zone was located at 1540 m. The minor feed zone and the feed
zone at 2500 m were located in a fractured trachyte zone as observed from the vein fillings. Medium
intensity of alteration, medium to high abundance of pyrite and low abundance of calcite were observed
at the feed zones. All these feed zones were located in the trachyte formation. In general, OW-905A
(Figure 24) has medium to high intensity of alteration observed from 320 m down to the bottom of the
well. This is coupled with moderate to high abundance of calcite and pyrite. Vein fillings are mainly
observed between 1500 and 2100 m and then from 2400 m to the bottom of the well, albeit in small
amounts.

In OW-910, temperature recovery measurements were taken before, during injection and after 9 hours
heating, 8 days heating, 17, 23 and 29 days heating (Figure 25). The injectivity index was 187.97
Ipm/bar. Step pumping was done at 1000, 1300, 1600 and 1900 lpm. Six feed zones were identified in
this well. A minor feed zone was identified at 2000 m in a trachyte formation. Major feed zones were
identified at 1034 m (at a trachyte-rhyolite contact), 1820 m (in a trachyte formation), 2160 m (at a
rhyolite-trachyte contact), 2540 m (in a trachyte formation) and at 2820 m (at a micro-granite intrusion-
trachyte contact). The feed zone at 1034 m is associated with medium alteration and low abundance of
calcite. The rest of the feed zones are associated with medium to high abundance of pyrite, fracturing
and moderate to high intensity of alteration. Generally, moderate to high abundance of pyrite is observed
from about 500 m down to the bottom of the well. Calcite is observed from 300 m to about 1200 m only.
Alteration intensity is moderate to high throughout the well. Vein fillings occur in moderate to high
abundance between 1100 and 1800 m.

For OW-917, temperature recovery measurements were taken after 67, 97 and 160 days (Figure 26).
Step pumping was done at 1000, 1300, 1600 and 1900 lpm. The well got filled up with water at 1900
Ipm forcing the step-pumping to be abandoned. Therefore, there was no injectivity index measured in
this well. There were no major feed zones identified. Three minor feed zones were identified at 1430,
1750 and 2700 m. These feed zones were located in trachyte formation (Figure 26). High calcite and
pyrite abundance was observed at the location of these feed zones as well as the entire depth of the well.
The feed zone at 2700 m was located in a zone that was moderately fractured although the veinlets were
filled with calcite. The intensity of alteration is generally low in this well. Pyrite was observed in high
abundance from about 400 m down to the bottom of the well. Vein fillings are observed in moderate
abundance from 1200 m down to the bottom of the well. However, these vein fillings have been filled
by calcite. The temperature curve deflection observed between 1000 and 1200 m depth is as a result of
the casing shoe effect since this well was cased at 1200 m. There were not any geological observations
that coincided with these deflections to support location of a feed zone.

4.6 Whole rock chemistry

Various techniques have been developed for the chemical analysis of igneous rocks. Among the most
common used techniques are X-ray fluorescence analysis (XRF), atomic absorption spectrometry
(AAS), electron probe microscope analysis and inductively coupled optical emission spectrometry (ICP-
OES). These techniques are used for the analysis of major and trace elements in rocks. Moreover,
petrologists have developed various methods of presenting geochemical data in order to classify the
rocks. However, no single method is conclusive in classification of igneous rocks. One of the most
common used methods is the total alkali (Na,O+K,0) verses silica (TAS) classification after Le Maitre
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FIGURE 26. Aquifers in OW-917 as depicted from temperature profiles, alteration intensity and
alteration mineral abundance

et al. (2002). This method is widely used to separate alkaline and sub-alkaline volcanic rocks as well as
subdividing volcanic rocks according to their chemical composition and grouping them in accordance
with nomenclature.
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4.7 Classification of rock types

The results for major and trace element analyses for the rocks from the study wells are shown in Tables
3,4 and 5 below. The rocks were classified using TAS classification scheme (Figure 27).

TABLE 3: Whole rock chemical analysis data for well OW-905A

WELL OW-905A

Depth(m) 330 384 410 492 514 554 630 656 704 718 762 784 836 950 1028 1116 1250 1305 1404 1466
Major elements (wt %)

Sio, 5810  71.59 70.18 6727 67.83 4873 7478 4944 7775 7893 6434 7710 6890 6797 69.71 53.65 70.55 6640 69.18 66.66
ALO; 1605 1135 1210 1406 1350 1685 11.69 1548 1047 831 1561 10.14 1405 1413 1334 1540 13.83 1419 13.19 13.87
FeO 6.77 548 677 645 637 11.00 520 1161 424 513 653 38 753 559 506 1038 7.63 731  6.63 795
MnO 015 016 020 023 022 023 018 023 013 012 020 012 020 021 018 024 022 027 027 027
MgO 310 009 004 017 014 414 033 678 033 024 038 011 095 019 009 38 116 036 025 029
Ca0 626 080 094 074 08 1153 102 11.04 073 047 093 070 195 1.03 075 739 173  L14 091 091
Na,0 425 498 448 511 523 321 214 248 106 198 539 193 162 452 472 39 093 395 362 387
K;0 379 | 481 461 521 5.10 145 395 083 465 418 567 539 388 556 547 274 258 518  5.04  5.07
TiO, .09 051 048 055 053 233 041 174 029 026 060 033 058 05 051 198 098 090 063 080
P,05 021 | 004 001 002 002 034 003 019 004 001 006 002 007 005 004 028 017 011 003 005
Trace elements (ppm)

Ba 113390 40.03 1395 49.07 3972 42342 5833 31445 3839 27.81 3694 3146 14294 14588 71.11 461.47 201.93 31.66 18.69 20.65
Co 2607 323 292 420 494 5150 275 5504 253 088 535 268 721 446 331 3908 13.16 649 403 6.8
Cr 60.72 517 970 262 444 4354 713 5224 1420 800 532 1531 463 685 635 1456 18.07 339 1037  4.09
Cu 3746 20.01 18.67 3850 101.43 8393 21.05 6248 2647 2093 3738 3021 13295 16.69 1470 3573 3416 1778 3476 6115
La 60.16 ' 180.90 199.67 180.09 170.46 46.00 287.70 25.84 304.74 271.05 314.08 215.50 211.27 147.89 118.47 7724 171.37 166.05 233.63 288.50
Ni 3422 1796 1506 50.73 187.14 9230  9.04 6435 2724 817 3266 31.56 22299 10.07 3.99 2670 32.62 6.29 2647 96.68
Rb 2671 15998 9120 190.98 148.80  0.00 171.05 3.60 223.75 333.20 105.30 267.08 139.76 160.58 227.82 37.59 187.60 310.51 176.76 136.67
Se 2011 103 083 219 194 3012 127 3866 1.62 082 241 053 247 558 387 2110 8.09 495 296 433
Sr 24171 1238 0 490 739 728 47780 40.62 355.73 3033  19.59 2235 1420 113.57 1540 1325 399.17 60.17 1508 13.83 11.89
\Y 10855 1026 823 670  7.17 30574 19.52 32141 2927 25.62 1771 1515 1601 799 = 6.04 23229 69.15 815 1220 11.20
Y 39.78  138.54 141.43 109.87 11641 3478 199.10 27.74 287.77 333.00 199.73 189.13 169.57 103.19 91.93 5557 12326 114.64 158.84 167.61
Zn 91.19 | 179.70 22739 178.34 186.01 110.98 21991 116.30 244.68 281.21 155.96 130.79 24498 152.86 115.93 153.75 205.87 180.60 227.30 257.50
Ir 424.47 1046.15 1097.60 999.64 1085.49 22523 1709.20 142.31 2014.24 2349.54 1770.50 1669.92 1360.95 859.26 745.81 411.98 1117.42 1108.64 1598.41 1671.63

Depth(m) 1494 1528 1620 1648 1718 1758 1778 1794 1852 1888 1946 1970 2062 2084 2210 2282 2342 2398 2602 2794
Major elements (wt %)

Sio, 4854  68.05 6392 66.53 66.09 63.76 56.76 52.58 71.60 76.18 4751 65.63 68.88 65.62 44.59 6536 63.64 6477 6290 61.19
ALO; 1520 1359 1565 1379 1295 1461 1521 16.08 1224 1249 1526 1338 1464 1585 13.94 1550 16.01 1540 1479 1512
FeO 1260 689 665 68 860 65 903 1000 637 172 1327 889 517 511 1411 529 472 664 770 831
MnO 020 026 024 030 033 021 026 025 016 004 020 035 023 026 025 025 019 032 029 032
MgO 639 026 036 020 031 124 127 160 019 008 472 046 029 037 340 040 091 035 046 048
Ca0 9.51 116 138 LI5 149 436 59 656 072 056 717 157 077 050 922 092 229 073 198 1.9
Na,O 287 507 530 549 441 351 577 701 267 366 390 449 421 597 490 574 657 629 570  5.66
K,0 110 364 521 500 460 431 268 224 509 502 196 389 480 524 307 554 394 438 501 572
TiO, 279 077 1.00 052 076 100 210 25 060 012 452 08 077 080 462 077 116 084 085 091
P,05 053 005 013 003 005 020 073 093 006 000 124 007 012 011 15 011 037 009 014 0.15
Trace elements (ppm)

Ba 363.56  18.41 217.64 6729  26.10 420.69 370.45 389.87 84.72 21.66 850.28 56.88 105.90 114.92 1364.67 49.99 951.92 21.51 384.91 494.88
Co 6434 554 866 352 536 1270 3507 4517 463 000 6842 730 547 511 7037 553 1118 628 848 741
Cr 460 291 911 628 435 1625 37.04 4775 318 476 589 351 498  3.68 3173 415 424 525 480 3.83
Cu 80.57 17.64 2142 2195 19.09 2657 4193 5568 2724 1939 3430 2113 19.07 1626 9517 1729 1644 21.74 86.13 32.01
La 28.60 26449 181.67 153.66 442.49 15445 9239 61.17 32447 7408 58.52 418.94 10476 113.71 5231 146.06 92.75 17039 114.31 103.89
Ni 10226 682  11.76 3942 1229 1531  39.02 6559 31.92 743 2210 426 817 532 59.69 10.19 538 1247 14845 18.42
Rb 0.00 121.19 122.64 17281 119.17 77.39 59.32 3146 150.36 573.94 0.00 135.10 201.70 769.50 0.00 13432 8225 13240 113.61 74.24
Se 3326 395 595 217 289 786 1975 2546 3.09 051 2347 334 604 633 2722 580 708 717 1622 1851
Sr 44938 13.82 2229 1410 1513 10256 276.84 321.26 27.93 1890 780.41 29.65 2434 1331 686.19 16.67 18508 11.51 3412 43.78
\ 33134 1384 695 6.62 21.61 3085 12538 15625 2231 557 251.05 2454 570 453 31340 806 29.64 7.02 13.09 11.52
Y 3275 160.25 99.85 100.49 268.94 100.81 64.36 44.81 190.21 102.45 3945 259.10 57.51 58.23 3575 72.03 42.74 9826 90.04 71.49
Zn 117.10 25247 167.58 195.14 327.94 152.87 138.80 146.53 176.31 90.11 140.66 321.60 134.31 13543 129.72 165.02 112.25 238.12 162.87 157.34
Ir 153.47 1706.63 978.78 919.21 2894.66 957.62 561.21 314.47 2125.77 398.19 283.36 2811.58 508.30 558.91 137.75 731.33 550.45 998.73 707.96 512.54

From the TAS plot, the Olkaria sub-surface samples range in composition from basalt through trachyte
to rhyolite. However, there is a noticeable gap between trachyandesite and trachyte. This gap may be
attributed to two types of magma sources or different magma generation processes. This is explained in
the subsequent section. OW-917 samples plot in the trachyte and rhyolite fields, except two samples
that plot as trachyandesite and dacite. The sample that plotted in dacite was highly altered with most of
the sanidine having been replaced with clays. Alteration of sanidine may result in the depletion of Na,
which is a mobile element. Well OW-917 is mainly composed of highly evolved rocks, that is, rhyolites
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and trachytes while samples from well OW-905A and OW-910 plot in the basalt to rhyolite range.
However, the bulk of these samples plot in the trachyte and rhyolite fields, an observation that is in
harmony with the Olkaria stratigraphy whose major stratigraphic units are trachyte and rhyolite. One
sample from OW-905A plotted in the tephrite basanite field. This sample contained abundant
plagioclase phenocrysts. The two samples from OW-905A and OW-910, which plotted in the
phonotephrite field, contained abundant plagioclase phenocrysts as well. These observations were made
from the binocular and petrographic analyses.

The analysed surface rocks (data from Macdonald et al., 2008 and Marshall et al., 2009) exhibit similar
compositional range as the sub-surface rocks. The Lolonito, Akira and Ndabibi basalts, which are found
to the south and north of the proposed collapsed caldera, plot in the same field as the Olkaria sub-surface
basalts. The Olkaria Comendites (OC), Tandamara Trachyte (TT), Gorge Farm (GF) rhyolites and Broad
Acres (BA) rhyolites, which lie to the east but adjacent to the proposed collapsed caldera rim, plot with
the sub-surface trachytes, rhyolites and trachyandesites. A few of the sub-surface samples plot in the
dacite field most likely due to Na loss caused by hydrothermal alteration as observed under binocular
analysis.

TABLE 4: Whole rock chemical analysis data for well OW-910

WELL OW-910

Depth(m 66 418 436 476 590 722 N2 844 894 988 1008 1082 1106 1248 1376 1388 1426 1440 1458 1470 1490
Major elements in wt %

SiO, 7546 7870 78.08 7691 67.84 6491 6490 5092 4726 6202 6159 7396 7470 5193 61.13 56.62 6279 6390 53.61 52.09 64.74
ALO; 1031 1113 1108 1144  13.60 1621 1593 1552 1540 1557 1594 10.85 11.09 1545 1478 1573 1455 1548 1425 15.58 14.65
FeO 390 178 201 234 1020 561 569 1072 1180 758 7.60 571 523 1040 860 9.72 821 598 1230 10.17 740
MnO 006 003 004 005 030 021 018 020 021 027 028 018 013 017 027 017 043 020 032 019 027
MgO 0.00 0.0  0.00 0.00 090 023 022 559 738 042 040 005 007 466 115 171 060 053 235 556 045
Ca0 038 021 028 031 132 068 091 1003 1176 140 134 063 046 926 335 424 265 212 718 933 143
N2,0 506 366  3.83 3.99 018 59 631 319 267 624 681 346 313 326 506 521 506 583 449 315 546
K,O0 416 423 442 462 406 553 518 133 070 558 513 449 465 268 421 303 435 452 250 187 442
TiO, 015 009 010 0.4 117 052 051 200 243 060 059 046 038 174 115 228 106 096 240 167 089
P,05 0.00 000 0.00 0.0 015 004 004 033 023 005 005 001 001 025 013 103 015 024 039 027 0.12
Trace elements (ppm)

Ba 537 494 3M2 424 15398 39.61 3781 302.62 246.57 2378 21.94 807 11.31 132229 216.43 1445.01 151.19 1432.03 656.55 491.81 140.34
Co 000 000 000 000 1650 255 263 47.03 6422 511 462 263 150 4258 1325 2586 1417 871 5342 4520 751
Cr 266 512 246 4.01 335 334 312 11594 6130 549 733 2882 648 19.60 2234 1296 1748 1696 2431 19.63 10.36
Cu 2291 1607 1672 16.84 19.16 1251 20.73 68.67 9458 2689 2521 1605 2130 2242 2692 2511 2985 34.61 33.67 24.58 15.80
La 187.88  79.56 7799 8245 22891 99.65 11251 4571 2398 30041 284.87 197.73 16123 23.19 130.68 79.11 126.07 70.14 8890 21.75 15824
Ni 752 8.60  2.86 4.55 636 131 859 7504 8715 710 659 13.08 1380 2096 1896 2021 2520 42.14 1327 20.89 9.55
Rb 1690.16 239.22 237.02 225.06 366.31 8584 17635 1436 0.00 91.57 14433 203.96 136.53 16.71 143.79 7047 126.05 161.16 88.52 22.04 192.07
Se 0.10 | 0.00  0.00  0.00 797 160 188 3403 37.04 233 218 030 024 1938 1068 17.79 743 1127 2379 17.58 5.60
Sr 788 339  1.88 333 3165 924 1096 36842 450.03 1641 12.06 6.13 476 22430 91.99 26649 44.05 59.61 317.97 156.36 26.42
v 2076 879  9.04  9.66 7030 450 515 25857 309.60 17.32 1504 9.05 = 7.62 14253 5185 63.14 1811 14.02 208.44 120.35 12.53
Y 416.15 130.16 131.79 159.50 178.15 67.01 74.60 41.66 21.96 18547 208.37 14587 11470 1841 9032 78.11 107.89 59.06 63.43 17.60 109.64
Zn 32625 139.31 139.15 16429 26590 136.61 16823 130.85 119.21 215.66 233.01 212.64 19548 7488 171.29 157.18 167.10 109.67 148.03 88.94 178.74
v 2533.54 969.88 977.97 1206.05 1381.12 555.58 634.11 267.54 101.10 1778.28 1814.98 1205.76 941.57 124.81 700.76 42498 735.04 460.90 438.84 115.53 997.46

Depth(m 1524 1530 1600 1630 1710 1790 1976 2078 2244 2262 2294 2332 2544 2554 2660 2732 2766 2832 2898 2950 2968
Major elements in wt %

SiO, 7221  66.03 5409 67.83  66.06 6438 68.86 6547 74.07 64.68 49.65 6891 6496 62.74 6580 6550 7540 66.61 6529 66.83 65.38
ALO; 1382 1675 1348 1258  13.90 1515 1328 1430 998 1502 1382 12.55 1450 1581 1476 1573 1092 14.69 1636 13.86 14.50
FeO 7.04 889 965 748 736 640 585 624 670 668 1433 644 717 670 652 578 401 543 492 526 6.01

MnO 0.14 006 029 026 027 02 023 024 022 027 034 025 039 028 030 026 010 025 025 023 025

MgO 096 = 149 298 033 042 043 038 055 028 036 300 040 058 055 047 044 015 048 036 039 043

Ca0 120 130 817 143 157 139 116 189 103 146 45 151 145 191 125 110 104 139 1.02 087 1.09

N2,0 053 029 6.1 428 485 543 395 502 308 624 258 479 459 569 445 498 401 531 522 6.62 6.10
K,0 244 359 297 476 444 528 533 522 383 425 684 430 530 496 539 522 386 489 563 508 517
TiO, 1.25 133 1.82 077 084 099 062 076 056 082 343 057 081 103 077 075 025 070 070 0.63 081

P,05 0.18 016 033 0.06 006 012 003 008 007 006 129 004 008 012 009 009 002 009 009 0.08 0.11
Trace elements (ppm)

Ba 34473 21936 24090 31.63 4034 211.08 7533 15498 122.85 63.98 458.79 50.99 89.16 19934 6928 4884 22.66 7623 64.96 40.63 51.61
Co 18.10  20.84 3458  6.12 633 823  5.05 852 424 593 5607 421 723 922 525 557 215 502 517 419 7.66
Cr 3430 1229 1117 2053 1210 1694 933 4470 462 1493 1862 1635 330 1634 1535 2035 3462 1502 1549 1520 9.80
Cu 2637 1680 2379 18.00 2247 2793 1840 2424 1280 1831 27.19 1637 22.04 3409 2242 30.86 71.16 2684 24.18 1526 15.58
La 150.74  76.86 6424 232.88 220.07 155.07 256.42 187.20 165.64 174.06 120.02 22749 179.84 167.93 186.31 147.85 104.97 133.72 142.61 129.72 123.48
Ni 2458 1167 1236 891 1677 2520 795 1467 346 1896 31.14 418 1885 1977 1026 27.16 93.66 26.79 19.90 427 6.77
Rb 23440 33.14 3756 12883 179.99 7270 538.64 167.58 119.48 156.11 5496 176.11 44.08 7582 163.81 183.54 23431 94.63 179.24 214.95 183.60
Sc 1042 7.04 1258 421 465 584 397 616 252 583 3023 327 222 485 533 544 085 519 513 422 514
Sr 5876 2512 149.28 13.15  21.57 2453 29.07 51.04 20.66 26.13 12896 2839 20.89 4935 26.04 2319 1517 3641 1921 1690 1041
v 102,99 5570 113.06 1335 2158 1111 2579 2739 1668 9.5 212.09 16.01 1333 17.19 1178 825 1321 1151 973 844 787
Y 123.68 4423 4819 15051 14931 99.13 153.15 124.12 99.29 100.77 100.77 120.80 96.60 110.44 113.96 87.37 16543 90.44 81.33 89.96 92.33
Zn 160.72 154.91 13791 226.57 189.66 167.71 227.67 198.04 192.90 208.23 251.97 263.05 227.28 184.98 218.22 181.61 223.38 162.77 182.39 116.94 168.53
v 914.08 427.46 407.64 1471.50 1503.51 957.13 1578.57 1266.34 1177.86 866.20 596.93 1498.63 1094.34 1105.65 1166.47 779.19 1422.36 862.84 881.65 829.12 834.88
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TABLE 5: Whole rock chemical analysis data for well OW-917

WELL OW-917

Major elements (wt%)

Depth(m) 90 120 144 160 262 286 350 430 520 548 594 624 636 662 704 716 788 830 868 890 968
Si0, 76.66 7530 7478 7585 76.12 6680 7556 7224 6571 6289 61.74 6445 6485 6502 06416 66.56 64.61 6437 6631 68.48 80.40
ALO;3 1096 1123 1113 1075  11.58  13.65 10.55 1156 1547 1557 13.95 1233 12,66 11.98 1352 1275 1443 1448 1370 1247 843
FeO 262 355 379 344 268 601 428 497 596 692 845 964 949 928 889 836 752 763 727 808 391
MnO 005 006 006 005 003 021 006 012 021 024 029 037 028 030 030 029 026 027 024 024 0.08
MgO 000 000 000 000 000 010 000 012 021 030 033 030 031 015 010 013 011 025 031 056 0.06
Ca0O 027 022 020 018 021 160 019 058 084 118 140 113 11§ 100 L19 100 1.03 132 190 161 026
Na,O 441 477 495 489 453 610 463 526 526 691 804 637 617 721 632 494 635 593 508 402 195
K,0 459 440 460 441 451 490 425 451 553 508 479 450 416 419 469 512 493 496 435 354 442
TiO; 015 018 018 017 016 044 017 029 056 059 068 060 0.60 059 061 060 061 062 057 062 020
P,0s 0.00 000 000 000 000 003 000 002 007 005 014 005 005 004 004 006 003 004 011 013 0.02
Trace elements (ppm)

Ba 1952 656 432 699 388 29.02 1019 3950 53.14 3686 162.90 3920 39.87 28.15 4142 4727 5352 41.00 201.83 13948 1591
Co 0.00 000 000 000 000 199 000 051 351 371 487 367 466 332 320 449 343 342 438 732 0.00
Cr 394 317 205 198 272 289 1887 315 296 217 257 249 247 214 2163 232 241 274 565 2460 190
Cu 1805 2123 2199 2179 2091 1773 2091 1938 17.55 1681 20.04 19.98 1722 18.64 1813 1515 1553 18.08 1620 22.38 1447
La 9544 111.62 139.57 113.07 93.08 11235 116.10 176.95 158.68 156.31 182.38 212.56 270.92 23048 156.93 20432 12240 121.95 128.76 182.72 261.55
Ni 438 466 535 553 2251 313 0 702 252 439 225 325 1113 255 815 769 372 259 804 579 1420 1.66
Rb 42549 35238 271.59 18336 232.17 134.14 369.54 20572 333.70 112.71 12598 173.11 128.58 296.99 194.45 11845 149.64 220.23 13233 230.32 268.50
Se 000 000 000 000 000 131 000 08 257 285 321 080 094 068 097 164 114 1.08 248 406 0.10
Sr 567 342 337 322 252 705 333 1207 2156 1052 3031 17.52 1537 1444 1461 1797 924 1177 4197 6171 12.00
\4 1541 1468 1631 1459 9.69 7.64 1438 1899 741 568 11.00 884 979 850 600 753 410 350 1355 3991 14.02
Y 19476  246.80 264.49 221.79 158.54 137.51 264.74 28848 10498 103.14 12726 177.11 17452 167.71 126.87 13626 80.97 90.74 97.17 143.26 190.03
7n 198.97 337.34 30546 282.82 177.37 19430 300.03 30635 142.68 176.56 232.53 294.73 292.72 275.06 224.12 21783 163.61 170.96 141.61 247.25 167.87
Ir 1821.91 1732.89 2008.28 1825.65 1085.81 994.11 1986.15 2193.12 928.56 985.99 1070.50 1472.16 1439.87 1389.89 971.82 1011.31 670.08 729.66 732.88 1189.36 1725.73

Major elements (wt%)

Depth(m) 1010 1098 1176 1250 1386 1406 1488 1524 1666 1714 2074 2152 2208 2312 2364 2398 2554 2620 2680 2734
Si0, 76.66 7226 7154 7170  69.19 68.13 7159 68.84 67.60 6745 63.68 6332 57.74 6792 7244 7054 66.09 6508 67.18 63.74
ALO; 9.60 1128 1176  11.86 1333 1431 1246 13.71 1497 1378 1501 1672 1449 1246 1171 1256 1457 1521 1501 1544
FeO 565 594 605 634 528 531 594 564 589 650 846 531 990 859 584 649 69 672 552  6.75

MnO 011 016 016 011 013 014 0I5 014 018 019 028 028 024 029 022 022 024 024 018 024
MgO 006 010 011 008 022 023 012 034 035 036 046 046 206 025 0I5 0I5 029 031 032 039
Ca0 023 048 058 053 124 102 060 129 L17 129 131 053 427 127 081 091 123 097 089 131

Na,0 228 472 450 325 437 488 383 368 400 446 425 766 411 381 390 453 480 526 467 545

K,0 463 438 466 545 533 527 462 556 504 508 528 458 421 436 397 361 477 503 497 527
TiO; 024 035 036 040 051 046 042 051 052 060 092 090 202 070 067 065 076 088 092 110
P,05 000 001 001 002 005 003 002 006 005 007 014 013 070 005 007 004 007 010 016 0.14
Trace elements (ppm)

Ba 1523 3026 3346 49.08 6736 5945 39.18 7561 5324 7825 122.54 111.65 1150.77 51.90 3730 2570 53.63 15229 34224 351.78
Co 000 134 204 217 440 289 222 452 417 698 866 537 2817 597 409 1594 498  7.08 2977 1194
Cr 223 290 516 1261 1204 924 676 758 1485 4435 1642 268  7.74 11429 850 1148 1277 2052 19.77 3691
Cu 26,75 1697 1742 1623 3542 2295 1870 2139 2024 2740 27.67 1389 23.60 1815 1589 1549 17.92 19.16 1638 2374

La 329.24 25658 229.43 263.99 192.01 168.76 197.45 199.38 17898 195.13 148.28 98.19 8848 296.60 20534 21522 179.74 172.03 140.35 108.70
Ni 1132 875 369 376 405 786 461 690 354 518 1757 412 557 645 2260  3.09 461 945 518 1421
Rb 2798.73 803.61 276.75 23420 155849 238.44 267.81 189.66 186.80 147.12 117.51 181.12 11735 156.82 297.86 1087.37 196.54 147.15 165.33 165.02
Sc 010 049 050 092 290 188 LIl 271 249 299 452 652 1813 305 312 3.02 455 514 485 505
Sr 1267 1200 13.16 1794 3818 3794 1675 4487 2450 3073 2351 1935 25223 1831 1464 1243 1687 1822 33.54 4408
\ 1496 1358 1483 1803 27.63 23.60 18.62 3234 2458 3050 1334 509 109.03 6037 1148 1195 1136 836 1236 1444
Y 23468 194.01 196.87 188.20 144.58 14336 189.08 149.73 14881 144.11 138.16 63.88 79.44 18334 136.74 137.85 12828 10524 92.56 79.22
Zn 189.24 249.10 248.67 186.99 160.98 182.98 207.13 180.36 194.75 189.54 222.80 17022 14229 269.63 178.06 186.58 186.82 173.73 12535 141.74
Ir 1849.79 1682.33 1715.85 1682.39 1292.95 1273.15 1670.52 1327.24 1395.25 1268.73 117434 593.19 578.90 1742.63 1285.69 1327.53 1263.92 1021.34 891.66 735.62

Figure 28 shows the TAS classification scheme while Figure 29 shows the Al:O; versus FeO
classification for Olkaria sub-surface samples in comparison to surface samples from the neighbouring
volcanic centres and Menengai volcano. The Menengai data are for sub-surface samples from
geothermal wells and was obtained from Mbia (2014). The Eburru and Longonot data were obtained
from Clarke et al. (1990). From the TAS plot in Figure 28, it can be noticed that the Menengai sub-
surface samples exhibit similar range in composition as the Olkaria sub-surface samples with a
noticeable absence of rocks with trachyandesitic composition. This indicates similar processes of
magma generation and differentiation occurred at these volcanic complexes. Mbia (2014), proposed that
fractional crystallisation, partial melting and assimilation were the main processes involved in magma
differentiation in Menengai volcanic complex. However, unlike the Olkaria samples, some of the
Menengai trachytes show comparatively higher alkalinity than the Olkaria trachytes. Some of the
Olkaria sub-surface trachytes plot within the same field as the Longonot trachyte. Eburru, which is a
rhyolitic volcanic complex like Olkaria, has its trachyte and pantellerite plotting in the same field as the
Olkaria sub-surface trachyte and rhyolite.
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The trachytes and rhyolites from the three wells are peralkaline and thus the Al,O; versus FeO plot from
Macdonald (1974) is used for further classification (Figure 29). The fields of comendite, comenditic
trachyte, pantelleritic trachyte and pantellerite on the Al,O3 versus FeO are from Macdonald (1974).
From Figure 29, it can be seen that the Olkaria sub-surface samples show variability in general
differentiation trends. The AI203 versus FeO plot also shows the general differentiation trends of the
neighbouring volcanic centres. Some of the Olkaria sub-surface samples plot within the same field as
the Longonot trachyte. Like the samples from Longonot, the borehole samples from Olkaria traverse the
division between comenditic trachyte and pantelleritic trachyte, but the samples from Olkaria have
considerably larger range of FeO content.
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FIGURE 29: Al,0O5 versus FeO classification of Olkaria sub-surface rocks and surface rocks from
the neighbouring volcanic centres (modified from Macdonald, 1974)

The Olkaria sub-surface trachyte samples show a continuous evolution from the pantelleritic trachyte to
comenditic trachyte. A few of the samples plot within the Eburru trachyte field, but generally Eburru
trachytes have lower Al,O3 contents at comparable FeO contents. Most of the rhyolitic samples from
the Olkaria sub-surface samples plot within the comendite field. The samples circled red show a different
composition from that previously observed in the Olkaria surface pantellerites. These samples are
rhyolites and occur at 1082 and 1106 m in well OW-910, at 384 and 410 m in OW-905A and at 1078,
1176 and 1250 m in OW-917. The rhyolitic units are separated by trachytic units in the three wells.

4.8 Effects of hydrothermal alteration on the rock chemistry

Hydrothermal alteration involves the change in chemical composition of the rock as a result of fluid-
rock interaction. In the geothermal field, alteration mainly entails filling of primary porosity or
replacement of the primary minerals by secondary minerals. In the case of pore filling, lower
concentrations of immobile elements will be recorded in whole rock analyses as a result of mass dilution
(Franzson et al., 2008). In this paper, surface sample data from Macdonald et al. (2008) and Marshall et
al. (2009) were used to represent the least altered rock data. Rock units found at depth are prone to the
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kinematics that affects the intensity of hydrothermal alteration as compared to the surface rocks. That is
the reason why the surface samples were chosen to represent the least altered samples.

Major elements were plotted against SiO, in order to assess the effects of alteration on whole rock
composition. Rb, Ba, Sr, Ni, La and Y were also plotted against Zr. The boundaries delineated by the
broken line represent the least altered surface samples. The Rb, Sr, Cr, La and Y versus Zr plots indicate
that hydrothermal process has had insignificant effect on trace element concentration except for Ba and
Rb (Figure 30). Ba is a constituent element of feldspars. It is mobile and is easily leached from the rock
through hydrothermal processes. Rb being an alkali metal is easily leached from the plagioclase by
hydrothermal processes. This explains why there is scattering in Rb and Ba versus Zr plots. Cr, La, Sr,
and Y are immobile and least affected by hydrothermal processes. From these plots, it can be concluded
that the hydrothermal process has had so little effect on the rock chemistry that the analyses can be used
to infer about the geochemical evolution of these sub-surface rocks from GOVC.

From the major element versus SiO, plots (Figure 31), it can be clearly seen that the hydrothermal
process has no significant effect on the chemical composition of the subsurface rocks, except for Na,O,
which shows high scattering as compared to the surface rocks. Alkali feldspars are the dominant rock
forming minerals for the trachytes and rhyolites, which are the most dominant rock types in the studied
wells. Na is a constituent element of alkali feldspars. It is mobile and easily leached from the rock by
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hydrothermal processes. This accounts for the scattering observed in the sub-surface rocks as compared
to the surface rocks on the Na,O versus SiO, plot. The minor scatter seen in the other plots may relate
to background ‘noise’ as a result of analyses of porphyritic samples.
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4.9 Geochemical evolution of the Greater Olkaria Volcanic Complex

Geochemical evolution of the Olkaria volcanic complex has been discussed by Macdonald et al. (2008)
and Marshall et al. (2009) by the use of surface sample compositions. In their studies, they analysed
silicic rocks from within the collapsed caldera and the complex in general and mafic rock samples from
the periphery of the caldera. In the present analysis, we are looking at silicic and mafic sub-surface rock
samples. These samples are drill cuttings sampled from the surface down to a depth of 2900 m. This
gives us an opportunity to identify the similarities between magmas buried beneath the collapsed caldera
and the silicic surface rocks of the GOVC and the mafic emplacements on its periphery. It also enables
us to decipher the range of magmatic composition beneath the complex.120 samples from three wells;
OW-905A, OW-910 and OW-917, located in the Domes area of Olkaria geothermal area, were used in
this study.

To determine the change in the concentration of major elements during magmatic differentiation, SiO;
was used as an index of differentiation. All major, as well as trace elements, were plotted against SiO;
on Harker diagrams. The trends on Harker diagrams represent liquid lines of descent. Liquid lines of
descent are simply coherent trends on Harker diagrams that are generally considered to represent the
course of chemical evolution of magmas as consequence of processes such as fractional crystallisation
(Wilson, 1989).

Si0; values in the samples show a remarkably wide range of variation from 44% to 80.4%, making SiO>
content suitable as an index of differentiation. Even though there is a wide range of SiO, values, most
of the samples have their SiO, values in the range of 64% and 80%. Overall, with increasing SiO, there
is a decrease in Al,Os, CaO, TiO2, MnO, MgO, P,Os and FeO contents (Figure 32). Mg, Al and Fe have
a high tendency to go into olivine, clinopyroxene and plagioclase crystal phases in the early stages of
fractional crystallisation. Ca goes into plagioclase while Mn goes into olivine and orthopyroxene. Fe
and Ti is also reduced from the melt through fractionation of FeTi-oxides, for example ilmenite and
magnetite. P goes into apatite and tends to reduce with increased fractionation. On the other hand, Na,O
and K,O generally increase up to approximately 62% SiO- and then start to decrease. Na and K behave
incompatibly until advanced stages of fractionation (Wilson, 1989). Na and K goes into plagioclase and
alkali feldspars at advanced stage of fractionation even though more of K fractionates in the alkali
feldspars compared to plagioclase. It can be clearly seen from the plots that there is a change in mineral
phases that crystallises from the magma at 62% SiO,. The major elements versus SiO; trends are
coherent with crystal fractionation process. It can generally be seen that all the OW-917 samples are
highly evolved. They have high SiO, content and only plot between 62% and 81% SiO; in all the plots.
OW-905A and OW-910 have a wide range of evolution with some of the samples being comparatively
less evolved, while others are highly evolved and plot in the same range as OW-917.

For the trace elements, Zr was used as an index of differentiation on the Harker diagrams to depict the
evolution trends in the three wells. Zr is a highly incompatible element that is resistant to mobilisation
(Franzson et al., 2008). It shows a wide range of concentration, from 100-2600 ppm in the study samples.
La and Y are incompatible elements and will remain in the melt during fractionation. There is a positive
correlation between Y and La versus Zr plot with a kink being noticed at 1700 ppm Zr (Figure 33). This
indicates that other source components may have been involved in the petrogenesis of these rocks, for
example anatexis of syenite as indicated by Marshall et al. (2009). The positive correlation of the trend
for the majority of the samples in the La versus Zr plot is consistent with the explanation that fractional
crystallisation is governing the compositional evolution of the sub-surface rocks.

Ba, Sr, Co, Ni, V and Cr generally decrease with increasing Zr. These elements are compatible and
reduce in concentration as they are removed from the melt with increased crystal fractionation. Sr goes
into the alkali feldspars as well as plagioclase. Co goes into magnetite as FeTi-oxides fractionates from
the melt. Small amount of Ba goes into plagioclase while a high percentage is incorporated in alkali
feldspars. Its concentration therefore starts decreasing significantly as it is incorporated in sanidine. V
goes into orthopyroxene and magnetite while Ni and Cr goes into olivine, orthopyroxene and
clinopyroxene in the initial stages of fractionation. There is an increase in Rb with increasing SiO; until
a certain point when it assumes an almost horizontal trend. Rb, like Na and K, remains incompatible
during the initial stages of fractional crystallisation. It is later incorporated into the alkali feldspars.
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FIGURE 33: Whole-rock trace element abundances as a function of Zr

4.10 Magma differentiation processes

The major element versus SiO; (Figure 32) and trace elements versus Zr plots (Figure 33) show that
fractional crystallisation was the main differentiation process involved in the generation of the sub-
surface rocks. During fractional crystallisation, Zr, Y and La concentration will increase with advancing
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fractionation. Only a fractional crystallisation process is likely to preserve the constant concentration
ratio of two incompatible elements (Wilson, 1989). The major element versus SiO; and trace elements
versus Zr plots are consistent with fractionation of olivine-clinopyroxene-plagioclase mineral phases in
the basaltic magmas, clinopyroxene-plagioclase-Fe-Ti oxides-apatite + olivine in the intermediate
magmas and sanidine-clinopyroxene-Fe-Ti oxides-apatite in the silicic magmas.

The La versus Zr, Y versus Zr and La/Zr versus Zr plots show that other magma modification processes
might have played a role in the generation of the rhyolitic rocks. There is a clear change in the trend at
1778 ppm Zr on the Y versus Zr plot (Figure 34). The samples that plot along this new trend are rhyolites
mostly coming from well OW-917. These rhyolites are from 90-400 m depth. These samples are also
noted to plot outside the trend on the La versus Zr (Figure 34) and the La/Zr against Zr plots (Figure
35). According to Macdonald et al. (2008), rhyolites were mainly formed by fractional crystallisation of
trachytes and partial melting of syenites. This might explain the variation in the trend along which the
90-400 m depth rhyolites plot, namely, the composition of these rhyolites might have been modified
through partial melting of syenites. On the La/Zr versus Zr plot (Figure 35) two trends can be discerned
within the basalt-trachyte suite that have a La/Zr ratio of 0.15 to 0.20. This small shift may be attributed
to different magma mixing that was involved in generation of basalt-trachyte suite.
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4.11 Eruption episodes

Lavas that are cogenetic will have more or less similar concentrations of incompatible trace elements
(Wilson, 1989). During fractional crystallisation, the concentration of Y, La and Zr will be low in the
early stages of fractionation. With increased fractionation, these concentrations increases, reaching their
maximum values in the most fractionated rock. In a basalt-rhyolite suite, the La, Y and Zr will have a
low concentration in the basalts but higher in the trachytes and rhyolites. Their concentration in different
trachytes and rhyolites will depend on the degree of evolution of these rocks. Plots of Y, La and Zr
against depth may show recurring shifts of concentration of these elements from low to high if a volcano
has had episodic eruptions.

A comparison was made for trace element variation with depth for the three wells. Y, La and Zr values
were plotted against depth (Figures 36, 37 and 39). La/Zr and Y/Zr were also plotted against depth
(Figures 38). From the trace element plots, the eruption episodes can be subdivided into various units
and correlated according to the concentration pattern of these elements with depth.

From the Zr, Y and La plot, these elements are seen to decrease in concentration from the surface to a
low at 1800 and 1600 m a.s.l. in wells OW-917 and OW-910, respectively. The rocks found in this depth
range are rthyolite and tuff. Low concentrations of Zr, Y and La are also recorded in basalt at 1800 and
1200 m a.s.l. in OW-905A and OW-910, respectively. The concentration in Zr, Y and La observed in
the rhyolite at 1200 m a.s.l. in OW-905A, 900 m a.s.l. in OW-910 and 1300 m a.s.l. in OW-917 show
similar range and drop towards the trachyte found beneath. Different types of intermediate magma
compositions start being observed at 1900 m a.s.l. in OW-905A and 1750 m a.s.l. in OW-910. This
indicates that there were temporal compositional variations in the eruption events that led to the build-
up of the GOVC. The concentrations of these two elements are consistent at the mentioned depth in the
three wells. The top 500 m show low ratios of La/Zr as compared to 500-2990 m in well OW-910 and
OW-917. In contrast, the Y/Zr values are higher in this zone. This shift observed in the upper 500 m of
the two wells is probably due to assimilation or partial melting magma modification processes.

4.12 Stratigraphic correlation

The Olkaria geothermal field has been subjected to a series of tectonic events that were associated with
the formation of the EARS. These events, which included faulting, intrusion and extrusion of magmatic
material, resulted into unconformities. Some of the unconformities are buried, which makes them only
identifiable through geological well correlation. Lagat (2004) made a geological correlation of wells
OW-901, OW-902, OW-903 drilled in the Domes area with wells OW-08, OW-15, OW-19 and OW-22
drilled in the Olkaria East field. He found a similarity between the Olkaria East field and the Domes
field. Lagat (2004) also inferred buried faults between the Olkaria East and the Domes fields, as well as
within the Domes field. These are normal faults with a downthrow of 300 m.

In this study, rock unit correlation was based on the binocular, petrographic and trace element analysis.
As explained earlier under rock type description, two types of rhyolite and trachyte were observed in
the study wells. Moreover, different rock units have different trace element concentration. Zr was used
in this case since it is immobile and incompatible and its concentration is reflecting the extent of
fractional crystallisation and may thus outline magma evolution cycles within the subsurface volcanic
pile of GOVC. The top 100 m of the wells is composed of pyroclastics (Figure 39). The pyroclastics
layer accounts for the losses in well OW-905A. Observations from other studied wells indicate that
pyroclastics cover between 0 m to about 150 m in the Domes area (Musonye, 2012; Mwangi 2012 and
Lagat 2004). Comenditic rhyolite is found between 100 m to 400 m. This rhyolite has a characteristic
pinkish colour (also referred to as the granular rhyolite in rock type description). This zone has trachyte
and tuff rocks intercalating the rhyolite. The trace element concentrations are consistent in this unit as
described under the eruption episodes subtitle. The Olkaria basalt occurs between 400 m to 700 m. Wells
OW-905A and OW-910 cut the basalt rock unit between 544-662 m and 839-914 m depth, respectively.
The basalt unit thins out towards OW-917. The basalt is intercalated by tuffs and trachyte in OW-905A.
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The spherulitic rhyolite, referred to as rhyolite in Figure 39, occurs between 800 and 1300 m in the three
wells. This rhyolite is thicker in OW-905A as compared to OW-910 and OW-917 even though it is
intercalated by tuffs in OW-905A. Intermediate rocks start appearing at 1100 and 1210 m in OW-905A
and OW-910, respectively. This marks a new regime and there is a clear downthrow displacement seen
in OW-910. The appearance of intermediate rocks probably marks the boundary between the Olkaria
series associated with the formation of GOVC ~22 ka years ago and the older stratigraphy associated
with the earlier magmatism.

The trachyte series forms most part of the stratigraphy. It is found between 1000 m to the bottom of the
wells. The trachyte has different textures and shows variation in trace element concentrations. The
trachyte series is intercalated by basalts, trachy-andesite, basaltic trachy-andesite and trachybasalt. Most
of these mafic rock units are found in OW-910 and OW-905A.Thin rhyolite units also intercalate the
trachyte. At some depths, the trachytes are massive with thickness up to 100 m. There is an increased
number of intrusion occurring from 1800 m to 3000 m. The intrusions observed include basaltic dykes,
syenitic intrusions and micro-granite. These numerous intrusions are as a result of enhanced magmatic
activity at these depths which are at a closer vicinity to the magmatic source.

From the stratigraphic correlation, there is a probable fault between wells OW-905A and OW-910,
which has resulted in a downthrow of about 295 m. Between OW-910 and OW-917, a probable fault
has resulted in a downthrow of about 300 m. This observation relate well with the structural mapping
which indicate faults have been inferred between wells OW-905A and OW-910, with the main inferred
fault trending in ENE-SWS direction. The downthrow between OW-910 and OW-917 may relate with
the ring structure whose formation is associated with caldera collapse.

4.13 Comparison of the sub-surface rocks with the surface rock data

Rhyolitic and basaltic compositional samples were taken for the comparison of sub-surface and surface
rock compositions. The rhyolite surface data was obtained from Marshall et al. (2009), while the basaltic
data was obtained from Macdonald et al (2008). The surface basaltic composition is mainly from the
periphery of the complex, which is Akira, Lolonito and Ndabibi. Y versus Zr as well as La versus Zr
plots were used. The broken lines demarcate the fractionation trends for the surface samples.

The surface samples on the Y versus Zr rhyolite plots (Figure 40) show two trends (a and b), similar to
the ones observed from the sub-surface samples. The Arcuate Domes, Gorge Farm and Ololbutot
rhyolites plot in both the two 450
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Arcuate Domes are located, it
does not plot in trend b, in
which the Arcuate Domes
surface samples plot. Well
OW-917 is drilled next to a
rhyolitic dome whose
formation belong to the
Middle Comendite Member
(0°) of the post-caldera
Olkaria formation (Figure 42).
The Gorge Farm rhyolite
deposit also belongs to this
formation. Hence, the Gorge
Farm and well OW-917
rhyolites might be cogenetic.
This explains why most of the
OW-917 samples plot in trend
c. Other samples from OW-
917 plot in the Ololbutot trend
a. This might indicate that
Ololbutot lava and some of the
OW-917 samples share a
cogenetic source. Well OW-
905A which is located close to
the Ololbutot lava flow has
two samples plotting in trend
a. This might indicate the
rhyolites in well OW-905A
have a similar source with the
Ololbutot surface samples.

The basaltic liquid line of
descent on the two plots
(Figure 43) indicate that the
Akira, Lolonito and Ndabibi
basalts had a similar parental
magma with the sub-surface
samples but evolved on
different trends. The dotted
line shows the liquid line
descent along which majority
of the surface samples plot.
The surface samples took time
before being erupted onto the
surface. During this period,

FIGURE 42: The surface
geology of GOVC with the
location of the study wells

in the Domes field
(modified from Marshall et
al., 2009). The letters a, b
and c represent lavas
which plot in the trend
shown in Figure 41



they might have been subjected to other magmatic processes, hence showing the variation in the
evolution trends. Alternatively, they may have come from or mixed with other basaltic magmas from
the neighbouring volcanoes. Further studies on the isotope composition is recommended in order to
outline magmatic relationship between the basalts on the periphery and within the subsurface of the
GOVC.
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5. DISCUSSION

The surface geology of Olkaria geothermal area is dominated by comenditic rhyolite and pyroclasts.
These surface rocks are Pliocene to Holocene in age (Clarke et al., 1990). The ICP-OES major and trace
element analyses of drill cuttings from the Domes area reveal that the sub-surface strata are composed
of basalts, trachy-basalt, basaltic trachyandesite, trachyandesite, trachyte, rhyolite and tuffs. Intrusives
include syenitic intrusions, trachytic dykes, basaltic dykes and micro-granite. Wells OW-905A and OW-
910 cut through all these types of rocks, while OW-917 only cuts through trachyte and rhyolite rock
units. The variation of the rocks in the basalt-rhyolite range in wells OW-910 and OW-905A shows that
the development of GOVC was characterised by episodic magmatic events. The GOVC has been
subjected to numerous tectonic events, some of which were regional and associated with the rift
formation while others were local. These events led to the development of fractures and faults, some of
which are buried beneath the pyroclastic cover. Stratigraphic correlations indicate a downthrow
displacement of the rock units in well OW-910 as compared to OW-905A and OW-917. The occurrence
of basaltic-intermediate magmas in wells OW-905A and OW-910, contrary to OW-917, indicates the
probability of a buried major structural divide between OW-910 and OW-917. The proposed caldera
(Clarke et al., 1990) might have inhibited the flow of mafic lavas, especially in the upper 1000 m, outside
the caldera. The intermediate magmas start appearing at 1100 m and 1200 m depth in OW-905A and
OW-910, respectively. This indicates a displacement in the downthrow at OW-910. The appearance of
intermediate rocks probably marks the boundary between the Olkaria series which is associated with the
formation of GOVC beginning approximately 22 ka years ago and the older stratigraphy associated with
the earlier magmatism. The upper 500 m of the stratigraphy is dominated by pyroclastic rocks, tuff and
rhyolite lava. The basalt occurs between 500 m to 1000 m. From 1000 m to 3000 m the dominant rock
type is trachyte. Omenda (2000) linked the occurrence of pyroclastic rocks and rhyolite near the surface
and trachytes at depth to the extensive differentiation that occurred in a magma chamber beneath the
Olkaria Volcanic complex. The intrusives are generally found between 1800 m to 3000 m. Intrusives
are formed as a result of fresh magma pulses being injected into the overlying formations. The volumes
associated with these pulses are too small to push the magmas all the way up to the surface. Hence the
magmas cool and solidify between the rock strata at depth. Geophysical studies have indicated the
magma chamber to be at 7-10 km depth (Omenda, 2000; Simiyu and Keller, 1997).

Hydrothermal alteration is a function of primary rock composition, permeability, temperature, duration
of the hydrothermal activity, fluid composition and pressure (Browne 1978). Studies of hydrothermal
alteration have been able to link different minerals to particular temperatures. Temperatures affect the
crystal lattice of minerals, hence determining the stability of certain minerals at certain temperatures.
Certain minerals are associated with good permeability in geothermal systems. Pyrite for example, is a
hydrothermal alteration mineral that denotes good permeability in geothermal systems. Calcite indicates
good permeability even though its deposition can lead to the sealing of the permeability pathways.
Calcite and pyrite are deposited over a wide range of temperatures with temperatures as low as 50°C to
temperatures as high as 280°C (Lagat, 2004). This makes it difficult to use them as temperature
indicators. However, coupled with other alteration minerals present in a well, they can be used to
indicate earlier permeability and temperature conditions. Minerals observed in the study wells reveal
the prograde variation, as seen in other high-temperature geothermal fields. High-temperature minerals,
for example epidote, actinolite and garnet, are found at greater depth, while low-temperature minerals,
for example smectite and zeolites, are found at shallow depth.

In Domes area, there is a variation in the occurrence of alteration minerals along a NW-SE traverse. The
high abundance of calcite in well OW-917 as compared to the other wells affects its permeability, hence
the scarcity in abundance of high-temperature alteration minerals. Fractures that enhance permeability
were seen to be filled by calcite, as revealed by the presence of calcite veins. The abundance of calcite
and pyrite in OW-917, as well as the scarcity of high-temperature alteration minerals indicates that
calcite and pyrite were deposited at low temperatures. According to Simmons and Christenson (1993),
calcite may deposit from hydrolysis (that is replacement of calcium alumina silicates), boiling of
geothermal fluids (that is from fluids having high dissolved carbon dioxide concentration and in the
absence of a mineral buffer) and heating of cooler peripheral geothermal fluids. The calcite deposited
in OW-917 is associated with the heating of cooler peripheral geothermal fluids. This is confirmed by
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the scarcity of high temperature alteration minerals and the low intensity of alteration observed from the
surface down to the bottom of the well. Well OW-917 stratigraphy mainly comprise of trachytes and
rhyolites which are mainly K feldspar rich rocks. This rules out the possibility of hydrolysis as the main
process involved in calcite deposition in this well. This well is located adjacent to the postulated ring
structure. A model of single phase up-flow by Lagat (2004) shows down-flow to the northeast and east
of the Domes area outside the ring structure, with up-flow on the inside of the ring structure. This might
have resulted in convective mixing in the OW-917 region, hence deposition of calcite. The abundance
of moderate to high intensity of alteration, high-temperature alteration minerals, for example garnet,
actinolite, epidote, prehnite, wairakite and quartz, alongside pyrite, in well OW-910 indicates good
permeability, as well as high temperatures in this region. Calcite was scarce in this well and only
observed down to 1000 m depth. The moderate abundance of high-temperature minerals in OW-905A
indicates lower temperatures in this region compared to the region at well OW-910. However, the high
abundance of pyrite, moderate to high alteration intensity and low to moderate abundance of calcite
indicate that permeability is good in this region.

The temperature variation along the NW-SE traverse reveals that there is high temperature at shallow
depth near the OW-910, followed by OW-905A, while the OW-917 area has low temperatures (below
230°C) from the surface to 3000 m depth. The formation temperature measurements relate well with the
alteration mineral zonation. The high formation temperature measured at shallow depth in OW-910,
coupled with the high power production of wells drilled in this area, indicates that the heat source for
the Domes geothermal area is located in this region (Figure 44). The greater depth at which high-
temperature alteration minerals occur in OW-905A, as well as where high formation temperature are
measured, relate to the distance of this well from the centre of upflow (Figure 44). Moreover, this well
is located in an area believed to be a recharge zone for the Domes area. The Ol Njorowa gorge, which
divides the Olkaria East and Domes fields, is located close to the OW-905A area. This gorge is also
believed to be a conduit that feeds cold water in this part of the Domes area. Well OW-905A was not
able to discharge during the discharge test. OW-917 is located outside the postulated caldera rim but
adjacent to the ring structure. The down-flow in this zone, coupled with the distance of this well from
the heat source, as well as other structural barriers (the ring structure), has greatly lowered the formation
temperatures in this zone. Low temperatures measured at great depth are in tandem with these
observations. The upper limit of the epidote zone, which is the highest temperature mineral zone in this
well, is found at greater depth as compared to wells OW-905A and OW-910. This well was not able to
discharge during the discharge test. The relation between the alteration mineral isograds and the
formation temperatures indicates the existence of two thermal episodes in the Olkaria geothermal field.
High-temperature mineral isograds occur at shallow depth at lower formation temperature than the
temperature of deposition. Epidote and actinolite isograds in wells OW-905A and OW-917 are present
where formation temperatures are lower. This indicates that higher temperature existed at shallower
depth in the past as compared to today. The garnet isograd in OW-914 and OW-910 occurs at a depth
with formation temperatures of above 300°C. This indicates heating up in this zone. Tectonic activities
and magmatic intrusions associated with the recent eruption could be the source of this heat.

Feed zones in the study wells were mainly associated with fractured rocks and lithological boundaries.
Well OW-917 has only minor feed zones. This is attributed to the low permeability that characterises
the stratigraphy in this well. The rocks show moderate fracturing but the high calcite abundance
associated with the formation in OW-917 has sealed the primary and secondary permeability pathways.
The well was filled up with water during test pumping. The feed zones in OW-910 were associated with
fractured rocks, as well as lithological boundaries. One of the feed zones was located at a trachyte-
micro-granitic intrusion contact. The formations in this well show moderate fracturing. The well had
high intensity of alteration, moderate to high abundance of pyrite but no calcite below 1000 m. This
indicates good permeability and explains the numerous feed zones observed in this well. Feed zones in
OW-905A are associated with fractured rocks. Low to moderate abundance of calcite and high alteration
intensity are observed in this well. The fracturing and the low to moderate abundance of calcite have
enhanced permeability, hence the feed zones observed in this well. The feed zone at 1280 m depth in
OW-905A is associated with a major drop in measured formation temperature. This feed zone is
probably cold and affects the feed zones that are below 1280 m depth. In general, all the feed zones in
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FIGURE 44: Conceptual model based on the research findings of this study

the three wells are located below 1200 m depth. This may indicate that the formation becomes more
fractured below this depth.

Major and trace element analyses of the rocks from the study wells show that the rocks have a continuous
distribution on the TAS classification with a compositional range from basalts through trachybasalt,
basaltic trachyandesite, trachyandesite to trachytes and rhyolites. In their initial surface studies,
Macdonald et al. (2008) and Marshall et al. (2009) pointed out the possibility that the full range of
magmatic compositions is present beneath the complex. This study has proven this, as seen from the
fields in which the rocks plot in the TAS classification scheme. Fractional crystallisation is the main
magma differentiation process that generated the wide range of magmas with different compositions.
Magma modification processes such as crustal anatexis, are revealed by the compositional variation of
rocks. The change in the gradient of the trends observed on the two plots indicates a different process
coming in which alters the course of the fractionation process. Four rhyolite samples obtained from the
top 400 m of well OW-917 plot off the trend in these plots. These rocks might be from a different magma
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source compared to the rest of the rocks. Macdonald et al. (2008) indicated that partial melting of syenite
might have played a part in the generation of comendites. This process may have been controlling the
formation of the rocks that plot off the trend. Further study of isotope composition is recommended to
ascertain this.

All the rocks in OW-917, except one trachyandesite sample, have SiO, concentration of over 64% SiO,,
indicating that they are highly evolved and only have the alkali feldspar as a fractionating phase. The
samples from the other two wells represent the two intervals of fractionation observed in this study.
Well OW-917 lies on the outer margin of the ring structure. This area is associated with rhyolitic domes,
which were built up during the post-caldera magmatism. This explains why the rocks in this well are
rich in silica and only include trachyte and rhyolite. The samples from wells OW-905A and OW-910
have SiO, ranging from 44% to 80%. This compositional range is attributed to the fact that these wells
are located within the caldera where magmas from both the pre-caldera and post-caldera magmatic
events where extruded. The basaltic magmas erupted within the caldera were not voluminous enough to
flow all the way outside the caldera. Mobile elements like Na,O, Ba and Rb show scattering as a result
of being leached from the original rock through hydrothermal process. However, this leaching was in
the same confines like least altered surface samples.

The trace element plots containing the sub-surface and surface rhyolite data show different liquid lines
of descent. The Y versus Zr and La versus Zr plots show two trends for both surface and sub-surface
rocks. This indicates the probability of two component mixing of magmas ranging from mugearites to
benmoreites at deep levels, or crustal anatexis of syenites as stated by Macdonald et al. (2008). The
basalts from the drilled wells and those from the periphery plot on different liquid lines of descent on Y
versus Zr and La versus Zr plots. They show similar parental source but different fractionation path. The
basaltic magmas found on the periphery of the complex might have come from within the complex and
flowed along dykes and emplaced on the periphery of the complex.

Figure 45 illustrates the magmatic processes involved in the formation of GOVC. The basaltic magma
source drives the system. Macdonald et al. (2008) stated that the basaltic magmas are intruded as dykes.
Mixing of basalt-basalt and basalt-intermediate magmas occurs as the basaltic magma fractionate and
ascend to the surface. Basaltic magma is driven along dykes and erupted on the periphery of the volcano.
The low density trachytic trap inhibits the basaltic magma from rising in large volumes through it.
However, small pulses of basaltic and intermediate magmas manage to pass through this trap and are
erupted as thin layers underneath the volcano. The basaltic magma ascending through dykes and the trap

Peripheral basalts
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? Basalt erupted underneath volcano
Comenditic rhyolites ’

Melting of syenites
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FIGURE 45. The magmatic processes and the plumbing system involved in the formation of
GOVC (Not drawn to scale). Fractionation of trachyte is at ~5-6 km (Marshall et al., 2009)
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undergoes different modification processes, probably hybridization, crustal assimilation or further
mixing. This is revealed by the different liquid lines of descend shown by the two basalt samples on the
Y versus Zr and La versus Zr plots. The intermediate magma fractionate through trachytes to rhyolites.
The compositional and textural range in the trachytes can only be explained by the presence of several
discrete magma chambers in which varied levels of differentiation take place. During trachytic
fractionation, small magma pulses escape and are deposited as syenitic dykes. The trachytes are believed
to have formed at the basement-rift fill interface at approximately 5-6 km (Marshall et al., 2009). Some
of the trachytes are erupted onto the surface while others undergo further fractionation to comenditic
rhyolites. The rhyolite chamber undergoes further fractionation producing rocks with a different degree
of evolution. Some of the syenites deposited through fractionation of the trachyte mush are melted and
fractionated to produce rhyolites. Volatiles lower the melting point of the syenites.
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6. CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion

The subsurface rock composition of the GOVC ranges from basalt through intermediate lavas to
rhyolite. The main differentiation process was fractional crystallisation. Other magma modification
processes, for example magma mixing, crustal anatexis and assimilation, might have modified the
magmas. The evolution trends show that anatexis of syenite might also have been involved in generating
the rhyolite rocks.

The subsurface and surface rhyolites were generated by similar magmatic differentiation processes. The
peripheral basalts seem to have been erupted from within the complex.

The textural and compositional variation seen in the subsurface rocks is a result of magma modification
that took place in discrete magma chambers associated with the GOVC plumbing system.

The hydrothermal processes have little effect on the chemical rock composition.

From the stratigraphic correlation, there is a probability of existence of a mega structure between wells
OW-905A, OW-910 and OW-917. For OW-905A and OW-910, this might be a buried fault while for
OW-910 and OW-917 it might be the rim of the collapsed caldera.

Hydrothermal alteration mineral deposition varies greatly across the field. It affects permeability, which
in turn affects the well output. The OW-917 area has high calcite content which has greatly affected
permeability in this region.

Formation temperature varies across the field with higher temperatures being recorded at shallow depth
in the OW-910 area. The OW-905A is a recharge zone and only records higher temperatures at greater
depth compared to OW-910. OW-917 is located on the periphery of the geothermal system and close to
a down-flow. This area has low temperatures at greater depth. There is a heat source located beneath the
OW-910 area.

Two thermal regimes have existed in Olkaria geothermal system, as indicated by alteration minerals and
formation temperatures. The earlier regime had high temperatures at shallow depth and existed during
deposition of the alteration minerals while the current regime has high temperatures at greater depth
compared to the early regime.

6.2 Recommendations
For geothermal development, the area east of the ring structure in the Domes field should be approached
cautiously. More geophysical work should be done in this area in order to target faults and fractures

before more drilling is conducted.

Radiogenic isotope study of the subsurface rocks is recommended to ascertain the similarity in the
magmatic source of the subsurface and surface rocks.

Petrochemical analysis of wells drilled further away from the ring structure for example well OW-922

is recommended to strengthen the geochemical stratigraphic correlation between the inside and the
outside caldera rim.
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APPENDIX A: Detailed descriptions of stratigraphy of wells OW-905A, OW-910 and OW-917,
as observed under binocular and petrographic microscope analysis

Well OW-905A
0-320 m No sample (Loss of circulation returns)

320-324 m Tuff. Green to brown fine grained formation. It is moderately porphyritic with sanidine
phenocrysts. The rock is highly vesicular with the vesicles being filled with green and brown clays. A
few trachytic fragments noted in this sample. Alteration minerals: pyrite, hematite, clays, chlorite, calcite
and platy calcite.

324-338 m Trachyandesite. Grey fine grained slight porphyritic rocks with phenocrysts of pyroxene and
feldspars. It is moderately vesicular with the vesicles filling with brown and pale green clays. Mesolite
also noted in the vesicles. The rock is slightly oxidised to brown iron oxides. Chlorite vein observed at
330-332 m. Sphene is noted as an alteration product of iron oxides. Alteration minerals: calcite,
hematite, chlorite, illite, amorphous and platy calcite and sphene.

338-344 m Tuff. Pale green to grey fine grained rock sample. It is moderately porphyritic with feldspar
phenocrysts. It is moderately vesicular with the vesicles filled with illite, smectite and chlorite clays. It
is slightly altered to pale green clays. A few trachyte and basalt rock fragments noted mixed in this
sample. Alteration minerals: clays, chlorite, sphene and oxides.

344-354 m Trachytic tuff. Dark grey fine grained rock sample. Phenocrysts of pyroxene and feldspars
are noted. The rock is slightly vesicular with vesicles filled with brown clays. The feldspar rich
groundmass is noted altering to green clays. Alteration minerals: clays and oxides.

354-370 m Tuff. Pale green fine grained rock. The groundmass is quite lithic with quartz and feldspar
crystal fragments embedded in the lithic groundmass. It is highly altered to kaolinite clays which swells
on adding water. Alteration minerals: clays (kaolinite and smectite), oxides, calcite and zeolites
(mesolite).

370-398 m Rhyolite. Brown to white fine grained highly porphyritic rock with phenocrysts of sanidine,
pyroxene and quartz. The sanidine phenocrysts are in abundance, followed by quartz with a few
pyroxenes. The pyroxenes and the feldspar rich groundmass alters to brown and green clays. The
formation is slightly vesicular with the vesicles being filled with zeolites. It is moderately to highly
altered to brown and green clays. Alteration minerals: chlorite, clays, zeolites (mesolite), pyrite and
calcite.

398-432 m Trachyte. Green to slightly brown fine grained rock. It is moderately to highly porphyritic
with phenocrysts of pyroxene and sanidine. The formation is slightly fractured with the fractures filling
with chalcedony. It is moderately to highly altered to green clays with the groundmass being the most
altered. Alteration minerals: chlorite, clays (illite, smectite), chalcedony, pyrite, zeolites (mesolite) and
calcite.

432-494 m Rhyolite. Brown to white fine grained rock. The rock is highly porphyritic with sanidine,
pyroxene and quartz phenocrysts. Pyroxene is noted to alter to brown and green clays. The rock is
slightly vesicular. It is slightly altered to brown and green clays. Alteration minerals: clays, calcite,
pyrite and oxides.

494-544 m Trachyte. Pink to pale green crystalline rock. It is slightly porphyritic with sanidine, pyroxene
and quartz phenocrysts. The rock is slightly altered to brown and green clays. The pyroxenes are seen

altering to brown and green clays. Alteration minerals: calcite and clays.

544-580 m Basalt. Brown to dark grey medium grained rock. The rock is rich in feldspar and pyroxenes
with the groundmass being enriched in plagioclase. The rock is highly porphyritic with plagioclase and
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pyroxene phenocrysts. The rock is moderately altered to brown clays. Epidote colouration noted at 548-
550 m while first appearance of epidote noted at 554-556 m. Alteration minerals: clays, calcite, chlorite,
epidote, sphene, platy calcite at 564-566 m and quartz at 566-568 m.

580-590 m Trachyte. Grey fine grained slightly porphyritic rock with phenocrysts of sanidine being
noted. It is slightly altered to brown and green clays. Pyrite is discerned in the groundmass. Alteration
minerals: pyrite, calcite, clays, sphene, quartz.

590-616 m Basalt. Brown to dark grey medium grained rock. The rock is rich in plagioclase and
pyroxenes with the groundmass being enriched in plagioclase. The rock is highly porphyritic with
plagioclase and pyroxene phenocrysts. The rock is moderately altered to brown clays. Alteration
minerals: clays, epidote, chlorite and sphene.

616-644 m Tuff. Pale green fine grained rock. Feldspars alters to epidote. The rock is highly chloritised.
At 616-620 m there is high alteration to green clays and epidote, an indication of fluid flow. Alteration
minerals: epidote, chlorite, clays, calcite and pyrite.

644-662 m Basalt. Dark grey fine to medium grained rock. Some of the fragments are glassy. It is
moderately porphyritic with phenocrysts of plagioclase and pyroxene characterising the plagioclase rich
groundmass. The formation is slightly vesicular with the vesicles filled with brown and green clays.
Alteration minerals: clays, chlorite, chalcedony, sphene chalcopyrite and epidote.

662-674 m Trachyte. Pale green to white fine grained rock. It is slightly porphyritic with pyroxene
phenocrysts discerned in the feldspar rich groundmass. The rock is highly bleached. Euhedral pyrite
cubes are discerned in the groundmass. Trachytic texture noted in a few of the bleached samples.
Alteration minerals: calcite, pyrite, clays, sphene and chlorite.

674-698 m Trachyte. Brown to grey fine grained slightly porphyritic rock with phenocrysts of pyroxene.
Pyrite is noted discerned in the groundmass. The rock is highly fractured with fracture planes filling
with brown and green clays. The rock is highly altered to brown clays indicating a probable feed zone.
Alteration minerals: chlorite, clays, pyrite, epidote and calcite.

698-714 m Vitric tuff. White cryptocrystalline slightly vesicular rock. Phenocrysts of quartz and
pyroxene are noted in the groundmass. The vesicles are filled with quartz. There is oxidation noted
between 706-714 m with formation of brown oxides. The formation is slightly altered to green clays.
Alteration minerals: calcite, clays, quartz and chlorite.

714-726 m Rhyolite. Pink grey fine grained slightly porphyritic rock. Euhedral quartz and pyroxene
mineral grains are discerned in the groundmass. The formation is slightly altered to brown and green
clays. Alteration minerals: pyrite, chlorite, calcite and clays.

726-738 m Trachyte. Grey fine grained moderately porphyritic rock with pyroxene and feldspar
phenocrysts. The rock is slightly altered to green clays. Alteration minerals: calcite, clays and chlorite.

738-754 m Trachyte. White, brown to pale green fine grained rock. The sample has a mixture of trachytic
textures. Minute pyroxene grains are discerned in the groundmass. Pyrite cubes have been noted in some
of the fragments. Pyroxenes are seen altering to green clays. The rock is bleached to green clays.
Alteration minerals: chlorite, pyrite, sphene, epidote, calcite and quartz.

754-768 m Trachyte. Light grey fine grained moderately porphyritic rock with pyroxene and feldspar
phenocrysts. The groundmass is enriched with sanidine and pyroxene mineral grains. The formation is
slightly altered to chlorite clays. Sanidine is noted altering to epidote. Alteration minerals: epidote,
calcite, quartz, pyrite, chlorite and sphene.

768-804 m Rhyolite. Pink fine grained moderately to highly porphyritic with quartz phenocrysts
dominating the feldspar rich groundmass. A few pyroxenes are also noted in the groundmass. The rock
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is highly fractured and slightly vesicular. Spherulitic texture is noted with pyroxenes and feldspars
radiating from a central point. Fracture planes and vesicles are filled with euhedral secondary quartz in
clusters and as individual crystals too. The formation is slightly altered to chlorite. Pyrite noted in the
groundmass. Alteration minerals: chlorite, quartz, pyrite, calcite and minor epidote.

804-868 m Tuff. Green to grey finely grained rock. The groundmass is lithic with crystal fragments of
feldspars, pyroxenes and rare quartz embedded in the groundmass. Rounded lithic fragments of rhyolite,
trachyte and basalt are noted in the groundmass too. The formation is highly altered to green clays which
swell on adding water. Alteration minerals: kaolinite clays and calcite.

868-908 m Trachyte. Brown to pink fine grained moderately porphyritic rock with quartz porphyries
characterising the groundmass. Minute pyroxene is discerned in the finely grained quartz and feldspar
rich groundmass. The formation is slightly altered to brown clays. Pyrite are noted in the groundmass.
Alteration minerals: pyrite, clays, chlorite and quartz.

908-924 m Lithic tuff. Brown fine grained rock. The formation has a lithic groundmass composed of
rounded trachyte, basalt and rhyolite lithic fragments. A few pale green trachyte fragments also noted
mixed in this sample. The rock is highly altered to brown clays. Alteration minerals: pyrite, kaolinite
clays, chlorite and calcite.

924-934 m Trachyte. White to pale green fine grained slightly porphyritic rock with sanidine
phenocrysts. Minute pyroxenes noted in the groundmass. The rock is slightly vesicular with vesicles
being filled with quartz grains. The formation is highly chloritised to pale green clays. Alteration
minerals: calcite, quartz, chlorite and clays.

934-1098 m Trachyte Grey to light grey fine grained moderately porphyritic rock with pyroxene and
sanidine phenocrysts. Pyroxenes shows moderate alteration to green clays. The rock is slightly fractured
between 956-970 m with the micro veins being filled with quartz and pyrite veins. The rock is highly
bleached between 956-970 m making it white in colour. Alteration minerals: clays, chlorite, quartz,
pyrite and calcite.

1098-1108 m Tuff. Brown to pale green fine grained. The sample contains a mixture of trachyte and
rhyolite fragments. The formation is highly altered to brown clays. Alteration minerals: pyrite, calcite,
chlorite and clays.

1108-1142 m Basaltic trachyandesite. Green grey to dark grey fine grained to medium grained rock
slightly porphyritic rock with plagioclase and pyroxene phenocrysts. The rock is rich is plagioclase
which inter-grows with pyroxenes in the groundmass. The rock is slightly altered with green and brown
clays. Crystalline epidote observed at 1108-1110 m. Wairakite noted at 1112-1114 m. Paragenetic
sequence noted at 1120-1122 m. Alteration minerals: epidote, chlorite, clays, quartz, wairakite and
calcite.

1142-1158 m Basaltic trachyandesite. Pale green to brown mixed sample. The sample has trachyte,
rhyolite and basalt fragments with basalt fragments forming the bulk of the sample. The rock contains a
few phenocrysts of plagioclase and pyroxene. The basaltic fragments are highly chloritised forming
green clays. Alteration minerals: pyrite, calcite, chlorite, clays, epidote and quartz.

1158-1190 m Trachyte. Light grey to grey fine grained slightly porphyritic rock with phenocrysts of
sanidine and pyroxene noted. Minimal disseminations of pyroxene in the feldspar rich groundmass
noted. The formation is slightly altered with the pyroxenes noted altering to green clays. Alteration

minerals: pyrite, calcite, chlorite, wairakite and minor epidote.

1190-1214 m No sample (Loss of circulation returns).
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1214-1222 m. Tuff. Green to brown fine grained rock. The groundmass is lithic with pumice, glass and
lava fragments discerned in the groundmass. The formation is moderately altered to brown clays.
Alteration minerals: pyrite, calcite, clays and chlorite.

1222-1226 m No sample (Loss of circulation returns).

1226-1250 m Trachyte. Pale green to white fine grained highly chloritised rock. Partial losses noted at
1232-1238 m. The rock is highly altered to green clays. Alteration minerals: chlorite, clays and pyrite.

1250-1254 m Basaltic dyke. Grey to dark grey fine grained to cryptocrystalline rock. The rock is
relatively fresh. The dark grey fragments are as a result of heat from the intrusion. Alteration minerals:
clays, magnetite.

1254-1262 m Trachyte. Light to grey fine grained rock with sanidine phenocrysts embedded in the
feldspar rich groundmass. Minute pyroxene mineral are also disseminated in groundmass. Feldspar is
noted altering to epidote. The rock is relatively altered to green clays. Alteration minerals: epidote,
calcite, wairakite and pyrite.

1262-1270 m Tuff. Grey to pale brown fine grained highly vesicular rock. The vesicles are filled with
coarse grained green clays and epidote. Lithic fragments of shards of glass, trachyte and rhyolite are
noted. The formation is moderately to highly altered to green and brown clays. Alteration minerals:
epidote, calcite, wairakite, prehnite, chlorite and clays.

1270-1350 m Trachyte. Light grey fine grained aphyric rock. The groundmass is feldspar rich and
minute pyroxene is discerned in the groundmass. The pyroxenes are noted altering to green clays. The
rock is massive and moderately altered to green clays. At 1292-1320 m, the rock is vesicular with the
vesicles being filled with coarse grained pale green clays, quartz, prehnite and epidote. Alteration
minerals: pyrite, calcite, chlorite, quartz, prehnite, wairakite and epidote.

1350-1366 m Basaltic dyke. Dark grey fine grained to cryptocrystalline aphyric rock. The rock is
relatively fresh. Some fragments, which are rich in feldspar, are noted to be highly altered to pale green
clays. These fragments are likely to be from the margins of the intrusion. Alteration minerals: clays.

1366-1378 Rhyolite. Pink to brown fine grained slightly porphyritic rock with phenocrysts of quartz and
sanidine. The formation is slightly vesicular with vesicles being filled with green clays, quartz and
wollastonite. Cubes of pyrite is noted in the groundmass. Veins filled with quartz are noted. The rock is
slightly altered to green clays with high alteration noted at 1372-1378 m. Alteration minerals: wairakite,
quartz, chlorite, pyrite and clays.

1378-1422 m Trachyte Green grey to light grey fine grained slightly porphyritic rock with feldspars
phenocrysts. A few pyroxene are discerned in the groundmass. The rock is slightly vesicular with the
vesicles filled with green clays. The rock is slightly altered to green clays. Pyrite is noted in the
groundmass. Alteration minerals: clays, chlorite and pyrite.

1422-1430 m Rhyolite. Pink to brown fine grained rock. The rock is moderately porphyritic with quartz
phenocrysts. The rock is slightly to moderately altered to brown and green clays. Pyrite is disseminated
in the groundmass. Alteration minerals: chlorite, calcite, pyrite and clays.

1430-1484 m Trachyte. Grey, green grey to brown fine grained rock slightly porphyritic rock with
sanidine phenocrysts. Minute pyroxenes are discerned in the feldspar rich groundmass. Pyroxenes are
observed altering to green clays. The rock is highly vesicular with some of the vesicles noted to be filled
with euhedral quartz crystals, which is seen growing in association with prehnite in some instances.
There is high alteration and vesicularity noted at 1458-1462 m. Minimal calcite noted. Alteration
minerals: calcite, pyrite, chlorite, quartz and prehnite.
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1484-1496 m Basalt. Dark grey to green grey fine grained rock. The formation is rich in plagioclase and
pyroxene. It is slightly porphyritic with plagioclase and pyroxene phenocrysts. The rock is vesicular
with the vesicles being filled with chlorite clays, quartz, and epidote. Crystalline epidote noted at 1486-
1488 m. Epidote is noted growing in association with actinolite and prehnite. Veinlets filled with epidote
noted. Calcite is noted filling in vugs. The rock is weakly altered to green clays. Alteration minerals:
epidote, actinolite, quartz, prehnite, wairakite, chlorite, calcite and clays.

1496-1560 m Trachyte. Green grey, grey to brown grey fine grained slightly to moderately porphyritic
rock. Sanidine phenocrysts noted. The formation is slightly to moderately vesicular with the vesicles
being filled with coarse grained green clays. Veinlets, vugs and vesicles are filled with quartz and pale
green chlorite clays. Calcite fills in vugs and veinlets at 1534-1542 m. The rock is highly oxidised (it is
white in colour) between 1538-1546 m with increased vesicles. Cubes of pyrite noted and prehnite
grows on top of quartz in a paragenetic sequence at 1558-1560 m. Alteration minerals: chlorite, quartz,
clays, pyrite, calcite and prehnite.

1560-1646 m Trachyte. Grey fine grained moderately porphyritic rock with sanidine phenocrysts. The
feldspars show alteration to albite. The formation is slightly vesicular with the vesicles mainly filled
with chlorite clays and quartz. Calcite is present in moderate abundance with minute pyroxenes noted
in the groundmass. The rock is slightly altered to brown clays. Alteration minerals: calcite, quartz,
chlorite, clays and pyrite.

1646-1650 m Trachyte. Green grey, highly glassy and slightly porphyritic rock with sanidine
phenocrysts. Pyroxenes are discerned in the groundmass. Alteration minerals: pyrite, chlorite, albite and
illite.

1650-1658 m Trachyte. Brown grey, fine grained slightly porphyritic rock with sanidine phenocrysts.
The sanidines have altered to green clays. The rock is slightly vesicular with the vesicles being filled
with pyrite. Alteration minerals: pyrite, chlorite, albite and illite

1658-1672 m Trachyte. Grey fine grained moderately porphyritic rock with sanidine phenocrysts. The
feldspars shows alteration to albite. The formation is slightly vesicular with the vesicles mainly filled
with chlorite clays and quartz. Calcite is present in moderate abundance with minute pyroxenes noted
in the groundmass. The rock is slightly altered to brown clays. Vesicles are filled with epidote and
actinolite fills vesicles at 1658-1668 m. Prehnite also noted. Alteration minerals: epidote, pyrite,
prehnite, quartz and actinolite.

1672-1680 m Trachyte. Pale green fine grained aphyric rock. The formation is slightly vesicular with
vesicles filled with quartz and prehnite. The rock is highly chloritised to pale green clays. Alteration
minerals: prehnite, quartz and chlorite.

1680-1758 m Trachyte. Brownish grey to greenish grey fine grained slightly porphyritic rock with
sanidine phenocrysts. The sanidine grains are altering to green clays. The rock is slightly vesicular with
the vesicles being filled with pyrite. It is moderately altered at 1698-1722 m with the formation of brown
clays. Epidote observed at 1698-1700 m and 1708-1710 m. Veins filled with quartz, calcite and pale
green chlorite clays noted. Calcite is noted filling in vugs. Alteration minerals: epidote, calcite, prehnite,
pyrite, chlorite and clays.

1758-1774 m Trachyte. Pale green to light grey grained rock. The rock is highly altered with numerous
sphene patches observed in the groundmass. It is highly bleached and altered to green clays. Feldspars
alters to epidote. Vugs are filled with green clays and epidote. Quartz and epidote veins noted. Alteration
minerals: epidote, sphene, calcite, chlorite and quartz.

1774-1778 m Basalt. Green grey fine grained highly mafic rock. The rock is highly altered to green

clays. Calcite is abundant and epidote is seen replacing feldspars. Alteration minerals: sphene, epidote,
chlorite and clays.
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1778-1792 m Trachyandesite. Pale green to light grey grained rock. The rock is highly altered with
numerous sphene patches observed in the groundmass. Trachytic texture is observed in the groundmass.
It is highly bleached and altered to green clays. Feldspars alters to epidote. Vugs are filled with green
clays and epidote. Quartz and epidote veins noted. Alteration minerals: epidote, sphene, calcite, quartz
and chlorite.

1792-1798 m Basalt. Greenish grey, fine grained highly mafic rock. The rock is highly altered to green
clays. Calcite is abundant and epidote is seen replacing feldspars. Alteration minerals: sphene, epidote,
chlorite and clays.

1798-1830 m Trachyte. Light grey to brown fine grained highly porphyritic rock with feldspar
phenocrysts. Fault breccia and scoria fragments noted at 1814-1816 m. The rock is slightly vesicular.
The vesicles and vugs are filled with course grained green clays and epidote. The rock is moderately to
highly altered to green clays. The groundmass is altered to brown clays. Alteration minerals: epidote,
calcite, quartz, sphene, chlorite and clays.

1830-1846 m No sample (Loss of circulation returns).

1846-1884 m Rhyolite. Pale green to brown fine grained slightly porphyritic, slightly vesicular. Quartz
and sanidine phenocrysts are observed. Vesicles filled with coarse grained green clays and quartz. Rock
is highly altered to pale green clays. Minute pyroxenes are discerned in the groundmass with some of
them noted altering to green clays. Quartz and chlorite veinlets noted at 1874-1876 m indicating
fracturing at this depth. Alteration minerals: chlorite, calcite, pyrite, illite clays, quartz and epidote.

1884-1896 m Micro-granite intrusion. White fine grained rock. Quartz mineral grains are noted inter-
grown with feldspars with quartz forming about 30% of the grains. Minute pyroxenes are note discerned
in the groundmass and they are noted altering to green clays. The rock is relatively fresh. Alteration
minerals: chlorite.

1896-1924 m Trachyte. Pale green fine grained slightly porphyritic rock. The rock is fractured with
veins filled with epidote and chlorite. The rock is highly altered at 1912-1920 m with formation of green
clays. Numerous sphene in the groundmass at 1910-1912 m. Epidote is noted as an alteration product of
feldspar. Alteration minerals: Epidote, quartz, chlorite and sphene.

1924-1966 m Trachybasalt. Green grey fine grained aphyric rock. The formation is slightly vesicular
with vesicles and vugs filled with green chlorite clays, epidote and actinolite in that paragenetic sequence
(1944-1948m). Epidote is noted as replacement of feldspars and depositional mineral. Veinlets of albite
and chlorite noted. There is abundance of epidote and actinolite at 1934-1936 m and 1944-1946 m.
Alteration minerals: epidote, chlorite, sphene, actinolite, calcite, albite and wairakite.

1966-1978 m Trachyte. Grey fine grained slightly porphyritic rock. The formation is characterised by
minute pyroxene and feldspar in the groundmass. The rock is slightly altered to green clays. Pyrite is
sparsely discerned in the groundmass. Alteration minerals: chlorite, pyrite and calcite.

1978-2012 m Trachyte. Light grey, pale green to brown fine grained rock. Rock is aphyric. Fault breccia
fragments are noted in the sample at 1982-1984 m and 1988-1990 m. Pyrite cubes are disseminated in
the groundmass. The rock is fractured as indicated by presence of mineral veinlets mainly filled with
dark green clays. The rock is moderately to highly altered to green and brown clays. Alteration minerals:
chlorite, calcite, clays, pyrite and quartz.

2012-2056 m Trachybasalt. Green grey fine grained aphyric rock. The formation is slightly vesicular
with vesicles and vugs filled by green chlorite clays, epidote and actinolite. Epidote is noted as
replacement of feldspars and depositional mineral. Veinlets of albite and chlorite noted. Alteration
minerals: chlorite, pyrite and calcite.
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2056-2070 m Trachyte. Light grey fine grained rock. Rock is aphyric with minute pyroxenes discerned
in the felsic rich groundmass. The groundmass is noted altering to pale green clays. Alteration minerals:
chlorite, calcite and pyrite.

2070-2102 m Trachyte. Light grey to grey fine grained rock. It is slightly porphyritic with feldspar
phenocrysts. Rock is slightly altered to green clays. Few pyrite cubes noted in some of the fragments.
Alteration minerals: pyrite, chlorite and clays.

2102-2144 m No sample (Loss of circulation returns).

2144-2166 m Trachyte. Light grey to grey fine grained rock. It is slightly porphyritic with feldspar
phenocrysts. Rock is slightly altered to green clays. Few pyrite cubes noted in some of the fragments.
Alteration minerals: chlorite and clays.

2166-2178 m Trachyte. White to light green fine grained slightly porphyritic rock with feldspar
phenocrysts. The rock is fractured with veinlets of green clays, calcite and quartz noted. Epidote is seen
as an alteration product of feldspars. Alteration minerals: chlorite, calcite, clays and sphene.

2178-2194 m Trachyte Light grey fine grained feldspar rich rock. It is slightly porphyritic with feldspar
phenocrysts. Rock is fractured with veins filled with green clays and quartz. Quartz is noted growing in
association with green chlorite clays. Rock is slightly altered to green clays. Alteration minerals: epidote,
quartz, calcite, pyrite, sphene, chlorite, clays and wairakite.

2194-2222 m Basalt. Dark grey to green grey fine grained to crystalline rock. The rock is rich in
plagioclase. Epidote is noted growing in association with wairakite, quartz and calcite. The formation is
slightly altered to green clays. Sphene is abundance. Alteration minerals: epidote, calcite, chlorite,
quartz, wairakite and sphene.

2222-2340 m Trachyte. Light grey fine grained rock. The rock is slightly to moderately porphyritic with
feldspar phenocrysts. The rock is dense and relatively fresh with the groundmass showing minimal
alteration to green clays. Epidote noted in small quantities. Alteration minerals: epidote, calcite and
clays.

2340-2344 m Trachyte. White to grey fine grain grained rock. The rock has Rhyolite and trachyte
fragments. The formation is slightly altered to green clays. Alteration minerals: chlorite and clays.

2344-2362 m Trachyte. Light grey to grey fine grained rock. The rock is aphyric to slightly porphyritic.
The groundmass is seen to slightly alter to green clays. Minor epidote noted. Alteration minerals:
chlorite, calcite, pyrite and epidote.

2362-2390 m. No sample (Loss of circulation returns).

2390-2526 m Trachyte. Light grey to grey fine grained rock. The rock is aphyric to slightly porphyritic.
The groundmass is seen to slightly alter to green clays. Minor epidote noted. Alteration minerals:
chlorite, calcite, pyrite and epidote at 2422-2426 m and 2446-2448 m.

2526-2538 m. No sample (Loss of circulation returns).

2538-2552 m Trachyte. Light grey to grey fine grained rock. The rock is aphyric to slightly porphyritic.
The groundmass is seen to slightly alter to green clays. Minor epidote noted. Minor losses noted at 2542-
2548 m. Alteration minerals: chlorite, calcite, pyrite and epidote.

2552-2606 m Syenitic intrusion. White equigranular feldspar rich rock. The rock has quartz mineral
grains inter-grown sparsely with feldspar dominating mineral grains. The rock is slightly vesicular with
thin films of green clays and actinolite. The groundmass has spots of pyroxene, which shows slight
alteration to green clays. Alteration minerals: epidote, actinolite, chlorite, clays, pyrite and quartz.
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2606-2674 m Trachyte. Light grey to grey fine grained aphyric rock. The groundmass is feldspar rich
with pyroxene disseminated in it. Veinlets filled with black minerals noted. The rock is slightly altered
to green clays. Alteration minerals: calcite, chlorite, pyrite and minor epidote.

2674-2726 m Syenitic intrusion. White to pale green medium grained, equigranular rock. The
groundmass is characterised by feldspar mineral grains with minor medium grained quartz inter-growing
with them. Spots of disseminated pyroxene are noted in the groundmass. The pyroxenes are altered to
green clays giving the rock the pale green colour. Alteration minerals: actinolite, epidote, chlorite, clays,
pyrite and quartz.

2726-2770 m Trachyte. Light grey fine grained aphyric formation. The rock has feldspar rich
groundmass in which minute pyroxenes are discerned. Veinlets filled with green clays and black
minerals noted. The rock is slightly altered to green clays. Alteration minerals: clays, chlorite and pyrite.

2770-2794 m Syenitic intrusion. White to pale green medium grained rock. The groundmass is
equigranular with feldspar and quartz and feldspar forming the groundmass. The quartz forms about 4%
of the groundmass. Pyroxenes are sparsely discerned in the groundmass and are seen to alter to green
clays. Alteration minerals: chlorite, illite and pyrite.

Well OW-910

0-16 m Pyroclastics. Light grey to slightly brown unconsolidated glass dominated pyroclastics.
Fragments of consolidated ash also found. Pumice fragments are observed in abundance. The rock
fragments are highly vesicular and some of the volcanic glass reveals flow texture marked by the
striations. Minimal alteration observed in the glass with formation of yellow palagonite and brown
oxides. Alteration minerals: oxides and palagonite.

16-52 m. No sample (Loss of circulation returns)

52-68 m Rhyolite. Grey fine grained glassy sample with euhedral quartz and feldspar crystals dominating
in the groundmass. The rock is vesicular with numerous pyroxene grains with some showing alteration
to iron oxides. Alteration minerals: oxides.

68-116 m. No sample (Loss of circulation returns)

116-118 m Tuff. Light grey, fine grained slightly porphyritic sample. It has feldspar phenocrysts. It is
slightly vesicular and has pyroxene grains, which shows oxidation to iron oxides/alteration to brown
clays. Alteration minerals: oxides and clays.

118-218 m. No sample (Loss of circulation returns)

218-226 m Rhyolite. White to brown moderately porphyritic mix of rhyolite and glassy tuff. Phenocrysts
of sanidine dominate the groundmass. The pyroxenes in the groundmass have been coated with brown
oxides giving the sample the brownish appearance. The pyroxene shows alteration to green clays in
other instances. Alteration minerals: oxides and clays.

226-250 m. No sample (Loss of circulation returns)

250-286 m Lithic tuff. Pale green to white heterogeneous lithic tuff, which contains glassy tuff, rhyolite
and lithic tuff fragments, which are abundant. The groundmass is lithic and moderately vesicular.
Porphyries of quartz and feldspar embedded in the groundmass. Some of the vesicles have analcime
zeolite crystals (From 256 m depth downwards). The whitish rock fragments are glassier. The rock
shows minimal alteration with the formation of dark green clays (altering from pyroxenes). Minimal
oxidation noted with formation of iron oxides (Mainly observed in the glassy fragments). Alteration
minerals: zeolites (analcime), oxides, clays (illite and mixed layer clays)
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286-292 m No sample (Loss of circulation returns)

292-312 m Pyroclastics. Pale green to brown fine grained unconsolidated mix of rhyolite, tuff, trachyte
and volcanic glass sample. Some of the fragments are highly vesicular and glassy. Vesicles filled with
green clays. Paragenetic sequence noted with white clays depositing first followed by dark green clays.
Vesicles are filled with mesolite. Veins filled with chalcedony noted. Low hydrothermal alteration
noted. Alteration minerals: clays, pyrite, Zeolites (scolecite, mesolite), chalcedony and oxides.

312-360 m Tuff- Red brown slightly porphyritic rock sample. A few feldspar phenocrysts found in the
groundmass. The sample is highly oxidized. It shows high alteration to brown clays. Calcite is abundant.
Probable feed zone. Alteration minerals: calcite, clays and pyrite.

360-430 m Glassy tuff. White fine grained rock. Pyrite is sparsely dispersed in the groundmass. The rock
shows minimal hydrothermal alteration with formation of clays. The groundmass is finely grained with
quartz phenocrysts. Alteration minerals: pyrite and clays.

430-446 m Rhyolite. White fine grained rock. The rock has a tinge of pinkish colour in the groundmass.
The rock is massive and slightly porphyritic with pyroxenes and quartz phenocrysts. Slightly altered to
brown clays with the pyroxenes being the ones observed altering. Alteration minerals: oxides and clays.

446-510 m Rhyolite. Light grey to pale green fine grained slightly porphyritic rhyolite. Quartz
phenocrysts are embedded in the groundmass. The groundmass is characterised by finely grained quartz
and sanidine into which pyroxene grains are observed. The rock is fractured as seen by micro veins filled
with pale green clays. The rock is slightly altered to green clays. Alteration minerals: chlorite and clays.
Alteration minerals: chlorite and pyrite.

510-526 m Rhyolite. White to pink fine grained rock sample. The groundmass is embedded with quartz
and sanidine phenocrysts. Clusters of pyroxene are also observed in the groundmass. The clusters are
oxidized on the surface and some of them show alteration to pale green clays. Slightly altered to green
clays. Alteration minerals: chlorite, pyrite and oxides.

526-546 m Tuff. Brown fine grained rock. The groundmass is lithic and characterised by sanidine and
quartz crystal fragments. Slightly vesicular with vesicles filled with pale green clay and pyrite. The rock
shows slight altered to green clays. A few rhyolitic fragments are noted. Alteration minerals: chlorite,
clays and pyrite.

546-598 m Tuff- Green fine grained tuff. The groundmass is lithic with a few vesicles being noted. The
vesicles are filled with pale green clays. The groundmass is characterised by pyrite disseminations.
Calcite noted in moderate abundance. Micro veins filled with pyrite noted. Paragenetic sequence with
pale green clays being deposited first followed by calcite noted in the vesicles. Alteration minerals:
pyrite, calcite, clays.

598-626 m Lithic tuff. White to pale green with some brown grey rock sample. The groundmass is
disseminated with euhedral pyrite crystals. A few pale green rhyolite fragments also noted. Some of the
rock fragments have vesicles, which are filled with quartz and wairakite. The rock is fractured as
indicated by the presence of quartz veins and fractured planes which shows deposition of pyrite.
Alteration minerals: pyrite, calcite, quartz, wairakite and clays.

626-656 m Lithic tuff. Red brown fine grained phyric rock sample. The groundmass is lithic. Pyrite
cubes noted in the groundmass. Epidote noted replacing sanidine at 648 m. The tuff is highly altered to
green clays. Alteration minerals: pyrite, chlorite and clays.

656-670 m Lithic tuff. Pale green fine grained lithic tuff. The groundmass is lithic and is characterised

by sphene in the rock matrix. Pyrite is embedded in the rock matrix. Slightly altered to green clays
(Pyroxene are seen to alter). Alteration minerals: chlorite, pyrite, calcite, epidote and sphene.
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670-696 m Lithic tuff- Pale green to white, fine grained lithic tuff. It is slightly porphyritic with
phenocrysts of pyroxene being observed in some fragments. The pyroxene phenocrysts are partially
altered to green clays. Euhedral crystals of pyrite is embedded in the groundmass. Paragenetic sequence
observed with crystals of pyrite depositing first followed by green clays. Epidote if noted altering from
feldspars. Alteration minerals: chlorite, pyrite, epidote, sphene and calcite.

696-786 m Trachyte. Grey to light grey fine grained slightly to moderately porphyritic rock. Phenocrysts
are feldspars. The groundmass is mainly pyroxene and feldspar mineral grains. The rock is slightly
altered to brown clays. Pyrite and calcite noted in moderate abundance. Partial losses noted at 732-734m
and 736-738m. A few basaltic and tuff fragments noted between 748-750 m. Alteration minerals: clays,
calcite and epidote.

786-792 m. Losses

792-838 m Trachyte. Light grey more felsic fine grained rock. It is more aphyric and it’s mainly
characterised by finely grained pyroxene and feldspar mineral grains. High vesicularity noted between
816-838 m with the vesicles being filled with green chlorite clays onto which grows epidote. Actinolite
grows on top of epidote, which is deposited on top of quartz grains in vesicles in a paragenetic sequence.
Basaltic intrusion fragments noted at 808-816 m. However, they form a small fraction of the rock
fragments. Partial losses noted at 810-814 m and 822-824 m. Alteration minerals: epidote, chlorite, illite,
actinolite, calcite and sphene.

838-870 m Basalt. Light grey to dark grey medium grained crystalline rock sample. The groundmass is
highly crystalline. It is aphyric, though a few fragments contain scarce pyroxene and feldspars
phenocrysts. The rock is highly vesicular with vesicles being filled with alteration minerals in a
paragenetic sequence (green clays-quartz-epidote-actinolite). Alteration minerals are in abundance. The
rock is slightly altered to brown and green clays. Alteration minerals: calcite, quartz, epidote, sphene,
actinolite, chlorite and prehnite (816 m).

870-914 m Basalt. Dark grey to green fine grained basaltic rock. The groundmass is characterised by
abundant plagioclase and pyroxenes. Well-developed euhedral and elongated epidote crystals noted
growing in vesicles. Some of the vesicles are noted filled with fine grained pale green clays and prehnite.
Platy calcite noted. Brown clays noted between 904-908 m. Alteration minerals: epidote, calcite, sphene,
prehnite, chlorite, clays, pyrite, quartz and wairakite.

914-926 m Tuff. Light green to brown fine grained rock sample. The groundmass is lithic in some
fragments and glassy in others. Phenocrysts of pyroxene are noted in the groundmass. The groundmass
is altering to green clays and epidote. A few pyrite cubes are noted in the fragments. The rock is
chloritised making it appear green in colour. The rock is moderately altered to green chlorite clays.
Sphene is noted in abundance. Alteration minerals: epidote, chlorite, calcite, pyrite, sphene and
chalcopyrite.

926-940 m Rhyolite. White to light grey fine grained rock. The groundmass in some of the fragments
has phenocrysts of quartz. Minute pyroxenes are discerned in the more felsic groundmass. The
pyroxenes are altering to actinolite. The sample is slightly altered to green fine grained clays. Alteration
minerals: chlorite and actinolite.

940-1016 m Trachyte. Light grey fine grained rock sample. The groundmass is defined by minute
pyroxene sparsely discerned in the felsic groundmass. The rock is slightly porphyritic with pyroxene
phenocrysts. The rock has sphene, which is disseminated in the groundmass. The pyroxenes shows
alteration to actinolite. The rock is slightly altered to green clays. Alteration minerals: chlorite, actinolite,
illite and calcite.

1016-1024 m Trachyte. Browne fine grained highly altered rock. The rock is slightly porphyritic with

pyroxene phenocrysts. The rock is fractured as indicated by veins, which are filled with black minerals.
A few tuff fragments noted in this sample. Alteration minerals: clays and pyrite.

80



1024-1032 m Trachyte. White fine grained rock sample. The groundmass has minute pyroxenes
discerned in it. The sample is slightly porphyritic with quartz phenocrysts being noted in the
groundmass. The rock is slightly altered to green clays with the pyroxenes being the ones altering to
green clays. Alteration minerals: pyrite and chlorite.

1032-1126 m Rhyolite. Pink to brown, fine grained and slightly to moderately porphyritic rock. The rock
has pyroxene mineral grains discerned in the groundmass. The groundmass is mainly characterised by
feldspars. The rock has abundant pyrite and some chalcopyrite is also noted. It becomes more porphyritic
and highly fractured at 1078 m (veins filled with mafic minerals noted at this depth downwards).
Feldspar phenocrysts are noted to alter to light green fine grained clays. High alteration noted between
1114-1126 m with minute pyrite noted at this depth. Alteration minerals: pyrite, chlorite, traces of
epidote, calcite and chalcopyrite.

1130-1146 m Trachyte. Light grey to grey fine grained phyric rock. The rock has pyroxene and sanidine
mineral grain forming the groundmass. The mineral grains reveal a flow texture with this texture being
highly pronounced between 1130-1136 m. The sample is slightly altered except at 1144-1146 m where
high alteration is noted. There is abundant chalcopyrite at 1146 m. Minute pyrite is disseminated in the
groundmass. The rock is slightly altered to brown clays and veins filled with green clays are noted.
Alteration minerals: pyrite, chalcopyrite, traces of epidote and traces of chlorite.

1146-1150 m Trachyte. Light grey, fine grained relatively fresh trachyte. The rock has pyroxene mineral
grains intergrown with feldspars. The rock is relatively fresh. Epidote observed altering from feldspars.
Alteration minerals: epidote.

1150-1202 m Trachyte. Light grey to slightly brown fine grained slightly porphyritic trachyte. The rock
is moderately to highly fractured at 1150-1154 m. At this depth, euhedral quartz and actinolite crystals
are noted growing in fractures. The groundmass is mainly characterised by sanidine, while dissemination
of pyroxene is in the groundmass. The rock is slightly altered to pale green chlorite clays. Epidote is
noted to alter from sanidine. Alteration minerals: actinolite, quartz, pyrite, chlorite, clays and traces of
epidote.

1202-1216 m Trachyte. Grey, fine grained rock sample. Slightly porphyritic with pyroxene phenocrysts.
The groundmass is characterised by sanidine and pyroxene. Trachytic texture noted. The rock is slightly
altered to clays. Alteration minerals: clays and pyrite.

1216-1226 m Trachyte. Brown, fine grained rock. The groundmass is mainly made of fine grained brown
material in which feldspars can be seen altering to green clays and epidote. The rock shows moderate
to high alteration to clays and epidote. The rock is fractured as observed by the presence of fracture
planes. Fracture planes are characterised by euhedral secondary quartz crystals. Alteration minerals:
epidote, chlorite, clays and quartz.

1226-1264 m Basaltic trachyandesite. Dark grey to pale green fine grained porphyritic rock. Phenocrysts
of sanidine fill the groundmass. Oxidation has turned the sample pale green between 1226-1240 m. The
rock has abundant crystalline epidote. The epidote is seen to grow in association with actinolite in most
cases and in other instances it grows in association with euhedral quartz and wollastonite. Where found
growing in association with wollastonite and actinolite, epidote is deposited first followed by
wollastonite and then actinolite. Paragenetic sequence of dark green clays followed by pale green clays
noted. Abundant crystalline epidote noted. Alteration minerals: epidote, actinolite, wollastonite, quartz,
chlorite, pyrite, sphene and wairakite (1236 m).

1264-1276 m Rhyolitic. Brown, fine grained moderately porphyritic rock. Phenocrysts are mainly
quartz, feldspars and pyroxenes. The groundmass is highly altered to brown clays. Veins filled with
epidote and chlorite observed. Quartz growing along fractured planes observed. A few rhyolite rock
fragments noted. Alteration minerals: epidote, clays, quartz and chlorite.
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1276-1288 m Basaltic trachyandesite. Dark grey to pale green fine grained porphyritic rock. Phenocrysts
of sanidine fill the groundmass. The rock has abundant crystalline epidote. The epidote is seen to grow
in association with actinolite in most cases and in other instances it grows in association with euhedral
quartz and wollastonite. Alteration minerals: epidote, actinolite, quartz, chlorite and sphene.

1288-1290 m. No sample (Loss of circulation returns)

1290-1296 m Trachyte. Light grey fine grained rock sample. It is slightly vesicular and slightly fractured
with the vesicles /fracture planes being filled with pale green clays, epidote, actinolite and quartz
minerals. Paragenetic sequence is noted with green clays being deposited, followed by epidote and
actinolite. Abundant pyrite noted. The rock is slightly altered to white and green clays. Veins filled with
pyrite noted. Epidote is noted being formed from alteration of feldspars and equally as a deposition
mineral in the vesicles (crystalline epidote). Alteration minerals: quartz, epidote, actinolite, chlorite, and
clays.

1296-1298 m. No sample (Loss of circulation returns)

1298-1318 m Trachyte. Light grey to brown fine grained rock. Slightly porphyritic with pyroxene
phenocrysts. The groundmass is mainly composed of fine grained feldspars and pyroxene mineral
grains. The rock is moderately vesicular and fractured. Vesicles filled with chlorite-quartz-epidote-
actinolite in that paragenetic sequence are noted. High alteration is noted at 1298-1304m with the
groundmass forming brown clays. Veins filled with epidote are noted. Alteration minerals: quartz,
epidote, actinolite, chlorite, clays and sphene.

1318-1346 m Trachyandesite. Heterogeneous mix of fine grained grey to dark grey trachyte and basalt
rock fragments. The rock is slightly fractured. Fractures filled with chlorite, epidote, quartz, actinolite
are noted. Actinolite is observed in abundance. Epidote is observed altering from feldspars as well as
depositing in vesicles in crystalline form. Epidote veins also noted. High alteration noted at 1342-1346
m with formation of brown clays. Alteration minerals: quartz, chlorite, epidote, actinolite, wairakite
(1332 m), clays and sphene.

1346-1356 m Trachytic tuff. Brown to green fine grained rock. The groundmass is mainly glassy. The
rock is moderately to highly altered to green and brown clays. Fractures filled with crystalline epidote.

1356-1372 m Trachyte. Brown/light grey slightly porphyritic fine grained rock. Trachytic texture noted.
Phenocrysts are mainly pyroxenes. Groundmass mainly composed of feldspars and or pyroxenes. The
rock is slightly altered to brown/green clays. Few tuff and basalt fragments noted. Alteration minerals:
epidote, quartz, chlorite, clays and sphene.

1372-1382 m Trachyandesite. Light grey to brown moderately grained highly crystalline and highly
porphyritic rock. Phenocrysts of pyroxene are discerned in the groundmass in abundance. The
groundmass is mainly composed of feldspars. Pyroxenes alter to actinolite. Actinolite also deposits in
vesicles and fractures. The rock shows moderate alteration to brown and green clays. Crystalline epidote
noted growing in fractures. Epidote grows in association with actinolite in a paragenetic sequence.
Epidote also alters from feldspars. Alteration minerals: quartz, epidote, actinolite, chlorite and clays.

1382-1394 m Trachybasalt. Grey fine grained slightly porphyritic rock. Porphyries of feldspars are
noted. The groundmass is dominated by fine grained pyroxene/feldspars with relatively higher
abundance of pyroxene giving it the grey colour. Epidote alters from feldspars. The rock is slightly
fractured. Crystalline epidote deposits in the fractures. Actinolite grows in association with epidote. The
rock is slightly altered to pale green chlorite clays and brown clays. Alteration minerals: epidote,
actinolite, quartz, chlorite and clays.

1294-1420 m. No sample (Loss of circulation returns)
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1420-1430 m Trachyte. Light grey, fine grained highly porphyritic rock. Phenocrysts are mainly
pyroxene. Groundmass is feldspar rich giving the rock a more felsic colour. Crystalline epidote deposits
in fractures. Feldspars alters to epidote. Pyroxene alters to actinolite. Actinolite is also noted depositing
in fractures and vesicles. The rock is slightly altered to green clays. Veins filled with chlorite noted.
Alteration minerals: epidote, actinolite, quartz, chlorite and clays.

1430-1450 m Trachybasalt. Grey, fine grained slightly porphyritic rock. Porphyries are mainly feldspars
with a few pyroxenes. Groundmass mainly dominated by finely grained feldspar and pyroxene with
relatively abundant pyroxenes giving it the grey colouration. Plenty of sphene observed in the
groundmass. The rock is slightly altered to green clays. Alteration minerals: epidote, sphene, chlorite
and quartz.

1450-1452 m. No sample (Loss of circulation returns)

1452-1466 m Basaltic trachyandesite. Pale green to dark grey fine grained porphyritic rock. The rock
has been highly chloritised. Phenocrysts of pyroxene are observed in the groundmass. The rock is
moderately altered to brown clays. The pyroxenes show alteration to green clays. Veins filled with
epidote observed. Wairakite, quartz fill vesicles. Alteration minerals: epidote, quartz, wairakite, chlorite,
clays and sphene.

1466-1476 m Trachybasalt. Grey, fine grained slightly porphyritic rock. Phenocrysts are mainly
sanidine with a few pyroxenes. Groundmass mainly dominated by finely grained feldspar and pyroxene
with relatively abundant pyroxenes giving it the grey colouration. Plenty of sphene observed in the
groundmass. The rock is slightly altered to green clays. Alteration minerals: epidote, quartz, actinolite,
sphene, chlorite and clays.

1476-1516 m Trachyte. Light grey, fine grained slightly porphyritic rock. Phenocrysts are mainly
pyroxenes, which are abundantly distributed in the groundmass. The rock is massive and shows slight
alteration. Minimal mineral deposits deposited. Crystalline epidote observed. Veins filled with chlorite
noted. Groundmass alters to green clays. Alteration minerals: epidote, quartz, chlorite and clays.

1516-1520 m Trachyte. White to pale green, fine grained trachyte. It is aphyric. Minute pyroxenes are
observed in the groundmass. Rock is slightly altered to green clays and moderately bleached. Alteration
minerals: chlorite, epidote, clays and sphene.

1520-1538 m Trachytic dyke. Dark grey, fine grained rock. The basalt is relatively fresh with sphene
distributed in the groundmass. Alteration minerals: Sphene.

1538-1542 m Trachyte. White to pale green fine grained rock sample. It is aphyric. Minute pyroxenes
are observed in the groundmass. The rock is slightly vesicular with the vesicles filled with quartz
crystals. Rock is slightly altered to green clays and moderately bleached. Alteration minerals: chlorite,
epidote, quartz, clays and sphene.

1542-1566 m Trachyte. Light grey to brownish fine grained rock. It is aphyric. The rock is moderately
altered to brown clays. Pyroxene is observed gradually altering to actinolite. Alteration minerals are less
abundant. The rock is slightly bleached at 1154-1564 m giving it white colouration. Alteration minerals:
epidote, actinolite, quartz and sphene.

1566-1612 m Trachyandesite. Light grey fine grained rock sample. It is moderately porphyritic with
feldspar and pyroxene porphyries. Feldspar porphyries are noted altering to epidote. Euhedral crystalline
epidote also noted depositing in fractures and vesicles. Pyroxene alters to actinolite. Actinolite also
deposits in vesicles and fractures. Rock is slightly altered to brown clays. Some pyroxene shows gradual
alteration through chlorite-actinolite. A paragenetic sequence noted with chlorite-epidote-actinolite
(1590-1592 m). Alteration minerals: epidote, actinolite, chlorite, clays, pyrite and sphene.
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1612-1754 m Trachyte. Light grey to brown fine grained sample. It is aphyric with minute pyroxene in
feldspar rich groundmass. Pyroxene noted to alter to actinolite in some instances and depositing in
fractures in other instances. The rock is highly fractured with euhedral quartz crystals precipitating along
fracture planes. Abundant pyrite noted. Paragenetic sequence noted at 1620-1622 m and 1720-1722 m
with actinolite growing on top of quartz. Feldspars alters to epidote. The rock is slightly to moderately
altered to green and brown clays. High alteration noted at 1690-1692 m. Epidote veins noted at 1620-
1622 m. Alteration minerals: pyrite, chlorite, quartz, epidote, actinolite, clays and sphene.

1754-1814 m Trachyte. Light grey fine grained highly porphyritic formation. Phenocrysts of feldspars
and pyroxene noted. The rock is slightly vesicular with the vesicles being filled with euhedral quartz
crystals. The rock is fractured with fracture planes filling with pyrite and green clays. The rock is
slightly altered to green clays and epidote, but the sanidine are replaced partly by these minerals.
Alteration minerals: epidote, chlorite, quartz, sphene, clays, chalcopyrite, actinolite and wairakite.

1814-1854 m Trachyte. Light grey to brown fine grained trachyte. It is slightly porphyritic with feldspar
phenocrysts. It is highly fractured with abundant micro vein fillings with brown clays and green clays.
Actinolite is relatively abundant and is noted to form from alteration of pyroxene as well as depositing
in fractures. At 1838-1840 a paragenetic sequence is noted with actinolite growing on top of euhedral
quartz crystals. Alteration minerals: epidote, chlorite, clays, quartz, actinolite, chalcopyrite, pyrite and
sphene.

1854-1862 m Lithic tuff. Brown, fine grained lithic rock sample. Lithic fragments comprising of quartz,
feldspars and pyroxene are embedded in the lithic groundmass. Alteration minerals: clays.

1862-1870 m Basalt. Pale green to dark grey fine grained sample. Rock is highly bleached giving it pale
green colour. Groundmass is rich in pyroxene. Abundant actinolite and epidote, which are found
growing in association with one another. It is highly altered to green clays. Sphene is in abundance.
Alteration minerals: epidote, actinolite, chlorite, clays and quartz.

1870-1880 m Trachyte. Light grey, fine grained trachyte. It is aphyric with minute pyroxenes discerned
in the feldspar dominated groundmass. Pyroxene alters to actinolite. The rock is slightly altered to brown
clays. Alteration minerals: epidote, chlorite, actinolite, clays and quartz.

1880-1898 m Trachyte. Light grey, fine grained slightly porphyritic rock sample. Porphyries of feldspar
and pyroxene noted. Pyroxenes show gradual alteration to actinolite. Paragenetic sequence noted with
white clays depositing first followed by chlorite-epidote in a vesicle. The groundmass is moderately to
highly altered to green and brown clays. Alteration minerals: epidote, chlorite, actinolite, clays, sphene,
prehnite, wairakite and quartz.

1898-1922 m Basalt. Dark grey to greenish, fine grained and slightly porphyritic basalt with pyroxene
phenocrysts. Abundant sphene noted. It is moderately to highly altered to green and brown clays. The
rock is relatively bleached as from 1910-1922 m. Epidote is in abundance. Alteration minerals: epidote,
chlorite, clays, sphene and quartz.

1922-1934 m Trachybasalt. Grey fine grained slightly porphyritic rock with phenocrysts of sanidine.
Groundmass is dominated by finely grained pyroxene, sanidine and a few plagioclase. Pyroxene
dominates the groundmass giving the rock texture that lies between basalt and trachyte. It is slightly
altered to green clays. Alteration minerals: epidote, actinolite, quartz, chlorite and clays.

1934-1988 m Trachyte. Light grey, fine grained moderately porphyritic rock with phenocrysts of large
feldspars and small pyroxenes. Groundmass is feldspar rich. Rock is slightly altered to green chlorite
clays. The rock is vesicular with green clays, quartz and actinolite filling in the vesicles. Pyroxene alters
to actinolite. Alteration minerals: pyrite, epidote, prehnite, actinolite, sphene, chlorite, clays, quartz and
wairakite.
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1988-2048 m Trachyte. Light grey fine grained slightly porphyritic rock. The groundmass is rich in
feldspars in which finely grained pyroxenes are discerned. Porphyries are mainly feldspars. Actinolite
occurs as an alteration product of pyroxene as well as a depositional mineral. Rock shows fracturing
with epidote veins noted at 2002-2004m. Euhedral quartz noted in fractures. Rock is slightly altered to
green and brown clays. Alteration minerals: epidote, quartz, actinolite, chlorite, pyrite and clays.

2048-2058 m Rhyolite. Pink, fine grained slightly porphyritic trachyte with feldspars and pyroxene. A
few rhyolite fragments noted with quartz phenocrysts. The rock is slightly altered to brown clays.
Alteration minerals: clays, epidote and chlorite.

2058-2062 m Basalt. Dark grey to greenish, fine grained slightly porphyritic rock with feldspar and
pyroxene phenocrysts. Groundmass is rich in pyroxenes. Rock slightly altered to brown and green clays.
Alteration minerals: chlorite, epidote and quartz.

2062-2086 m Trachyte. Light grey, fine grained slightly porphyritic rock. Phenocrysts are pyroxene,
which are discerned in sanidine rich groundmass. The feldspar groundmass and porphyries are altering
to epidote. Pyroxene alters to chlorite and actinolite. Vesicles filled with euhedral quartz noted.

2086-2102 m Trachyte. Light grey to brown, fine grained and slightly to moderately porphyritic rock
with phenocrysts of feldspar. Groundmass is mainly feldspars with minute pyroxenes discerned in it.
Pyroxenes are observed altering to actinolite and green chlorite clays. A few tuff fragments noted.
Actinolite moderately abundant. Alteration minerals: actinolite, epidote, chlorite, quartz, clays.

2102-2108 m Trachyte. Light grey, fine grained aphyric trachyte. The groundmass is characterised by
sanidine in which minute pyroxenes are discerned. The rock shows slight alteration to green chlorite and
brown clays. Alteration minerals: chlorite, epidote and clays.

2108-2130 m Trachyte. Light grey to brownish grey, fine grained and slightly porphyritic trachyte.
Groundmass is mainly feldspar rich with minute pyroxenes discerned in it. Pyroxene alters to actinolite
and green chlorite clays. Paragenetic sequence noted at 2120-2122 m with actinolite growing on top of
chlorite. Alteration minerals: actinolite, epidote, sphene, chlorite, quartz, clays and chalcopyrite.

2130-2138 m. No sample (Loss of circulation returns)

2138-2156 m Rhyolite. Light grey to grey, feldspar rich, fine grained and slightly porphyritic rhyolite.
Pyroxene and quartz phenocrysts dominate. The grey fragments are few but more rich in pyroxenes.
Pyroxenes are highly altered to green clays and actinolite. Actinolite deposits in fractures and veins.
Actinolite is relatively abundant. Alteration minerals: actinolite, epidote and chlorite.

2156-2166 m Trachyte. Light grey, fine grained and slightly porphyritic trachyte with phenocrysts of
feldspar and pyroxene dominating. Groundmass is characterised by feldspars within which minute
pyroxenes are discerned. Pyroxene phenocrysts show gradual alteration to actinolite. Rock is slightly
altered to green and brown clays. Alteration minerals: actinolite, epidote, chlorite, clays and quartz.

2166-2180 m Trachyte. Brown, fine grained moderately porphyritic rock. The rock is highly altered to
brown clays. Phenocrysts are mainly feldspars. Alteration minerals: clays, epidote and quartz.

2180-2194 m Trachyte. Brownish to light grey, fine grained slightly to moderately porphyritic trachyte.
Phenocrysts are mainly feldspars and pyroxene. Pyroxenes alter to actinolite and green clays. Rock is

highly altered to brown and green clays. Alteration minerals: quartz, clays, epidote and actinolite.

2194-2196 m Trachyte. Pale green fine grained trachyte. The rock is highly chloritised. Remnants of
trachytic texture noted in the chloritised fragments. Alteration minerals: chlorite, clays and quartz.

2196-2198 m Trachyte. Brown, fine grained heterogeneous sample. Sample has a mix of trachyte, tuff
and rhyolite fragments. Trachytic fragments are in abundance. They reveal trachytic texture with
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pyroxene and sanidine mineral grains showing a flow orientation. Phenocrysts of quartz, pyroxene and
feldspars noted. The groundmass is highly altered to brown clays. Alteration minerals: clays, actinolite
and chlorite.

2198-2240 m Trachyte. Light grey, fine grained highly porphyritic trachyte with phenocrysts of
feldspars. It is slightly vesicular with vesicles filled with quartz. It is moderately altered to green clays
with pyroxenes altering to actinolite and green clays. Alteration minerals: actinolite, chlorite, epidote,
quartz, clays and pyrite.

2240-2246 m Trachyte. Grey, fine grained aphyric trachyte. The groundmass has numerous minute
pyroxenes in relative abundance. The rock is slightly altered. The rock is slightly altered to green clays.
Alteration minerals: clays.

2246-2248 m Trachyte. Brown, fine grained slightly porphyritic rock with phenocrysts of sanidine. The
groundmass is rich in feldspars in which minute pyroxenes are discerned in. The rock is highly altered
to brown clays. Alteration minerals: clays, chlorite, actinolite and sphene.

2248-2290 m Trachyte. Light grey, fine grained rock with phenocrysts of feldspars and pyroxenes. Rock
is slightly altered to brown clays. Alteration minerals: pyrite, epidote, sphene and prehnite.

2290-2296 m Basalt. Dark grey to green, fine grained slightly porphyritic basalt with abundance of
pyroxene phenocrysts. Rock is slightly altered to green clays and epidote. Epidote observed in
abundance as a deposition mineral. Alteration minerals: epidote, chlorite and quartz.

2296-2308 m Rhyolite. Pink to light grey, fine grained and highly porphyritic rhyolite with phenocrysts
of quartz and pyroxenes. It is slightly to moderately porphyritic. Groundmass is rich in pink coloured
feldspars. Rock is moderately altered to brown clays. Alteration minerals: pyrite, epidote, sphene and
chlorite.

2308-2348 m Trachyte. Light grey, fine grained and moderately porphyritic trachyte with phenocrysts
being mainly feldspars and pyroxene. Groundmass is mainly feldspathic. Pyroxene alters to actinolite,
while feldspars alters to epidote. Relatively abundant pyrite and actinolite noted at 2332 m. Rock is
relatively altered to brown clays. Quartz noted in vesicles. Paragenetic sequence noted (quartz-prehnite-
actinolite). Alteration minerals: epidote, clays, actinolite, quartz, pyrite and prehnite.

2348-2370 m Trachyte. Grey fine grained aphyric trachyte with. Flow texture noted in the groundmass.
Rock is vesicular in which occurs euhedral quartz crystals and prehnite. Veins filled with chlorite noted.
It is moderately altered to chlorite. A few pyroxenes noted to alter to actinolite. Sphene is noted in the
groundmass. Alteration minerals: sphene, epidote, actinolite, prehnite, chlorite, quartz and pyrite.

2370-2380 m Rhyolite. Pink, fine grained and slightly porphyritic rhyolite with phenocrysts of pyroxene
and quartz. It is fractured with veins filled with chlorite. The rock is slightly altered to green clays with
some pyroxenes noted to alter to green clays and actinolite. Alteration minerals: epidote, actinolite,
pyrite and chlorite.

2380-2408 m Trachyte. Light grey, fine grained trachyte. Flow texture noted with pyroxene and sanidine
mineral grains. The rock is moderately porphyritic with sanidine phenocrysts. The rock is fractured with
micro veins filled with white clays, chlorite and mafic minerals. The rock is slightly altered to brownish
clays. Alteration minerals: epidote, sphene, chlorite, pyrite, clays and actinolite.

2408-2430 m Trachyte. Pink, fine grained highly porphyritic trachyte with phenocrysts being mainly
feldspars and pyroxene. Groundmass is mainly sanidine. Pyroxene alters to actinolite while feldspars
alters to epidote. Rock is slightly altered to chlorite and brown clays. Quartz noted in vesicles.
Paragenetic sequence noted (quartz-prehnite-actinolite). It is slightly fractured with micro veins filled
with white clays and mafic minerals. Alteration minerals: epidote, chlorite and clays.
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2430-2448 m Trachyte. Light grey, fine grained rock. Flow texture noted with pyroxene and sanidine
mineral grains being oriented in one direction in a flow-like manner. The rock is moderately porphyritic
with sanidine phenocrysts. The rock is fractured with micro veins filled with chlorite clay mineral. The
rock is slightly altered to chlorite and brown clays. Alteration minerals: epidote, actinolite, chlorite,
quartz, clays and pyrite.

2448-2458 m Basalt. Pale green to greenish and dark grey, fine grained basalt. A few rhyolite and
trachyte fragments noted. Fragments of a basaltic dyke are noted, which may have intruded in vicinity.
The rock is highly chloritised to green clays. Alteration minerals: epidote, quartz, chlorite, pyrite and
actinolite.

2458-2498 m Trachyte. Light grey, fine grained and moderately porphyritic trachyte with pyroxene and
sanidine phenocrysts. Minute pyroxene discerned in the feldspar rich groundmass. Actinolite deposits
in vugs and veins. Rock is slightly altered to brown clays. Alteration minerals: epidote, pyrite, actinolite,
chlorite and quartz.

2498-2506 m Basaltic dyke. Dark grey to green, fine grained basalt. Moderately porphyritic with
phenocrysts of pyroxene and feldspars. Abundant epidote (alteration mineral mainly from feldspars)
noted. Rock is moderately altered to chlorite clays. Alteration minerals: epidote, chlorite, quartz and

pyrite.

2506-2520 m Trachyte. Pale green to grey, fine grained and moderately to slightly porphyritic rock. The
phenocrysts are mainly pyroxenes and feldspars. The rock is chloritised. It is moderately to highly
altered to green clays. Alteration minerals: epidote, chlorite, pyrite, quartz and actinolite.

2520-2554 m Trachyte. Light grey, fine grained and slightly porphyritic trachyte. Phenocrysts are
mainly feldspars and pyroxenes. The rock is slightly altered to green clays. Wairakite is noted. Alteration
minerals: epidote, wairakite, chlorite and quartz.

2554-2572 m Syenitic intrusion. Whitish, fine grained and moderately porphyritic rock. Phenocrysts of
pyroxene, feldspars and a few quartz are noted. Rock is slightly altered to green clays. Vesicles noted
filled with euhedral quartz, wairakite and chlorite. Alteration minerals: epidote, wairakite and chlorite.

2572-2628 m Trachyte. Light grey to grey, fine grained moderately porphyritic with sanidine and
pyroxene phenocrysts noted. Groundmass is mainly feldspar rich with minute pyroxenes discerned in it.
Epidote noted as an alteration product of feldspar as well as deposited in vesicles and vugs in crystalline
form. Quartz noted growing in fractures. Epidote veins noted. Rock is slightly altered to green clays.
Alteration minerals: epidote, actinolite, wairakite, chlorite, pyrite and quartz.

2628-2648 m Trachyte. Light grey to pale green trachyte. Rock is moderately porphyritic with
phenocrysts of pyroxene and feldspars. Rock is fractured with pyrite veins being noted. Epidote noted
as alteration product of feldspars. Alteration minerals: epidote, actinolite, chlorite and pyrite.

2648-2710 m Trachyte. Ash white, fine grained trachyte. The groundmass is feldspar dominated with
no phenocrysts. Minute pyroxenes are discerned in moderate abundance in the groundmass. The rock
shows slight alteration to pale green clays. Alteration minerals: epidote, actinolite, chlorite, calcite and

pyrite.

2710-2722 m Trachyte. White to pale green, fine grained aphyric trachyte. Specs of pyroxene noted in
some of the fragments. Some of the fragments shows high bleaching and is highly altered to green clays.
Alteration minerals: epidote and chlorite.

2722-2752 m Trachyte. White to light grey, fine grained aphyric trachyte with pyroxene phenocrysts.
Groundmass is dominantly feldspar rich with minute pyroxenes, which tend to show flow texture in
some of the fragments. The rock is slightly altered to green clays. Feldspars seen altering to epidote.
Veins filled with chlorite noted. Alteration minerals: chlorite, pyrite, epidote and actinolite.
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2752-2762 m Basalt. Dark grey to green, fine grained basalt. Groundmass is dominated by pyroxenes
with plagioclase feldspars. The feldspars and pyroxenes are altered to chlorite. Rock is fractured with
clays depositing on the planar fractured surface. Alteration minerals: epidote, chlorite and clays.

2762-2784 m Micro-granite. White, medium grained intrusion. It is porphyritic with phenocrysts of
quartz and feldspars intergrown. The groundmass has moderate pyroxene mineral grains discerned in it.
The groundmass is feldspar rich. The rock is relatively fresh. A few of the pyroxenes are noted to alter
to green clays. Alteration minerals: chlorite, actinolite and epidote.

2784-2808 m Basalt. Dark grey to greenish, fine to medium grained basalt. The rock is aphyric. The
groundmass is characterised by pyroxene and feldspars. It is slightly altered to sphene and chlorite.
Alteration minerals: chlorite, sphene and epidote.

2808-2818 m Micro-granite. White, medium grained intrusion. It is porphyritic with phenocrysts of
quartz and feldspars intergrown. The groundmass has moderate amounts of pyroxene mineral grains
disseminated in it. The groundmass is feldspar rich. The rock is relatively fresh. A few of the pyroxenes
are noted to alter to green clays. Alteration minerals: chlorite, actinolite and epidote.

2818-2842 m Trachyte. White to light grey, fine grained slightly porphyritic rock with phenocrysts of
pyroxenes. Groundmass is characterised by sanidine mineral grains, which shows orientation flow
texture. It is slightly altered to green clays. Pyroxene is noted altering to actinolite. Alteration minerals:
chlorite and actinolite.

2842-2846 m Micro-granite. White, medium grained intrusion. It is porphyritic with phenocrysts of
quartz and feldspars intergrown. The groundmass has moderate pyroxene mineral grains discerned in it.
The groundmass is feldspar rich. The rock is relatively fresh. A few of the pyroxenes are noted to alter
to green clays. Alteration minerals: chlorite and actinolite.

2846-2916 m Trachyte. Light grey to brownish grey, fine grained trachyte. It is highly porphyritic with
sanidine and pyroxene phenocrysts dominating the groundmass. There is high level of pyrite deposition.
The groundmass is feldspar rich. A few of the pyroxene alters to chlorite and actinolite. Alteration
minerals: actinolite, chlorite, epidote, chalcopyrite, pyrite and garnets (2888-2890 m).

2916-2932 m Basalt. Pale green highly bleached basaltic rock. The groundmass has grains of feldspar
and pyroxene, which have been bleached to pale green. Rock is slightly porphyritic and highly altered
to pale green clays. Alteration minerals: chlorite and actinolite.

2932-2958 m Syenitic intrusion. White, medium grained highly porphyritic syenite. Phenocrysts are
mainly sanidine and quartz with some pyroxenes. Rock is slightly altered to green clays. Alteration
minerals: chlorite and actinolite.

2958-2990 m Micro-syenitic intrusion. White to light grey, medium grained and highly porphyritic
syenite. Groundmass is rich in sanidine and a few quartz phenocrysts. The groundmass has fresh
pyroxene mineral grains discerned in the feldspar rich groundmass. The rock is fresh with a few
actinolite crystals noted as deposition mineral. Alteration minerals: actinolite.
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Well OW-917

0-10 m. Pyroclastics. Unconsolidated light grey to brown, fine grained heterogeneous mix of volcanic
glass, obsidian, pumice and tuff fragments. It is oxidised to brown oxides. No hydrothermal alteration
noted. Alteration minerals: oxides.

10-20 m. Pumice. Light grey, glassy textured and highly vesicular pumice. Some of the vesicles have
brown oxides linings. Most of the vesicles are empty. Rock is moderately oxidised to brown oxides. No
hydrothermal alteration noted. Alteration minerals: oxides.

20-40 m. Pyroclastics. Unconsolidated, light grey heterogeneous mixture of pumice, volcanic glass,
rhyolite and obsidian fragments. The glassy groundmass in pumice is undergoing palagonisation
forming palagonite. Rock is oxidised to brown oxides. No hydrothermal alteration noted. Alteration
minerals: calcite, oxides and palagonite.

40-50 m. No sample (Loss of circulation returns).

50-84 m. Pyroclastics Unconsolidated light brown to yellow mixture of pumice, scoria, tuff, rhyolite
and obsidian rock sample. Quartz mineral fragments are also noted. The rock is palagonised forming the
yellow palagonite clays. Rock is slightly oxidised to brown clays. No hydrothermal alteration noted.
Alteration minerals: calcite, oxides and palagonite.

84-108 m. Glassy tuff- White, highly glassy tuff. It is vesicular with some of vesicles being filled with
phillipsite and scolecite zeolites. Quartz and feldspar grains are noted in the groundmass. Alteration
minerals: zeolites (scolecite and phillipsite).

108-136 m. Rhyolite. White to pinkish, fine grained porphyritic rhyolite with quartz phenocrysts. It is
relatively fresh and compact. Alteration minerals: No alteration mineral noted.

136-152 m. Rhyolite. Light grey, fine grained and highly porphyritic rhyolite with quartz phenocrysts
dominating. Groundmass is feldspar rich with minute pyroxenes discerned in it. Banding (bands of
feldspar and pyroxenes is noted in some grains. The rock is relatively fresh. Alteration minerals: No
alteration minerals noted.

152-190 m. Rhyolite. Light brown, fine grained and highly porphyritic rhyolite with phenocrysts of
quartz and sanidine. Slight oxidation to brown clays noted. Amphiboles are noted with some of them
being coated with brown oxides. The rock is relatively fresh. Alteration minerals: zeolites (scolecite)
and oxides.

190-234 m. Lithic? Tuff. Light brown to light grey, fine grained tuff. The groundmass is lithic with
quartz and feldspar phenocrysts lithic fragments embedded in the lithic groundmass. The sample is
moderately vesicular with vesicles being filled with scolecite and mesolite. The rock is slightly altered
to green clays. Alteration minerals: Zeolites (scolecite, mesolite) and clays.

234-274 m. Rhyolite. Light brown to white, fine grained highly porphyritic rock with quartz and sanidine
porphyries. Rock is relatively fresh and compact. It is slightly altered and oxidised to brown clays and
brown oxides respectively. Alteration minerals: clays and oxides.

274-284 m. Tuff. Light brown to light grey, fine grained mixed rock composed of with rhyolite, volcanic
glass and tuff fragments. The tuff fragments are in abundance. Scolecite is noted growing in vesicles,
which characterise the tuff fragments. The rock is slightly altered to green and brown clays. Alteration
minerals: zeolites (scolecite), clays and oxides.

284-288 m. Lithic tuff. Light brown, homogeneous fine grained lithic tuff. Groundmass is lithic with

lithic fragments of quartz and pyroxenes embedded in it. Rock is slightly altered to brown clays.
Alteration minerals: clays.
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288-300 m. Tuff- Light grey to green, fine grained tuff. The groundmass is lithic with quartz, pyroxenes
and sanidine lithic fragments noted. Rock is slightly altered to brown clays. Phillipsite noted deposited
in the vesicles. Alteration minerals: zeolites (phillipsite) and clays.

300-424 m. Rhyolite. Light grey, fine grained felsic rhyolite. Rock is highly porphyritic with phenocrysts
of quartz, sanidine and pyroxenes. The rhyolite has spherulitic texture with this texture being highly
pronounced between 320-370 m. The spherulites are mainly made of pyroxene and sanidine mineral
grains, which radiate from a central location. Pyrite noted between 410-424 m. The rock is relatively
compact. Alteration minerals: clays, chalcedony and pyrite.

424-434 m Breccia. Grey to light grey, fine grained breccia. Slightly vesicular with clay infillings. Some
grains exhibit ignimbritic texture with lenses of welded glass. The rock is slightly altered to brown clays.
Alteration minerals: clays and pyrite.

434-444 m Tuff- Brown, fine grained highly vesicular tuff. Groundmass is lithic with minute feldspar
lithic fragments noted. The glass crystal fragments are noted to alter to green clays. Alteration minerals:
clays.

444-450 m Rhyolitic tuff. Light grey to pale green, fine grained rhyolitic tuff. Groundmass is lithic. Rock
is slightly altered to green and brown clays. Alteration minerals: pyrite, calcite and clays.

480-486 m Tuff. Brown, fine grained tuff. Rock has a lithic-rich groundmass in which cubes of pyrite
are embedded. Vesicles filled with quartz and green clays. Alteration minerals: quartz, clays, pyrite and
calcite.

486-520 m Trachytic tuff. Light grey to pale green, fine grained tuff. Rock has lithic groundmass with
sanidine lithic fragments noted. Cubes of pyrite are noted embedded in the groundmass. Rock is slightly
altered to green clays. Alteration minerals: pyrite, clays, quartz and calcite.

520-536 m Trachyte. Light grey fine grained aphyric trachyte. Groundmass is mainly feldspar rich with
minute pyroxene fragments discerned. It is slightly altered to green clays. Alteration minerals: pyrite,
calcite (dogs tooth calcite at 526-528 m), clays and zeolites (laumontite).

536-564 m Trachyte. Grey, fine grained rock. It has pyroxene mineral grains forming approximately
30% of the groundmass. The rock is dense and massive. Rock is slightly altered to green clays.
Fragments with euhedral vesicles and pyroxenes noted at 562-564 m. The fragments at this depth are
highly felsic with elongated pyroxene crystalline crystals. Alteration minerals: calcite, clays, zeolites
(laumontite, phillipsite).

564-574 m Scoria. Grey, fine grained highly vesicular rock fragments. The vesicles are filled by
phillipsite zeolites. Platy calcite noted. Cubes of pyrite noted embedded in the matrix. Rock is slightly
to moderately altered to brown clays. Alteration minerals: pyrite, calcite, clays and zeolites (phillipsite).

574-588 m Tuff. Grey fine grained highly vesicular tuff. Vesicles are filled with calcite, numerous quartz,
clays and zeolites. Lithic ash cement fragments of trachyte and rhyolite. Rock is moderately altered to
brown clays. Alteration minerals: quartz, pyrite, calcite, clays oxide and zeolites (mesolite and
phillipsite).

588-598 m Trachyte. Light grey to green, fine grained trachyte. The rock is feldspar rich and has
numerous pyroxenes discerned in the groundmass. Trachytic texture noted. Rock is slightly altered to
green clays. Alteration minerals: calcite, clays and pyrite.

598-608 m Tuff- Light grey to brown fine grained tuff. The light grey fragments have rounded feldspar
fragments cemented with the lithic fragments. The brown fragments are all lithic. The rock is slightly
altered to brown clays. A few trachytic fragments are noted. Alteration minerals: oxides, pyrite, clays
and calcite.
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608-632 m Trachyte. Light grey to dark grey, fine grained trachyte. Rock is highly felsic with
groundmass being dominantly feldspar in which a few pyroxene mineral grains are embedded. The
pyroxene ranges from minute size to medium grained. Rock is vesicular between 608-614 m. The
vesicles are filled with quartz and clays. Slight oxidation noted at 608-624 m. The rock is generally
slightly altered to green clays. Alteration minerals: pyrite, quartz, calcite and clays.

632-646 m Trachyte. Dark grey, fine grained trachyte. The rock has feldspar rich groundmass into which
are embedded medium grained pyroxenes. Rock is slightly altered to green clays. Alteration minerals:
calcite and clays.

646-676 m Trachyte. Light grey to greenish, fine grained and slightly to moderately porphyritic trachyte.
Groundmass is feldspar rich with pyroxene and minor sanidine phenocrysts sparsely discerned in the
groundmass. The rock is slightly altered to green clays. Rock is moderately chloritised giving it the
green colour. It is slightly altered to green fine grained clays. Mineral banding is observed. Alteration
minerals: clays, calcite and pyrite.

676-684 m Tuff. Brown, fine grained tuff. The rock is lithic and the rock is moderately vesicular. The
vesicles are filled with numerous small euhedral quartz mineral grains. Rock is slightly altered to brown
clays. A few blue cryptocrystalline tuff fragments also noted. Alteration minerals: pyrite, clays, calcite
and quartz.

684-706 m Trachyte. Light grey, fine grained aphyric trachyte. The rock is massive. It is slightly
vesicular with vesicles filled with quartz mineral grains. It is slightly altered to greenish clays and has
moderately abundant calcite. Alteration minerals: pyrite, quartz, calcite and clays.

706-716 m Trachyte. Light grey, medium grained feldspar rich lava. It is moderately porphyritic with
phenocrysts of sanidine. Minor pyrite is disseminated in the groundmass. Veins filled with calcite noted.
Alteration minerals: calcite, pyrite and clays.

716-732 m Tuff. Grey, cryptocrystalline tuff. The rock shows flow texture indicating the dynamic
changes that happened during eruption. It is fractured and veins filled with calcite, quartz and clays are
noted. Vesicles filled with clays are also noted. Rock is moderately to highly altered to greenish clays.
Alteration minerals: clays, pyrite and quartz.

732-848 m Trachyte. Grey, fine grained slightly to moderately porphyritic trachyte. Porphyries of
sanidine noted. Pyrite is discerned in the groundmass. The groundmass is altered to calcite with some
of the calcite depositing in vesicles in the few fragments that have vesicles. Rock is highly altered at
732-740 m with a few tuff fragments noted here. Rock is relatively oxidised. Quartz noted in vesicles at
732-740 m. The rock is massive. Alteration minerals: pyrite, calcite, clays and quartz.

848-884 m  Crystalline tuff. Brown, fine grained tuff. The groundmass is lithic with minute lithic
fragments of feldspar and pyroxene embedded. The rock is slightly vesicular and the vesicles are filled
with clays and pyrite. Pyrite is noted discerned in the groundmass as well. Alteration minerals: pyrite,
clays and calcite.

884-890 m. No sample (Loss of circulation returns)

890-916 m Trachyte. Light grey, cryptocrystalline to fine grained rock. The rock is slightly vesicular
with clays filling the vesicle linings. Groundmass is lithic with minute pyroxene fragments dispersed in
the groundmass. The groundmass is altered to green clays. Formation is moderately altered to green
clays. Alteration minerals: chlorite, calcite, pyrite, clays, sphene and wollastonite at 898-900 m.
916-922 m No sample (Loss of circulation returns)

922-962 m Trachyte. Light grey, cryptocrystalline to fine grained rock. Groundmass is lithic with a few
fragments of pyroxene. Slightly vesicular with vesicles filled with pyrite. Rock moderately altered to
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green clays. Calcite is moderately abundant and platy calcite is also noted. Formation is slightly oxidised
at 944-962 m. Alteration minerals: pyrite, calcite, chlorite, sphene and illite.

962-974 m Rhyolite. Pink and green, fine grained rhyolite with quartz phenocrysts in the moderately
porphyritic groundmass. The rock is moderately bleached to green clays. The rock is vesicular with the
vesicles being filled with secondary quartz, clays and pyrite. Rock is moderately altered to green clays.
Alteration minerals: quartz, chlorite, clays, calcite and pyrite.

974-1028 m Rhyolite. Brown to pink, fine grained aphyric to slightly porphyritic rock with feldspar
porphyries and quartz porphyries in other instances. It is moderately altered to brown clays. Rock is
slightly vesicular with vesicles being filled with pyrite, quartz and clays. Mineral banding noted with
feldspars banding with pyroxene layers. Alteration minerals: calcite, chlorite and clays.

1028-1054 m Trachyte. Light brown with some green-grey colour and fine grained trachyte. It is slightly
vesicular with clays linings on the vesicles. Some of the fragments are highly oxidised while others are
fresh. Alteration minerals: pyrite, calcite, clays and chlorite.

1054-1088 m Trachyte. Fine grained slightly porphyritic rock with phenocrysts of feldspar noted. Flow
texture noted with elongate sanidine and pyroxene mineral grains. The feldspar shows alteration to green
clays. Pyrite discerned in the groundmass. Alteration minerals: clays, chlorite, pyrite and calcite.

1088-1094 m Trachyte. Grey medium grained, heterogeneous, feldspar rich and slightly porphyritic
trachyte with sanidine phenocrysts. Flow texture is distinct with elongate sanidine phenocrysts, which
are beginning to alter to green clays. Formation is massive. Alteration minerals: pyrite, calcite, chlorite,
illite and chalcopyrite.

1094-1108 m Trachyte. Light grey, fine grained trachyte. Rock is feldspar rich with medium grained
pyroxenes disseminated in the groundmass. Rock is relatively fresh. Alteration minerals: calcite, pyrite
and chalcopyrite.

1108-1124 m Rhyolite. Brown grey fine grained slightly porphyritic trachyte with sanidine and quartz
phenocrysts. Some of the fragments are aphyric. Rock is slightly vesicular with calcite linings and quartz
crystals. Minute pyroxenes discerned in abundance in the groundmass. Rock is slightly altered to green
and brown clays. Rock is compact. Alteration minerals: pyrite, calcite (platy), clays and quartz.

1124-1232 m Rhyolite. Pink and brown, fine grained, highly porphyritic rock. Phenocrysts of feldspar,
quartz and pyroxene are noted. Slight alteration to green clays noted. Rock is rich in feldspars. Alteration
minerals: pyrite, calcite, clays, chlorite and epidote colouration noted at 1194-1196 m and 1218-1220
m.

1232-1292 m Rhyolite. Grey brown, fine grained and slightly porphyritic rhyolite with porphyries of
sanidine in the groundmass. Minor medium sized quartz phenocrysts also noted. Vesicles linings
characterised by calcite and green clays. Groundmass alters to calcite. Rock is moderately oxidised
giving it the brown colour appearance. The rock is slightly altered to green clays. Pyrite is sparsely
discerned in the groundmass. Platy calcite noted. Alteration minerals: pyrite, calcite, chlorite, epidote
colouration at 1236-1240 m, clays, chalcopyrite and chalcedony.

1292-1300 m. No sample (Loss of circulation returns)

1300-1364 m Trachyte. Light grey, fine grained heterogeneous mixture of trachyte, rhyolite and tuff
fragments. Trachyte rock fragments are in abundance. The fragments are vesicular with vesicles being
filled with euhedral quartz. The rock is highly fractured with abundant pyrite filling fracture planes.
Calcite fills vesicles and micro veins and is in abundance. High chloritisation noted at 1358-1360 m.
Epidote noted at 1328-1330 m. Alteration minerals: epidote, chlorite, calcite, pyrite, chalcopyrite,
sphene, clays and quartz.
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1364-1462 m Trachyte. Pink to light grey, fine grained slightly porphyritic rock. The rock is slightly
porphyritic and highly porous with vesicles and vugs filling with fine grained pale green clays. Vesicles
are also filled with euhedral secondary quartz. Veins filled with dark green clays noted. Platy calcite
noted at 14410-1412m and 1438-1440m. The rock is slightly altered to brown and green clays.
Alteration minerals: pyrite, calcite, sphene, chlorite, chalcopyrite and clays.

1462-1488 m Trachyte. Light grey, fine to medium grained, slightly porphyritic trachyte. It is porous
with the vesicles and vugs filling with green clays and calcite. The rock is slightly oxidised. The rock is
moderately altered to brown and green clays. Abundant calcite noted. High alteration noted at 1486-
1488m. Alteration minerals: pyrite, calcite, clays, sphene, chalcopyrite and quartz.

1488-1492 m Trachyte (intrusion). Light grey, cryptocrystalline aphyric rock. Chilled margins of an
intrusion are observed. Distinct flow textures and striations are noted indicating lava flow. Green clays
are noted replacing feldspars. The rock is slightly altered to fine grained green clays. Alteration minerals:
clays.

1492-1514 m Trachyte. Light grey, fine grained slightly porphyritic rock with sanidine phenocrysts
embedded in the groundmass. The rock is highly fractured and moderately to highly oxidised. Rock is
vesicular with vesicles being filled with coarse grained and fine grained green clays and calcite.
Groundmass also alters to calcite. The rock is moderately altered to green and brown clays. Alteration
minerals: pyrite, quartz, calcite, sphene, chlorite and clays.

1514-1552 m Trachyte. Light grey to greenish, fine grained and slightly porphyritic rock sample. The
rock is highly fractured with the micro veins being filled with quartz, calcite and chlorite. Vesicles are
filled with coarse grained green clays and calcite. Formation is moderately altered to green clays.
Epidote colouration noted at 1544-1546 m. Alteration minerals: quartz, sphene, calcite, pyrite, chlorite,
clays and epidote.

1552-1660 m Trachyte. Brown, light grey to pale green trachyte. The formation exhibit a variety of
trachyte textures. It is slightly vesicular with the vesicles being filled with calcite and green clays. Some
of the fragments are highly felsic with minute pyroxene sparsely discerned in the groundmass while
others have pyroxene embedded in the feldspar rich groundmass. The formation is slightly to
moderately altered to green clays. Alteration minerals: chlorite, calcite, pyrite, clays and sphene.

1660-1688 m Trachyte. White to pale green, fine grained and poorly porphyritic rock. The rock is highly
fractured with the micro veins being filled with quartz, pyrite, calcite and green clays. Pyrite cubes are
also noted embedded in the groundmass in abundance. Calcite fills vugs in abundance. Alteration
minerals: pyrite, quartz, calcite, chlorite and sphene.

1688-1762 m Trachyte. Grey to brown, fine grained weakly porphyritic trachyte. Some of the fragments
show flow banding while others are brown, slightly porous with coarse and fine grained green clays and
calcite infillings. Formation is slightly fractured with pyrite, chalcopyrite and green clays filling in the
vesicles. The rock is moderately chloritized to green clays and slightly altered to brown clays. Alteration
minerals: pyrite, quartz, chlorite and sphene.

1762-1864 m Trachyte. Heterogeneous mixture of trachyte with various texture and ranging from grey,
dark grey, light grey to pale green in colour. The dark grey fragments are mainly basaltic and are mainly
found between 1800-1824 m forming approximately 20% of the sample. This indicates there is a thin
basaltic unit in between the trachytes. The trachyte is highly vesicular with the vesicles being filled with
quartz, coarse grained and fine grained chlorite clays. The rock is slightly fractured with micro veins
being filled with pyrite and chlorite clays. The rock is moderately to highly altered to green and brown
clays. Alteration minerals: clays, chlorite, pyrite, calcite (platy at 1792-1794 m), sphene and quartz.

1864-1868 m Trachyte. Light grey to pale green, fine grained and weakly porphyritic trachyte.

Groundmass is feldspathic with specs of pyroxene, which occur in a flow textured pattern. The rock is
slightly vesicular with the vesicles being filled with calcite. Calcite is observed to deposit in association
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with wairakite at 1686-1688m. The rock is slightly altered to green chlorite clays. Alteration minerals:
calcite, pyrite, chlorite and wairakite.

1868-1872 m Basalt. Light grey to dark grey and green grey basalt. The rock is slightly to moderately
altered to green clays. Alteration minerals: Epidote, calcite, sphene and quartz

1872-1880 m Trachyte. Light grey to pale green, fine grained and weakly porphyritic trachyte.
Groundmass is feldspathic with specs of pyroxene, which have a trachytic flow texture. The rock is
slightly vesicular with the vesicles being filled with calcite. The rock is slightly altered to green chlorite
clays. Alteration minerals: sphene, calcite and chlorite.

1880-1890 m. No sample (Loss of circulation returns)

1890-1894 m Trachyte. Pale green, fine grained aphyric rock formation. It is vesicular with vesicles
being filled with calcite. Rock is highly chloritised to green chlorite clays. Alteration minerals: traces of
epidote at 1890-1892 m, calcite, pyrite and chlorite.

1894-1916 m. No sample (Loss of circulation returns).

1916-1992 m Trachyte. Light grey to pale green, fine grained and weakly porphyritic trachyte. The rock
is rich in feldspars with specs of pyroxene embedded in the feldspar rich groundmass. The rock is weakly
vesicular with vesicles filling with calcite and green clays. The rock is slightly to moderately altered to
brown and green clays. Pyrite cubes noted. Quartz noted filling in vesicles. From 1960-1992 m, the rock
is highly fractured with high alteration to brown clays being noted. Alteration minerals: quartz, calcite,
pyrite, clays, chlorite and sphene.

1992-2004 m Basaltic dyke. Dark grey to green, fine grained aphyric basalt. It is slightly fractured and
vesicles filled with green clays and calcite. Alteration minerals: calcite and clays.

2004-2024 m. No sample (Loss of circulation returns).

2024-2058 m Trachyte. Light grey to pale green, fine grained aphyric trachyte. The rock has groundmass
rich in feldspar with specs of pyroxenes. Groundmass is moderately to highly bleached with formation
of green clays. The rock is slightly vesicular with the vesicles filled calcite and quartz. The rock is
slightly fractured with the veins filled with chlorite clays. Epidote is noted to alter from feldspars.
Alteration minerals: epidote, calcite, chlorite, sphene and pyrite.

2058-2064 m. No sample (Loss of circulation returns)

2064-2084 Trachyte. Light grey to pale green, fine grained aphyric trachyte. The rock has groundmass
rich in feldspar with specs of pyroxenes. Groundmass is moderately to highly bleached with formation
of green clays. The rock is slightly vesicular with the vesicles filled calcite and quartz. Calcite is noted
in abundance with micro veins being filled with calcite and green clays. Epidote is noted to alter from
feldspars. Alteration minerals: epidote, calcite, chlorite, sphene and pyrite.

2084-2088 m. No sample (Loss of circulation returns).

2088-2140 m Trachyte. Light grey to pale green, fine grained aphyric trachyte. The rock has groundmass
rich in feldspar with specs of pyroxenes. Groundmass is moderately to highly bleached with formation
of pale green clays. The rock is slightly vesicular with the vesicles filled with calcite and quartz. The
rock is slightly fractured with the veins filled with chlorite clays. Alteration minerals: epidote, calcite,

chlorite, sphene and pyrite.

2140-2146 m. No sample (Loss of circulation returns)
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2146-2164 m Trachyte. Light grey to pale green, fine grained aphyric trachyte. The rock has groundmass
rich in feldspar with specs of pyroxenes. Groundmass is moderately to highly bleached with formation
of green clays. The rock is slightly vesicular with the vesicles filled calcite and quartz. The rock is
slightly fractured with the veins filled with chlorite clays. Alteration minerals: epidote, calcite, chlorite,
sphene and pyrite.

2164-2172 m. No sample (Loss of circulation returns)

2172-2200 m Trachyte. Light grey to pale green fine grained aphyric trachyte. The rock has groundmass
rich in feldspar with specs of pyroxenes. Groundmass is moderately to highly bleached with formation
of green clays. The rock is slightly vesicular with the vesicles filled calcite and quartz. The rock is
slightly fractured with the veins filled with chlorite clays. Epidote is noted to alter from feldspars.
Alteration minerals: epidote, calcite, chlorite, sphene and pyrite.

2200-2216 m Trachyandesite. Green to dark grey, fine to medium grained aphyric trachyandesite.
Groundmass is rich in plagioclase and pyroxene. The rock is slightly altered to green clays. Alteration
minerals: calcite, epidote, sphene and chlorite.

2216-2238 m Trachyte. Light brown to pale green with occasional light grey, fine grained aphyric
trachyte. The rock is vesicular with the vesicles being filled with green clays. It is moderately fractured
with the fractures being filled with numerous euhedral quartz crystals. Micro veins filled with pyrite
and calcite are noted. Alteration minerals: clays, chlorite, pyrite, calcite, sphene and quartz.

2238-2262 m Trachyte. Pale green to light brown aphyric trachyte. The groundmass is rich in feldspars
and is highly chloritized. Specs of pyroxene are discerned in the groundmass. The rock is porous with
vesicles and vugs being filled with green clays and calcite. Pyrite is also noted. Quartz is seen growing
along fracture planes, in vugs and vesicles. Alteration minerals: epidote at 2246-2248 m, calcite, quartz,
chlorite, pyrite and sphene.

2262-2274 m Trachyte. Light brown to light green, fine grained trachyte. The lava exhibit various
trachytic textures. The rock is highly porous and fractured with the vugs and veins being filled with
green clays and calcite. Quartz also noted growing along fracture planes. Alteration minerals: pyrite,
clays, chlorite and calcite.

2274-2320 m Trachyte. Grey, fine grained, aphyric trachyte. The rock is relatively compact. Calcite is
abundant and mainly within the groundmass. The rock is slightly altered to green clays. Alteration
minerals: calcite, clays and pyrite.

2320-2324 m Trachyte. Light grey to pale green, fine grained, aphyric trachyte with occasional
cryptocrystalline fragments. The rock is fractured and pyrite is noted filling in veins. The rock is
moderately altered to green clays. Alteration minerals: calcite, sphene, clays and pyrite.

2324-2336 m Trachyte. Light grey to brown, fine grained aphyric trachyte. The rock has vugs and
vesicles filled with green clays and calcite. The rock is moderately oxidised. Chalcopyrite also noted
filling the vesicles. Alteration minerals: calcite, sphene, pyrite, clays, chlorite, chalcopyrite and
wairakite at 2330-2332 m.

2336-2340 m. No sample (Loss of circulation returns).

2340-2344 Syenitic intrusion. White, medium grained feldspar rich syenite. The groundmass is
characterised by medium grained quartz and feldspar mineral grains with quartz forming approximately
5% of the groundmass. A few trachyte fragments noted. Alteration minerals: chlorite, calcite, pyrite,

sphene and clays.

2344-2402 m Trachyte. Light grey to brown, fine grained aphyric trachyte. The sample is slightly
vesicular and slightly fractured. Quartz, chalcopyrite and pyrite grow along the fracture planes. Vesicles
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filled with brown and green clays noted. Calcite is abundant in the groundmass, in vugs and vesicles. A
few pale green fragments are also noted. Slight oxidation noted at 2360-2364 m. Alteration minerals:
quartz, calcite, pyrite, clays, epidote colouration at 2362-2364 m, and chalcopyrite.

2402-2406 m Trachyte. Grey, fine grained aphyric trachyte. Vugs and vesicles are filled with chlorite
clays, quartz and calcite. The rock is slightly altered to green clays. Alteration minerals: calcite, chlorite,
pyrite, clays and sphene.

2406-2428 m Trachyte. Light grey to brown, fine grained aphyric trachyte. The sample is slightly
vesicular and slightly fractured. Quartz, chalcopyrite and pyrite grow along the fracture planes. Vesicles
filled with brown and green clays noted. Calcite is abundant in the groundmass, in vugs and vesicles.
Alteration minerals: quartz, calcite, sphene, pyrite and clays.

2428-2506 m Trachyte. Grey to light grey, fine grained weakly porphyritic trachyte. It is moderately to
highly fractured with euhedral quartz grains filling the fracture planes. It is slightly vesicular with
vesicles and vugs filled with green chlorite clays, calcite and mafic minerals. Epidote colouration is
noted at 2438-2440 m, 2458-64 m. Veins filled with quartz are noted between 2500-2502 m and 2506-
2508 m. The formation shows slight intensity of alteration to green clays. Partial losses noted between
2442-2446 m and 2450-2452 m. Alteration minerals: epidote, sphene, chlorite, sphene and quartz.

2506-2520 m Trachyte. Light grey, fine grained and slightly porphyritic trachyte. Groundmass is rich in
feldspars with pyroxenes dispersed in a random manner in the groundmass. Phenocrysts of sanidine are
noted. The formation is slightly altered to brown clays. Veins filled with quartz are noted. Alteration
minerals: quartz, pyrite, calcite and clays.

2520-2594 m Trachyte. Grey, fine grained and weakly porphyritic trachyte. The rock is slightly fractured
with the fractures being filled with euhedral quartz. The rock is slightly altered to brown clays. Epidote
noted at 2556-2558 m. Alteration minerals: calcite, epidote, pyrite and clays.

2594-2600 m Trachyte. White to grey and occasional pale green, fine grained, aphyric trachyte. The
rock exhibits trachytic texture. The rock is bleached forming pale green clays. It is moderately altered
to green clays. Alteration minerals: chlorite, pyrite, clays and epidote.

2600-2610 m Trachyte. Grey, fine grained trachyte. It is slightly oxidised. The rock is slightly altered to
brown clays. Alteration minerals: clays, calcite and pyrite.

2610-2618 m Syenitic intrusion. White, medium grained feldspar rich syenite. The groundmass is
characterised by medium grained quartz and feldspar mineral grains with quartz forming approximately
5% of the groundmass. A few trachyte fragments noted. Alteration minerals: chlorite, calcite, pyrite,
sphene and clays.

2618-2670 m Trachyte. Light grey, fine grained and weakly porphyritic trachyte. The unit is slightly
fractured with the fracture planes being filled with quartz. It is slightly vesicular with green clays and
calcite filling the vesicles. The rock is slightly altered to green clays. Epidote colouration noted at 2630-
2632 m. Alteration minerals: platy calcite at 2662-2664 m, pyrite, chlorite, clays, sphene and sphene.

2670-2682 m Trachyte. White grey, fine grained, aphyric rock trachyte. The rock is highly felsic with
minute pyroxene discerned in the groundmass. The rock is moderately vesicular with vesicles filled with
coarse grained green clays, quartz and calcite. The rock is slightly to moderately altered to green clays.
Alteration minerals: platy calcite at 2678-2680 m, sphene, chlorite and pyrite.

2682-2690 m Trachyte. Light grey, weakly porphyritic fine grained trachyte. Rock shows trachytic

texture in some of the fragments. The formation is slightly altered to brown clays. Alteration minerals:
calcite, clays and pyrite.
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2690-2708 m Trachyte. Grey, fine grained aphyric trachyte. It is slightly vesicular with calcite filling in
vesicles and veinlets. The formation is slightly altered to green clays. Alteration minerals: calcite,
sphene, pyrite and clays.

2708-2738 m Trachyte. White to light grey, fine grained moderately porphyritic trachyte with feldspar
rich groundmass in which are embedded sanidine phenocrysts. Specs of pyroxene are noted in the
groundmass. The sample is relatively fresh with slight alteration to green clays. The rock is slightly
fractured with micro veins, which are filled with green clays and calcite. Alteration minerals: calcite and
clays.

2738-2748 m. No sample (Loss of circulation returns).

2748-2773 Trachyte. Light grey, fine grained aphyric trachyte. The rock is moderately vesicular and
moderately fractured. Vesicles are filled with green clays and red brown oxides. Veins filled with green
clays are noted. The formation is moderately altered to brown clays. Alteration minerals: pyrite, calcite,
chlorite and clays.

2772-2832 m Trachyte. Light grey, fine grained and slightly to moderately porphyritic trachyte. The
rock is slightly fractured. Vesicles and vugs are filled with coarse grained green clays and calcite. Veins
are filled with clays. It is slightly altered to green clays. Feldspars are noted altering to epidote at 2804-
2808 m. Partial losses noted at 2828-2842 m. Alteration minerals: pyrite, epidote, calcite, chlorite, clays
and sphene.

2832-2864 m Trachyte. Grey, fine grained aphyric trachyte. The formation is relatively fresh with
minimal clay and calcite deposition. It is slightly fractured with veins being filled with brown and green
clays. Alteration minerals: calcite, clays and pyrite.

2864-2914 m Trachyte. Light grey, fine grained slightly porphyritic trachyte. Sanidine phenocrysts are
noted. The rock is feldspar rich and relatively fresh. Green clays are noted as products of feldspar
alteration. Slight oxidation noted. Alteration minerals: clays, pyrite and calcite.

2914-2938 m Syenitic intrusion. White, medium grained feldspar rich syenite. Medium grained quartz
grains noted sparsely disseminated in medium grained sanidine dominated matrix. The rock is relatively
fresh. Specs of pyroxenes are noted sparsely discerned in the groundmass. Alteration minerals: clays,
calcite and pyrite.

2938-2962 m Trachyte. Light grey, fine grained, aphyric to weakly porphyritic trachyte. The rock has
specs of pyroxenes dispersed in the feldspar rich groundmass. The rock is relatively fresh with slight
alteration to green clays being noted. Alteration minerals: chlorite, clays, calcite and pyrite.

2962-2966 m Basaltic dyke. Dark grey, cryptocrystalline and slightly porphyritic rock fragments.
Porphyries of pyroxenes noted. The formation is highly fractured with quartz veins being noted. The
rock is relatively fresh. Alteration minerals: clays, quartz and epidote at 2962-2964 m.

2966-2982 Trachyte. Light grey, fine grained, aphyric to weakly porphyritic massive trachyte. The rock
is feldspar rich with pyroxene mineral grains discerned in the feldspar rich groundmass. The formation
is slightly altered to green clays. Alteration minerals: calcite, clays and pyrite.

2982-2990 m Basaltic dyke. Dark grey, cryptocrystalline and slightly porphyritic basaltic dyke.

Porphyries of pyroxenes noted. The formation is highly fractured with quartz veins being noted. The
rock is relatively fresh. Alteration minerals: clays
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APPENDIX B: XRD analysis for clay minerals from OW-905A

OW-905A CLAY ANALYSIS APPENDIX

(m) d(001) A [d(001)G  [d(001)H  [d(002) Mineral Other minerals
332-334 14.66 18.04 10.51 Smectite Feldspars

352-354 14.59 18.26 10.47 Smectite Feldspars

372-374 13.51 18.9 10.44 Smectite Feldspars

392-394 13.51 18.9 10.44 Smectite Feldspars

412-414 13.51 18.4 10.44 Smectite Feldspars, Amphiboles
432-434 13.51 18.4 10.44 Smectite Feldspars, Amphiboles
472-474 12.93 17.76 10.44 Smectite Feldspars, Amphiboles
492-494 12.93 17.76 10.44 Smectite Feldspars, Amphiboles
512-514 12.93 17.76 12.93 Smectite Feldspars, Amphiboles
572-574 15.35 17.45 10.44 Smectite Feldspars

612-614 14.68 17.45 10.5 Smectite Feldspars

652-654 16.03 17.93 10.4 Smectite

672-674 15.73, 10.40 [15.73, 10.40 |[15.73, 10.40 [7.31, HIT=0 [Chlorite + lllite

692-694 No clear peakgNo clear peaks|No clear peaksNo clear peaks|No clear peaks No clear peaks

712-714 No clear peakgNo clear peaks|No clear peaksNo clear peaks|No clear peaks No clear peaks

732-734 14.85, 10.29 (14.85, 10.29 (14.85, 10.29 [7.21, HIT=0 (Chlorite + lllite

752-754 14.85, 10.29 (14.85, 10.29 (14.85, 10.29 [7.31, HIT=0 [Chlorite + lllite

772-774 14.78, 10.41 |[14.78, 10.41 |14.78, 10.41 (7.26, HIT=0 |Chlorite + lllite

812-814 15.35 18.11 10.27 Smectite (traces)

852-854 16.26 17.65 10.33 Smectite

872-874 12.91 17.55 10.09 7.24, HIT=0  |Chlorite +

892-894 15.46 17.79 10.28 7.28, HIT=0  |Chlorite + Chl:sm Feldspars

912-914 13.15 18.15 10.53 7.28, HIT=0  |Chlorite + Chl:sm

952-954 15.33 17.97 10.53 7.22, HIT=0 |Chlorite + Chl:sm

972-974 13.31 17.79 10.37 Smectite

1032-1034 |13.27 18.86 10.48 Smectite Feldspars

1052-1054 (14.83 18.67 10.48 7.36, HIT=0 |Chlorite + Feldspars

1072-1074 |14.45 17.79 10.34 7.26, HIT=0 |Chlorite + Chl:sm Feldspars

1092-1094 (13.08 17.72 10.48 Smectite Feldspars, Amphiboles
1112-1114 |15.15, 10.32 |15.15, 10.32 |15.15, 10.32 |7.33, HIT=0 |Chlorite + lllite Feldspars

12741274 |- - - 7.29, HIT=0 |Chlorite Chl. Feldspars

1292-1294 |14.59 14.59 14.59 7.26, HIT=0 |Chlorite Chl. Feldspars

1312-1314 |- - - 7.26, HIT=0  |Chlorite Chl. Feldspars
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Depth

(m) d(001) A d(001) G d(001) H d(002) Mineral Type Other minerals
1312-1314 |- - - 7.26, HIT=0  [Chlorite Chl. Feldspars

1332-1334 |- - - 7.17, HIT=0  |Chlorite Chl. Feldspars

1352-1354 |14.68 14.68 14.68 7.21, HIT=0  [Chlorite Chl. Feldspars

1372-1374 |14.68 14.68 14.68 7.21, HIT=0  |Chlorite Chl. Feldspars

1392-1394 |14.68, 10.33 |14.68, 10.33 |14.68, 10.33 |7.21, HIT=0 |Chlorite + lllite Feldspars

1412-1414 |12.31 12.31 12.31 7.21, HIT=0  |Chlorite Chl. Feldspars

1432-1434 |- - - 7.17, HIT=0  |Chlorite Chl. Feldspars

1452-1454 |- - - 7.17, HIT=0  [Chlorite Chl. Feldspars

1472-1474 112.31 12.31 12.31 7.17, HIT=0  |Chlorite + lllite

1492-1494 [10.51 10.51 10.51 lllite (traces) i ]

1512-1514 |10.35 10.35 10.35 7.23, HIT=0 |Chlorite + lllite Feldspars

1552-1554 |- - - 7.33, HIT=0 [Chlorite Feldspars

1572-1574 |10.35 10.35 10.35 7.21, HIT=0 |Chlorite + lllite Feldspars

1592-1594 |- - - 7.23, HIT=0 [Chlorite Feldspars

1612-1614 |- - - 7.23, HIT=0 |Chlorite Feldspars

1632-1634 |10.35 10.35 10.35 7.23, HIT=0 |Chlorite + lllite Feldspars

1652-1654 |10.35 10.35 10.35 7.23, HIT=0 |Chlorite + lllite Feldspars

1692-1694 |10.35 10.35 10.35 7.23, HIT=0 |Chlorite + lllite Feldspars

1732-1734 110.35 10.35 10.35 7.23, HIT=0 |Chlorite + lllite Feldspars

1754-1754 |10.35 10.35 10.35 7.23, HIT=0 |Chlorite + lllite Feldspars

1772-1774 110.35 10.35 10.35 7.32, HIT=0 |Chlorite + lllite Feldspars

1792-1794 |10.45 10.45 10.45 7.32, HIT=0 |Chlorite + lllite Feldspars

1812-1814 |10.45 10.45 10.45 7.28, HIT=0 |Chlorite + lllite Feldspars

1892-1894 [14.94, 10.45 [14.94, 10.45 [14.94, 10.45 |[7.28, HIT=0 |Chlorite + lllite Feldspars

1912-1914 |14.94, 10.45 |14.94, 10.45 |14.94, 10.45 |7.28, HIT=0 |Chlorite + lllite Feldspars

1952-1954 |14.63, 10.45 [14.63, 10.45 |[14.63, 10.45 |[7.18, HIT=0 |Chlorite + lllite Feldspars

1972-1974 |14.63, 10.40 |14.63, 10.40 |14.63, 10.40 |7.22, HIT=0 |Chlorite + lllite Feldspars

1992-1994 |14.63, 10.29 |14.63, 10.29 |14.63, 10.29 |7.18, HIT=0 |Chlorite + lllite Feldspars

2012-2014 (14.96, 10.54 |14.96, 10.54 |14.96, 10.54 (7.28, HIT=0 |Chlorite + lllite Feldspars

2032-2034 (14.96, 10.54 |14.96, 10.54 |14.96, 10.54 [7.28, HIT=0 |Chlorite + lllite Feldspars

2052-2054 (14.96, 10.54 |14.96, 10.54 |14.96, 10.54 [7.28, HIT=0 |Chlorite + lllite Feldspars

2072-2074 (14.96, 10.44 |14.96, 10.44 |14.96, 10.44 |7.22, HIT=0 |Chlorite + lllite Feldspars

2152-2154 (14.96, 10.44 |14.96, 10.44 |14.96, 10.44 [7.26, HIT=0 |Chlorite + lllite Feldspars

2172-2174 (14.96, 10.63 |14.96, 10.63 |14.96, 10.63 [7.31, HIT=0 |Chlorite + lllite Feldspars

2192-2194 (14.96, 10.53 |14.96, 10.53 |14.96, 10.53 [7.31, HIT=0 |Chlorite + lllite Feldspars

2212-2214 (14.96, 10.50 |14.96, 10.50 |14.96, 10.50 ([7.31, HIT=0 |Chlorite + lllite Feldspars

2252-2254 (15.14, 10.26 |15.14, 10.26 |15.14, 10.26 [7.31, HIT=0 |Chlorite + lllite Feldspars

2272-2274 (15.14, 10.43 |15.14, 10.43 |15.14, 10.43 [7.31, HIT=0 |Chlorite + lllite Feldspars

2352-2354 [15.14, 10.43 |15.14, 10.43 |15.14, 10.43 |7.31, HIT=0 |Chlorite + lllite Feldspars

2392-2394 (15.14, 10.43 |15.14, 10.43 |15.14, 10.43 [7.31, HIT=0 |Chlorite + lllite Feldspars

2412-2414 (15.14, 10.43 |15.14, 10.43 |15.14, 10.43 [7.31, HIT=0 |Chlorite + lllite Feldspars

2432-2434 (15.15, 10.48 |15.15, 10.48 |15.15, 10.48 ([7.32, HIT=0 |Chlorite + lllite Feldspars

2452-2454 (15.15, 10.48 |15.15, 10.48 |15.15, 10.48 ([7.32, HIT=0 |Chlorite + lllite Feldspars

2472-2474 (15.15, 10.48 |15.15, 10.48 |15.15, 10.48 (7.32, HIT=0 |Chlorite + lllite Feldspars

2492-2494 (15.14, 10.24 |15.14, 10.24 |15.14, 10.24 [7.32, HIT=0 |Chlorite + lllite Feldspars

2632-2634 [15.14, 10.45 |15.14, 10.45 |15.14, 10.45 |7.32, HIT=0 |Chlorite + lllite Feldspars

2650-2654 (15.14, 10.34 |15.14, 10.34 |15.14, 10.34 [7.32, HIT=0 |Chlorite + lllite Feldspars

2672-2674 (14.68, 10.34 |14.68, 10.34 |14.68, 10.34 [7.32, HIT=0 |Chlorite + lllite Feldspars

2692-2694 (14.68, 10.43 |14.68, 10.43 |14.68, 10.43 (7.32, HIT=0 |Chlorite + lllite Feldspars, Amphiboles
2712-2714 (14.68, 10.43 |14.68, 10.43 |14.68, 10.43 [7.32, HIT=0 |Chlorite + lllite Feldspars, Amphiboles
2732-2734 (14.68, 10.26 |14.68, 10.26 |14.68, 10.26 [7.32, HIT=0 |Chlorite + lllite Feldspars, Amphiboles
2752-2754 (14.68, 10.43 |14.68, 10.43 |14.68, 10.43 [7.32, HIT=0 |Chlorite + lllite Feldspars, Amphiboles
2772-2774 (14.68, 10.43 |14.68, 10.43 |14.68, 10.43 [7.32, HIT=0 |Chlorite + lllite Feldspars, Amphiboles
2792-2794 (14.68, 10.43 |14.68, 10.43 |14.68, 10.43 [7.32, HIT=0 |Chlorite + lllite Feldspars, Amphiboles
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APPENDIX C: Procedure for ICP-OES analysis
The rock cuttings were ground in an agate mortar to about 100 mesh powder.

100 mg + 2 mg of the sample was weighed in an epicure graphite crucible in which it was added 200
mg + 2 mg of lithium metaborate flux (LiBO,) and mixed. Six working standards samples were prepared
for instrument calibration and fluctuation monitoring. 250 mg + 2 mg of ATHO, BALK and BTHO
standard samples were mixed with 500 mg + 2 mg of lithium metaborate flux. 100 mg + 2 mg of K-
1919, RGM-1 and BIR-1 were mixed with 200 mg = 2 mg of lithium metaborate flux.

This were fused in an electric furnace at 1000°C for 30 minutes. The fused bead was transferred into a
bottle containing 30 ml of complexion acid mixture (5% conc HNO3, 1.33% HCL and 1.33% semi-
saturated oxalic acid) after being allowed to cool for 30 minutes. The bead and the complexion acid
solution were stirred in a centrifuge to complete dissolution. The sample was then ready for ICP-OES
analysis.

Analytical session (Spectra CIROS ICP-spectrometer) began by running the three calibration standards
(ATHO, BALK and BTHO). The spectra vision was used to calculate a two to three calibration line for
each element.

Instrumental reference sample (REF) for monitoring any fluctuations that may occur during analysis
was made by mixing three equal parts of the three reference samples. The REF was analysed at the
beginning of the session and at 10 sample interval throughout the analytical session. The BTHO standard
sample was analysed within each batch of 10 samples in order to monitor instrument reproducibility in
multiple analysis.

The raw data were pasted into a correction spreadsheet. The analytical sums for the raw data varied from
98-102 weight percentage. The whole batch analysis was normalised to 100% sum. The spread sheet
then calculated time dependent variation down each column (element) of the analysis by finding the
difference between the first and the last reading of the reference sample. The total variation was then
divided into 10 equal parts. Each line was corrected by adding the variation-increment which was then
added to all subsequent lines of batch. The sums were normalized to 100%.

The insignificant time dependent variation-correction was applied to the batch. This made the values of
the reference samples at the beginning and end of the sample batch equal.
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