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ABSTRACT

Three production wells from the Olkaria Domes figkenya) were allowed to discharge for 3 monthganly 2009
and this communication describes the chemical caitipn of the fluids from these three wells (OW-8)30W-
904B and OW 909). Down hole temperatures range 2661C to 350C for these three wells which agree with the
solute and gas geothermometérbe wells produce fluids with high pH, deep fluith panges from 6.9 to 8.3. OW
909 has higher deep fluid TDS, pH and concentratmmanions (B, Cl, F), Na and K as compared to @08B and
OW 904B. Olkaria Domes wells have a sodium bicaab@mwater type similar to those of Olkaria west &ikaria
central fields. Concentrations of most dissolvedstituents were initially low but then increasedhwincreasing
enthalpy, a considerable range in observed coratéaris. Deep fluids appear to be close to equilibrwith quartz
and calcite. Very low Ca concentrations suggesdt ¢hkcite scaling will not be a problem for theliatition of the
Olkaria Domes geothermal fluids in electricity geat®n but fluid has to be separated at tempersataibeve 100°C to
prevent silica scaling. There’s also low carborxidi® emission from these wells.

INTRODUCTION

The Greater Olkaria Geothermal Area (GOGA) is sédasouth of Lake Naivasha on the floor of the lseurt
segment of the Kenya rift (Figure 1). The Kenyaigfpart of the East African rift system that rdnmm Afar triple
junction at the Gulf of Eden in the north to Beikégzambique in the south. It is the segment ofaastern arm of the
rift that extends from Lake Turkana to the Northgldo Lake Natron northern Tanzania to the soutte fft is part of
a continental divergent zone where spreading oaasdting in the thinning of the crust hence empbf lavas and
associated volcanic activities (Lagat 2004).

The Greater Olkaria Geothermal Area consists ofsesectors namely, Olkaria North East, Olkaria E@#faria
Central, Olkaria South West, Olkaria North WestaDia South East and Olkaria Domes. This reportentrates on
part of the Greater Olkaria Geothermal Area — thieafta Domes field, which is being developed by #enya
Electricity Generating Company (KENGEN), in addititw their other two producing fields - Olkaria Eard Olkaria
North East. This study aims at interpreting the tigeomal fluid types, the chemical components ang an
recommendations resulting thereof in evaluating adhemistry of well discharges from three Olkarianis wells
(OW 903B, OW 904B and OW 909). | also compare thgevs of the Domes field to the other six fieldshie Greater
Olkaria Geothermal Area.
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FIGURE 1: Map of the Kenya rift showing the location
of Olkaria geothermal field and other
quaternary volcanoes along the rift axis.

conducted and the fluids characterised. These were
mixed sodium bicarbonate—chloride—sulphate water
type with very dilute chloride concentrations ramngi
from 178 to 280 ppm (Opondo 2008).

GEOLOGICAL SETTING

The volcanic activity in the Olkaria domes area has
progressed from Miocene to the present with eraptio
producing rocks ranging from intermediate to acithw

minor basic eruptions. Major volcanic and fissure
controlled eruptions characterised by caldera pe#a

phases have resulted in uneven surface topography
covered by fresh lava rocks and pyroclastics. Sofme
the volcanic centres are aligned on an arcuatetsteu

that suggests that the Olkaria complex is a remaoént
an older caldera which is commonly known as thg rin
structure. The presence of the ring of domes has be
used to suggest the presence of a buried caldera

Olkaria Domes Field is located within the GOGA and
lies to the west of Longonot Volcano. Olkaria Domes
is the latest of these seven sectors to be dedpddri
Three deep exploration wells were drilled between
1998 and 1999. An approximately 15 wells, both
vertical and directional, have been drilled in tfiames
area (as of May 2009). Olkaria East and OlkariatiNor
East are fully developed with installed capacitéd5
MWe and 70 MWe. Optimization for the two power
plants operated by KENGEN in Olkaria East and
Olkaria North East fields are underway with more
wells being drilled in the Olkaria East field. Otla
South West has a 50 MWe binary plant operated by
Orpower4 Inc while a smaller binary plant of ~4 MWe
is operated by Oserian Development Company (ODC).

Olkaria Domes Field lies to the east of the Olk&@ast
Field (Figure 2). It is bound approximately by the
Hell’'s Gate National Park, OI' Njorowa gorge to the
west and a ring of domes to the north and south
(Mungania 1999). Most of the Olkaria Domes Field
lies within the less than 2@m apparent resistivity
zone that covers the central and western portibtizeo
Olkaria Domes prospect. The rest of the field lies
within the 30Qm apparent resistivity (Onacha 1993).
Three initial exploration wells were sited in thik&@ia
Domes Field and were drilled to depths varying from
1900m to 2200m vertical depth. These were wells
OW-901, OW-902 and OW-903. These wells were
sited to investigate the easterly, southerly andtevty
extents of the reservoir and the structures thatige
fluid flow into the field. Discharge tests were
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FIGURE 2: Geothermal Fields in the Greater Olkaria

Geothermal Area (GOGA).

(Mungania 1992). The surface outcrops mainly cosgpralkali rhyolite lava flows, pyroclastic deposigme

trachytic and basaltic flows. Pyroclastic depositsnprise compacted and reworked beds and pumibedgposits
which are very thick on the Domes. Some lava dye® 6 m thick have been observed to cut acraspyloclastics
a NS direction. The pyroclastic ash deposits are wefetad and vary from weakly to highly weathered rofte
imparting a brownish colour to the deposits (Omeh@a9).
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The OI'Njorowa Gorge is probably an
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This is further supported by the presence of O e cer |\ et ; N

gas charged magmatic products like pumice | rinefracture
and features of explosive volcanism like L= Fult 4

craters and caldera. According to Clarke etpGURE 3: Volcano-tectonic map of the Greater Olkaria valca
al., 1990, xenoliths of syenite in pyroclastics complex (modified from Clarke et al., 1990).
W|th|n the Domes and Longonot areas imply

a possible cold or cooling upper part of a magmdybehich is interpreted to be shallower towards dga@mot. The
zone between 1400 m.a.s.| and 1000 m.a.s.| is daednby thin basaltic and pyroclastics flows intitg quiet
fissure eruptions and a period of strombolean typleanism. Below 1000 m.a.s.l, trachytic lava dosb@s with
associated pyroclastics and basalts. The trachatesfurther divided into two types. The first isqaartz rich
porphyritic type that extends to an elevation 00 Zhd may represent the remnant of the Olkaria tadgurshield
lavas. The second is a fine grained type having flexture may indicate low viscosity associatedhwiliocene
plateau lavas.

Starting from these plateau lavas, the followintganological model, (Figure 4), was first put forda

a) The old Pliocene volcanic terrain covered by flogmcanics is characterised by block faulting
associated with extensional tectonics.

b) The Plio-pleistocene shield volcano was built uploa shield quartz-trachyte lavas. The volcano
then collapsed and formed a cauldron floor at ah®@00D — 1200 m.a.s.| and due the emptying of the
volatile rich parts, of the magma chamber during éixplosive caldera collapse phase, more basic
magma erupted effusively into the cauldron floor.

¢) Reactivation of N-S faults during Pleistocene cdusether explosive withdrawal of magma from a
deep differentiated magma chamber. This phase ragg heen contemporaneous with activity in
Longonot. (Onacha and Mungania 1993.)
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The surface exploration with emphasis in the Okddomes

field was conducted in the period 1992 to 1993gwphysical, TR N
geological and geochemical surveys. This led to the
development of a basic working model that resuliad
recommendations to drill three wells. Explorationillidg
started in June 1998 through June 1999 and thrée drdled

to completion. Three geothermal exploration wellg/-©01,
OW-902 and OW-903 were drilled in Olkaria Domeddiéo
evaluate its geothermal potential. The three wHigure 5)
were drilled to a depth of 2200 m and all encowedea high
temperature system and discharged on test. Theegtigh
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290 m.a.s.l, 248°C at 207 m.a.s.| and 341°C atni@s.| for wells OW-901, OW-902 and OW-903 respety.
Rocks encountered in the wells include pyroclastitgolite, tuff, trachyte, basalt and minor dalerand microsyenite
intrusives.

Fractures, vesicles, spaces between breccia fragmglassy rocks and primary minerals exhibit dittbr no

hydrothermal alteration in the upper parts of thelswith mainly silica, calcite, zeolites, phyliisates, oxides and
sulphides being the alteration minerals presenthéndeeper parts of the wells, however, hydrothtitteration to

ranged from high to extensive. Hydrothermal zeslitalcite, epidote, phyllosilicates, silica, sulf#s, epidote, albite,
adularia, biotite, garnet, fluorite, prehnite, aesdand titanite are the alteration minerals obskervhe most important
hydrothermal alteration controls in Olkaria Domiesdf are temperature, rock types and permeablliagét 2004).

FIGURE 5. Domes map showing the location of wells.

Four hydrothermal alteration zones were recogniredhe field based on the distribution of the hytesmal
alteration minerals. They are in the order of
increasing depth and temperature; the zeolite-
chlorite, the illite-chlorite, the illite-chloritepidote
and the garnet-biotite-actinolite zones. Feedeegon
in the wells were found to be confined to faults,
fractures, joints and lithologic contacts. Obsenra
from hydrothermal alteration mineralogy, pressure
and temperature profiles indicate that well OW-901
is close to the upflow whereas well OW-903 is ia th
outflow zone and well OW-902 is in the outflow and
also the marginal zone of the field. The geochemica
analysis found a mixed type sodium bicarbonate-
chloride-sulphate water with dilute chloride
concentration (chloride ~178-280 ppm). The pH of
fluids discharged tended to be alkali (8.68 to 2).6
as sampled at atmospheric pressure and analysd at
room temperature (25°C). Carbon dioxide gas
concentration in steam, on average, was high velati
to that of the Olkaria East Field. A less mineedis
water component was found to exist in this field.
Solute geothermometry offered a good estimate of
temperatures where dilute fluids inflow into the
wells between 1000m to 1200m. Gas geothermomepyoapnated to the deep temperature in the resetkioingh
these were less than measured temperatures at

well bottom (Opondo 2008).
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For the selected three wells from the Olkaria i icmeur -« owo Gosemvel § sp
domes, the specifications of the wells are listed i P Tl

Table 1. Figure 7 shows the temperature logs ofg'lfUREGG: t/:; Conﬁeit“alizid geological n?odgl of }he GtLeater
the domes wells for different times during O'<aria Geothermal Area showing generalized geolagy the

. T . locations of the fields with respect to downflowpflow and the
heating, injection and shut in. From these logs, | fiow zones. (Lagat, 2004)

was able to choose reference temperatures that
are necessary for computing deep fluid
compositions from two phases chemical analyses.
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FIGURE 7. Temperature profiles of Olkaria Domes wells
Well Type Drilled Depth Production Casing Reference
y (m) Depth (m) temperature (°C)
OW 903B Directional 2800 1200 250
OW 904B Directional 2820 1200 260
OW 909 Vertical 3000 1200 300
TABLE 1: Well information

GEOCHEMICAL DATA AND TRENDS
Sampling and analysis

Water chemistry data is essential information rexflifor the characterization of geothermal fluidsl &valuation of
energy potential of geothermal fields by geothermtiyn and provides good indicators for monitorirggarvoir
changes in response to production and also allowo wsvaluate and avoid scaling problems in welld aorface
pipelines. Analytical results with good quality atiee key to accurately evaluating geothermal resmirand
effectively solving reservoir management proble@allection of samples for chemical analysis is fing step in a
long process which eventually yields results thatvigle information that is used to answer differgabchemical
guestions. In this study two-phase fluid samplesifthree discharging wells, OW 903B, OW 904B and Q0¥ are
considered. Steam samples were collected usingvidtae separator on the wellhead while the ligaichgles were
collected at the weir box of the silencer. Theiligsamples were collected in plastic bottles whike vapour samples
were collected in evacuated double port glassdm{tbiggenbach flasks) containing 50ml of 40% Na@¢ttording
to Armannsson and Olafsson 2006, different waysbeansed to preserve the samples. Onsite anatysi$$ in the
water samples, acidification for cations and dilntfor silica samples was done. The samples were dainalysed for
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the different elements and gases. Analytical natHor individual components in liquid samples sihewn in Table
2. All the gases (CQH,S, CH, H,, and N) were analysed using gas chromatography.

TABLE 2: Methods used for analysis of different elementsolfected samples (Pang and Armannsson 2006).

Analysis for: Method
a. pH - pH meter
b. Conductivity / TDS - Conductivity meter / gravimetry
c. CO - Titrimetry
d. H.,S - Titrimetry
e. B - Spectrometry
f. SiO, - Spectrophotometry (with ammonium- molybdate)
g. Na - AAS
h. K - ISE
i. Mg - AAS
j. Ca - AAS
k. F - ISE
. CI - Spectrophotometry with thiocyanate
m. SO - Turbidometry with barium chloride

Results

The three selected wells in the domes area of tkari@ geothermal field were sampled and testedafperiod of

about 5 months i.e. from February to June 2009. d2¢a appendices | and Il. From reservoir measumsnéehe

enthalpy remained constant at about 2000 kJ/Kgenthi¢é discharge rates were as follows: steam digehiacreased
from 37 t/hr to 50 t/hr while water discharge wasistant at ranges of 20 t/hr to 30 t/hr. A totaB8fsamples were
collected. The tables in appendix | show the ravewand gas data. Most of the samples from thesweld no

detectable magnesium and the calcium concentratiens low (less than 10ppm).

In order to compute the deep fluid composition frima liquid sample (collected at atmospheric pregsand the
steam sample (collected at 1.2 to 7 bars) it wasssary to recalculate the steam sample compositiatmospheric
pressure. The atmospheric steam composition wabicehwith the liquid sample compaosition in the gartation of
the deep fluid composition using the WATCH prograenvtersion 2.1 (Arndrsson and Bjarnason 1994). Sesnpith
good ionic charge balance (charge balance fronteHL0) were then speciated using the WATCH progtamive
concentration of the deep fluids (Appendix lllror any solution, the total charge of positivelyaded ions will equal
the total charge of negatively charged ions inityalhe net charge for any solution must equabzér the samples
analyzed, though, the charge balances were natote samples with the closest charge balance1ie were used.

GEOCHEMICAL DATA INTERPRETATION

Trends with time in the composition of well dischges

A total of 88 samples were used to compute thedtrasf the three wells sampled during discharge. diferent
solute and gas components were monitored and sdrtplevaluate the recovery of the wells after shuAppendix
shows the trends in the different components mogttdor a period of about 100 days. OW 909 seenate higher
concentrations of the cation components as compredW 903B and OW 904B. Despite the limited tinfe o
recovery, the sulphate concentrations are decliniity time as the b5 concentrations increase showing good
geothermal water inflow into the wells. The scaiterthe data might in part result from non-equéition of the
geothermal water and the drilling fluids that hast totally been discharged from the wells and tmesalegree it
might reflect analytical uncertainties.
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Correlation of discharge components with chloride

Plots depicting the concentrations of several carepts such as B, Sj0Ca, Na, K and F as a function of Cl
concentration are shown in appendix Ill. Thesespdatem to indicate that the ratios of chlorideciose to linear with
the other components except with calcium whichiséry low concentrations in these new wells. Thiicates that
there is still mixing of the cold and hot watertive upflow. The concentrations of dissolved coustits in the fluids
from wells OW 904B and OW 903B tend to be very Bmhereas the fluids from well OW 909 tend to éndmigher
concentrations of dissolved solids.

Cl/10C

CI-SO-HCO; ternary diagram NN
According to Giggenbach 1991, ternary
diagrams are used for the classification of
thermal water based on the relative
concentrations of the three major anions ClI
SO* and HCQ. Chloride, which is a
conservative ion in geothermal fluids, does
not take part in reactions with rocks after it
has dissolved. Chloride, does not precipitate
after it has dissolved; its concentration is
independent of the mineral equilibria that
control the concentration of the rock-
forming constituents. Thus, chloride is used
as a tracer in geothermal investigations. The
Cl-SO-HCO; ternary diagram is one
diagram for classifying natural waters
(Giggenbach, 1991). Using this diagram,
several types of thermal water can be
distinguished: mature waters, peripheral
waters, steam-heated waters and volcanic
waters. The diagram provides an initial
indication  of mixing relationships.
According to Giggenbach 1991, the chloride-rich exstare generally found near the upflow zones othggmal
systems. High Sg3 steam-heated waters are usually encountered ogendthme elevated parts of a field. Degree of
separation between data points for high chloride Bicarbonate waters may give an idea of the weadiegree of
interaction of the C@charge fluid at lower temperature, and of the HG@ncentration increased with time and
distance travelled underground.

Figure 8 shows that the three Olkaria Domes wélg/(903B, OW904B and OW909) plot in the region wiiigh

HCO; peripheral waters with low chloride. This illusta that the geothermal fluids in the Olkaria Domeservoir
are bicarbonate waters and correspond to periphextars (Giggenbach, 1991). The figure also shdvscorrelation
of the waters with those of the other fields in @®GA. The Olkaria Domes fluids seem to plot simitathose of
Olkaria west and Olkaria central fields. From tledative abundance of chloride, sulphate and biczato of the
Olkaria wells, these waters would be classified@dium-chloride and sodium-bicarbonate water, ottunés thereof
(Figure 8). Wells in the Olkaria East productiogldi and in Olkaria Northeast discharge sodium-atdotype water
that are classified as more mature according tetheme of Giggenbach 1991.

East

& West
d N. East

Ow 908
1OW 909

S
S

Li

FIGURE 9: Comparative plot of relative CI, Li, and B from weiifs
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Relative CI, Li and B contents

Lithium is used as a tracer, because it is theliathatal least affected by secondary processednfthal deep rock
dissolution and as a reference for evaluating tbssiple origin of two important ‘conservative’ ctitigents of

geothermal waters, Cl and B. Once added, Li remangely in solution. The B content of thermal dlsiis likely to

reflect to some degree the maturity of a geothersyatem; because of its volatility it is expelledridg the early
heating up stages. In such a case, fluids fromrdigidrothermal systems can be expected to be @epietB while

the converse holds for younger hydrothermal systénis, however, striking that both Cl and B addad to the Li

containing solutions in proportions close to thoserustal rocks. At higher temperatures Cl ocasdHCIl and B as
H3BOs. Both are volatile and able to be mobilized byhhigmperature steam. They are, therefore, quigdylito have

been introduced with the magmatic vapour invokeovalto lead to the formation of deep acid bringoesible for

rock dissolution (Karingithi 2000).

At low temperatures the acidity of HCI increasqsidby, and is soon converted by the rock to the lesdatile NaCl. B
remains in volatile form to be carried in the vapphase even at lower temperatures. The CI/B istajten used to
indicate a common reservoir source for the watésse must however, be taken in applying such inéagion since
waters from the same reservoir may show differemeehis ratio, due to changes in lithology at depter a field
(example, the occurrence of a sedimentary horizmm)y the absorption of B into clays during lateiaw.

The fluid discharges from Olkaria Domes wells (08B, OW-904B and OW-909) plot in the region alohg t.i-
Cl axis but do not cluster around the same poifAtI Batios are in the intermediate region and caudgest the
absorption of low B/ClI magmatic vapours. Discharfesn the Olkaria —Domes wells show comparativedy |
lithium content. This is also shown in the othellwiescharges from the other GOGA wells. See figlire

Geothermometry

Chemical geothermometers are based on the assuntptd temperature dependent mineral solute eqjuifibis
attained in the geothermal reservoir. In this répdremical geothermometers are used to assessefaevoir
temperatures for the three wells chosen from GdkBiomes. Studies indicate that geothermal watepositions are
controlled by a close approach to mineral-solugéquilibria with respect to various elements (Arsrs et al., 1983a;
Tole et al., 1993; Karingithi, 2000). Changes, wahmccur in temperature and water composition dubogding
between aquifer and wellhead, generally lead tongbsa in mineral saturation. Such changes may resuttineral
precipitation or mineral dissolution. Together withysical processes in the depressurization zanedrwells, these
changes may cause well discharge compositiondfar fiom the chemical composition of the aquifieid.

Solute Geothermometers

In geochemical studies, water chemistry and gagosition of geothermal fluids have proved usefuhg@sessing the
characteristics of geothermal reservoirs,

both to estimate temperatures (Arnérsson a

and Gunnlaugsson, 1983; D’Amore and
Truesdell, 1985) and to estimate initial
steam fractions in the reservoir fluid
(D’Amore and Celati, 1983; D’Amore and
Truesdell, 1985).

The following solute geothermometers are
used in this study:

- East

. & West
Quartz - Fournier (1977) @ N. East
- Fournier and Potter 10w 908
(1982) W
. § o
- Fournier (1979) o " hcos
Na-K - Arndrsson et al. (1983)
- Giggenbach (1988) FIGURE 8: Comparative plot of relative CI-SO4 -HCOS3 contents

from the discharges of wells in the GOGA fields.
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Silica geothermometers

The silica geothermometers are based on experithed&termined solubilities of chalcedony and qmatdsually the
quartz geothermometer is applied to high-tempeeateservoirs like the Olkaria geothermal field. Apgtion of the
silica geothermometers is based on the fact thatathivity of dissolved silicic acid, 43i0,, in equilibrium with
quartz, is temperature dependent. The solubiliégtiens for silica minerals can be expressed as:

SiOZ,solid + 2H20 = H4Si04 0

1)

However HSiO,’ is not only aqueous silica species in natural isate,SiO,’ is a weak acid which dissociates, if pH
of the fluid is high enough to yields8i0O,:

H4Si04 0= H+ + H3Si04 -

(2)

Analysis of silica in aqueous solution yields tlat silica concentration, generally expressed @s [$iQ, which
includes both un-ionized 43i0,° and ionized (KSiO;). The dissociation constant for silicic acid isoab10™ at
25°C. Thus, at a pH of 10 (K 10 the concentration of unionized silica equals tfdabnized silica:

__ [H*][H35i04 7]
Kusion = 4 sio 3

When using quartz geothermometers, some factorddshe considered (Fournier and Potter, 1982):

e The temperature range in which the equations die; va

» Possible polymerization or precipitation of silizsefore sample collection;

» Possible polymerization of silica after sample edtion;

» Control of agueous silica by solids other than tpjar

» The effect of pH upon quartz solubility; and

» Possible dilution of hot water with cold water befohe thermal waters reach the surface.

The quartz geothermometers used to estimate théeatgmperatures in this report are:

Fournier (1977)

t(°C) = _ 1309 273.15
T 5.19-logs 7
(4)
Fournier and Potter (1982)
t(°C) = —42.2 + 0.28831S — 3.6686 x 107*S% + 3.1665 x 107753 + 77.034logS
(5)

The results for the quartz calculations are shawhable 3.

Cation geothermometers

Reactions between alkali feldspars and Na and dgireous solution have often been described as myehaactions.
At the temperature prevailing in geothermal systets reaction involves simultaneous equilibriunbeen Na and
K™ in solution and quite pure albite and K-feldspar.

The reaction is expressed as:

NaAlSi308 + K+ = KAlSi308 + Na+

(6)

The equilibrium constant, & for reaction 4 is:
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K - [KAlISi; 0g][Na*]
¢ [NaAlSi;0g][K*]

(@)

The activities of the solid reactants are assurodzbtunity and the activities of the dissolved sgeare about equal
to their molal concentrations in aqueous solution.

Equation 5 reduces to:

_ [Na']
K]

K.,

(8)

In this report the following equations are useddalculating reservoir temperatures based on thK ldetivity ratio
in the geothermal fluid:

Fournier (1979)

t(°C) = 1217 273.15
" 1.438 + log (Na/K) '
€
Na/K temperature in the range of temperatures Z80c3(Arndrsson et al., 1983) given by:
t(°C) = 1319 273.15
"~ 1.699 + log (Na/K) '
(10)
Na/K temperature by Giggenbach (1988) given by:
t(°C) = 1390 273.15
" 1.750 + log (Na/K) '
(11)

The reference temperatures chosen agree with tfieradit chosen geothermometers. OW 903B has aquifer
temperatures in the range of 220°C to 260°C; OWB9hds temperatures in the range of 230°C to 300(ilvOW

909 temperatures are in the range of 250°C to 340dicating good production temperatures. The tesiar the
calculations are shown in Table 3.

Gas geothermometers

Studies in many high-temperature geothermal fi€#d800°C) indicate that the concentrations (orosgtiof gases like
CO;, H,S, H, N, NH; and CH are controlled by temperature-dependent gas-gdfmamineral-gas equilibria
(D’Amore and Arndrsson, 2000). On this basis, dieden chemical analyses of those gases have beentaskevelop
relationships between the relative gas concentrat@nd the temperature of the reservoir. Suchioaktiips are
known asgas or steam geothermomete@as geothermometers are also based on certainadigeactions between
gaseous species and minerals which are considerédxd tin chemical equilibrium. For each chemical ildoyia
considered, a thermodynamic equilibrium constany ina expressed in terms of temperature, in whicke dhe
concentration of each gas species is often repebdry its partial pressure in the vapour phaséA(re and
Truesdell, 1985).

Geothermal gases are introduced into geothermal fhith recharge water, from water-rock interactiom the
reservoir or from magmatic fluid invasion. In andisturbed reservoir, reactions in equilibrium a¢ tteservoir
temperature control the concentrations of thesegya3n boiling, the partitioning of gases betwéeuid and vapour
phase is controlled by the enthalpy of the geothéritnid and the boiling temperature in cases whéee vapour
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travels without hindrance to the surface (in boletboand wide open fissures), negligible changeshan gas
concentrations and ratios will occur, and theselmnsed as gas geothermometers. There are elgdhtize types
of gas geothermometers. The first group is basedasngas equilibria. The second group is based ioerral-gas
equilibria involving BHS, H, and CH but assuming Coto be externally fixed. The third group is basednaineral-
gas equilibria. The first two groups of geothermtem® require only data on the relative abundancgaskeous
components in the gas phase, whereas the thirgp gralis for information on gas concentrations iast (D’Amore
and Arnérsson, 2000).

When using gas geothermometry, it is important@epkin mind that several factors other than aquéeperature
may affect the gas composition of a geothermatiflin geothermal reservoir fluids, gas concentretiat equilibrium
depend on the ratio of steam to water of that fluitlereas the gas content of fumarole steam isadfeoted by the
boiling mechanism in the upflow, steam condensatiot the separation pressure of the steam frormpatent water.
Furthermore, the flux of gaseous components intdhggmal systems from their magmatic heat source beaquite
significant and influence how closely gas-gas amtkenal-gas equilibria are approached in specifigifegs (D’Amore
and Arnérsson, 2000). In this study, the gas geotbmeters used are those based on gas concergratiammol/kg
corrected to the atmospheric pressure. The geotieeters are based on mineral gas equilibria andetheerature
equations for the thermodynamic data for the folf@areactions:

2Cﬂ2AlgSi3012(0H) + anCO3 + SSiOZ + 2H20 = 3Ca2AIZSi3010(OH)2 + ZCOZ,aq

(12)

FeSZ + FeS + 2Cﬂ2Alei3010(oH)2 + 2H20 = anzAleeSi3012(0H) + 3staq
(13)

4FeS + 2Ca,AlL,Si;0,0(0H), + 2H,0 = 2Ca,Al,FeSi;01,(OH) + 2FeS, + 3H,
(14)

Q in the gas geothermometry equations represeatgah concentrations in log mmol/kg. The equatiémsdrsson
1998, were:

For Tco.:
t(°C) = 4.724Q3 — 11.068Q? + 72.012Q + 121.8
(15)
TH,:
t(°C) = 6.630Q% + 5.836Q% + 56.168Q + 227.1
(16)
TcouN,:
t(°C) = 1.739Q3 + 7.599Q% + 48.751Q + 173.2
17)

The results in the table 3 below show the diffegeuthermometer results found for the three w&le samples used
to calculate for the geothermometers are thosehhatall the elemental analysis , the samples tesedlculate the

geothermometers had been discharged for a whitgvio a good indication of the reservoir fluid anood charge

balances per well were also considered.

Well Tq—l Tq—Z TNaK-l TNaK-Z TNaK-3 thz TNaK TCOQ THZ TCOWNZ Tref. Tav. Tmedian

OWO903B | 232| 238 263 248 265 249 245 221 239 259 2806 | 248
OW904B | 254| 266] 271 255 272 216 307 244 228 263 2B63 | 263
OWO09 | 274 294 339 351 332 264 340 2%3 300 26§ 3001 |3300

TABLE 3: Various solute and gas geothermometeSlkaria Domes Wells.

Tg1 Fournier 1977 I Fournier and Potter 1982
Tnak1  Fournier 1979 Nak2  Arnérsson et al 1983
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TNaK-3

TNaK

Giggenbach et al 1988
WATCH calculated Na-K

Tav. Average Temperature

TCO,, TH,, TCO,/N, Arndrsson (1998)

Deep fluid species, Log Q/K and saturation indices

qd WATCH calculated quartz
& Observed temperatures
mddian Median Temperature

As previously stated in the geothermometry sectibove, WATCH program was used to speciate for depdluids.

Quartz in the
with a bit of
deep fluids and

deep fluids shows a slight undersaturation
scatter due to non-equilibration of the
the drilling fluids during the discharge

testing. The 02 initial discharge samples are quite varied
as compared to the later sampled ones which show
equilibration with the quartz species. For the calcite
deep fluid . species, both the WATCH and SOLVEQ
programs were . used to speciated the samples. The
SOLVEQ 17 sy program was used to compute for the
calcite because | ° w2 | WATCH results always predicted super
saturation that _ oy B ° was not a realistic result for nature. With
SOLVEQ, we § © get a more realistic result because it
incorporates B B more Ca bearing species like CHCI
CaCb (aq CaF e 3" ' and Ca(HSi@" apart from the ones that
both the programs incorporate (¢a CaSQqq)
CaHCQ aq and CaOH)).
-OW 9048
08 i ‘ i ‘ i ‘ "OW909

20 40 60 80 100
Time (days)

FIGURE 10: Quartz saturation of the deep fluids from

Olkaria Domes field.
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FIGURE 11: Calcite saturation of deep fluids from Olkaria Desiiield.

Using the results of the aqueous speciation calounls, the saturation indices (Sl) of minerals guaous solutions at
different temperatures were computed. The Sl vidueach mineral is a measure of the saturaticie sththe water
phase with respect to the mineral phase. ValueSIajreater than, equal to, and less than zero septesuper
saturation, equilibrium and under-saturation, resipely for the mineral phase with respect to thh@eous solution.
Equilibrium constants for mineral dissolution ofteary strongly with temperature. Calcite seemsdcclose to the
super saturation line with few exceptions (Figuf®. 1n this samples although low calcium concerdret were

detected the concentration is expected to equiébndth time as the well flows and the chemical position of the

deep fluids equilibrates.

PRODUCTION PROPERTIES

Brine handling can be hard in geothermal operatitiris frequently described as the entire periddhde of elements
in a pipe. The high temperature solution of elemearidd compounds, however, causes operational fiomntain
geothermal power plants. These limitations are tduthe severe scaling and corrosion characterisfiggeothermal
brine and steam. Because of these characteriglasts may experience extreme plugging and comosiowells,
lines and equipment. Curtailment in power plantoiciion and even complete plant shutdown are dfterend result
from these conditions. Different types of brinewitiffering chemistry conditions are found in varsoareas around
the world. Substantial differences can even bedawithin the various wells of a given field, juitd we have seen in
the new Olkaria Domes field. The chemistry of theserent brines varies and the differences wépdnd on several
factors including the geology of the resource, terafure, pressure, and water source. Dependinge@mnesource,
steam and water ratios in the brine can vary sicanitly.

The scaling characteristics of brine and steam ealificult problems in geothermal operation. Tharigty of
problems associated with handling geothermal lrarebe extreme — making it critical to understdredhemistry of
the brine for successful plant operation. Geothébriae causes a variety of operational problent iacludes the
following:

« Equipment Damage and Failure

« Equipment Repair and Replacement
» Well and Line Plugging

* Reduced Steam/Brine Flow

» Power Production Losses

« Complete or Partial Plant Shutdown

The effectiveness of the development of geotheenakgy will be determined by the amount of geotlampower
that is made available, and this amount will béurficed by the effect that materials problems lvefficiency and
downtime. Since every technological effort is lietitto some extent by the performance of mateiitais prudent to
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consider scaling and corrosion and materials problevhich may limit the development of geothermadrgy. The
availability of durable and cost-effective constioe materials for processing geothermal fluids aatefinite impact
on the development of geothermal energy. Geotheresalurces include steam-dominated sources, lidaiminated
sources, geo-pressurized sources, and dry (ho} smekces. Scale is a major problem in geothermpatation. The
plugging and deposit problems caused by scale educe power plant production, and create experdaaning
costs. The reduction in power and increased omgratsts caused from difficult scale conditions daactly impact
a plants financial outcome. Different types of esare found in various geothermal areas and somegtieven within
the various wells of the same field. The major &xeof scale in geothermal brine typically inclwddcium, silica and

sulphide compounds. (Stapleton 202

To be able find the production properties of thee¢hOlkaria Domes wells, three samples were usethatyse the
deep fluid calcite and silica saturation. The spedelected for this speciation were those samiplied in the
discharge testing period. This was so as to getctbhse to equilibrium fluids and thus the silicadacalcite
concentration. The samples selected for silica yaiglalso had good charge balance and the highlest s
concentrations to speciate for the silica deepl ftuincentration. The species selected for calcaérgy had the lowest
calcium concentration but a representative pH warel CQconcentration.

Scaling

Geothermal waters are saturated with silica andraguently close to saturation with calcite, caifoi sulphate and
calcium fluoride. Some acid hot water also contaéipgpreciable concentrations of heavy metals. Clsarige
temperature and pressure disturb the equilibriaveiidgenerally lead to scale formation. Calcitedasilica deposits
are the most frequent scale formation materiale. Mbst troublesome calcite deposits usually oactiné well casing
at the level of first boiling (bubble point) witrevy bands of calcite depositing over a short kengtloller et al,
2004).

Silica scaling
Silica related scale is arguably one of the moficdit scales occurring in geothermal operatioilic® is found in
virtually all geothermal brine and its concentratis directly proportional to the temperature of thrine. As brine
flows through the well to the surface, the tempematof the brine decreases, silica solubility dases
correspondingly and the brine phase becomes overasad. When pressure is dropped in the flashelesteam
flashes and the temperature of the brine further
i Amorpht decreases. In the flash vessel, the brine phase
L becomes more concentrated. Under these conditions,
silica precipitates as either amorphous silica axill
Quartz | react with available cations (e.g., Fe, Mg, Ca, Zn)
r and form co-precipitated silica deposits.

- Scale formation in plant equipment and porosity
losses in injection well formations created by the
precipitation of amorphous silica have been
identified as important problems in some geothermal
- power operations. In high temperature hydrothermal
systems, the formation water is frequently in near
equilibrium with quartz. Since the solubilities mire
i silica minerals decrease rapidly with decreasing
o L temperature, large amounts of quartz would be
$i02= 510z (20) oW o0ds | expected to precipitate as the brines in thesesyst
B A A A A are cooled upon production and energy extraction.
T ) However quartz rarely precipitates because of the
FIGURE 12: Temperatures indicating probable silica scaling slow kinetics involved in this reaction. Although
in Olkaria Domes. amorphous silica has a higher solubility than quart
it is a much more common precipitate in geothermal
operations. (Moller et al, 2004). The solubilityacions for silica minerals are invariably expresse equation (1)
and (2).
Since geothermal waters may boil in the upflowtef geothermal system if reservoir temperaturesioze 100°C,
the boiling causes the concentrations of aqueolugesoto increase in proportion to steam fractibalso causes the
pH of the water to increase because the weak diddslved in the water, G@nd HS, are transferred into the steam
phase. To estimate the silica scaling in the n@Nswdrilled in the Olkaria Domes field, WATCH pn@gn was used
to speciate the analysis and the results indicaethe graphs. From equations 2 and 3 aboy®i®4’ is not the only
aqueous silica species in natural waterSig,° is a weak acid which dissociates, if pH of thedlis high enough to

log &sio,
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yield HsSiOy4. Boiling the fluids thus affects the silica contation leading to the activity of silica to decseaand
finally precipitation as amorphous silica at thenperatures shown on the figure 11.

Calcite scaling

Calcite a major scale-forming mineral in many geotial systems precipitates from a brine accordmghe
following reaction:
Ca’*(aq) + 2HCO™ 3 © CaC05(s) | +H,0 + €O, 1
(18)
Ocampo-Diaz et al 2005 found that scale deposition,
& especially calcite (CaCfd is a complex function of
] I physical chemistry (for example, total salinity, pH
and concentration of calcium and dissolved,C&and
the pH change upon boiling compared to the rate of
I cooling upon boiling. Calcite is commonly saturated
L in the reservoir fluid, and when such fluids boitte
is generally a chemical potential to form calcite.
r However, unlike silica and the sulphides, calcite
I becomes more soluble as temperature decreases. As
result, the most severe calcite scale depositindste
to occur from lower temperature geothermal fluids

109 2calcite
N
I
I

| gk | below 220°C to 240°C.
15 N When reaction 18 is forced to the right by the loks
] CacozH* =C@*+HCOy oW 9B % CO, from the liquid phase into a gas phase on
T T T T T T flashing, calcite is deposited. In complex brirtesre
Temo Q) may be many other reactions taking place, some of
FIGURE 13: Temperatures indicating probable calcite scaling which interact with the calcium and carbonate ions.
in Olkaria Domes well For this prediction, a sample from each well was

selected. The samples selected 20, 25 and 22 for

wells OW 903B, OW904B and OW909 respectively hag@esentative pH and G@vith reference to the others
from the wells. Although the general calcium corication is low for these wells, the G@nd pH were considered
for sample selection. The results from the wellsrduthe initial discharge seemed to have low catregions of
calcium (and high pH values) but trends indicat thith further discharge, the calcium concentraiwill increase
though not to a great extent. From the WATCH catahs, the calcite saturation is over estimatedcbusidering

the deep fluids shown (Figure 12) had been at ibguin with calcite when the boiling started, thless super
saturation would have been experienced duringrapilCalcite scaling will not be a problem in th&mmes wells as

the low calcium concentrations and high pH, (whidfects calcite saturation) indicates.

CONCLUSIONS

- OW 909 seems to have higher concentrations of dtierc components as compared to OW 903B and OW
904B. Despite the limited time of recovery, thephisite concentrations are declining with time asHb®
concentrations increase showing good geothermadnirgftow into the wells.

- Solute and gas geothermometry indicate high tenyesin the range of 250°C to 350°C.

- Olkaria Domes wells have a sodium bicarbonate wgee and plot similar to those of Olkaria west and
Olkaria central fields. Unlike the wells in the @lia East production field and in Olkaria Northeast
discharge sodium-chloride type water of mature neatu

- With low calcium concentrations and high pH, c&dtaling can be expected to be minimal in thedks we
but fluid has to be separated at temperatures ab@9&C to prevent silica scaling. There’s also tmrbon
dioxide emission from these wells.
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Appendix |
Water and Gas analysis

OW 903B Watar Analvsis (ppm) (23 Analysis (ppm)
Enth. TDS
Day | GSF WHP Temp kJke Comd (ppmy) pH B 504 1 €0, F H§ %0, C Li Na K Mg| CDy HY CH H N
1121 38 840 1307 2776 1330 985 05 7177 1967 2662 416 0.1 2813 15 0.7 | 4382 9.2 153 418
2123 38 800 1325 2924 1462 94 01 6990 1757 2253 465 03 14 0.2 3.2 150 02 12033
3 4. 345 2740 1368 87 17 6778 1781 4367 456 0.2 2853 4580 40 276 02 1530
] 40 800 2310 1156 58 1B 2020 2433 438 1.2 287E 14 509l 115 413 1273
0] 23 38 B3S 2967 1481 58 01 2904 5B0 1.0 1B45 385 14 6189 28 02 16
1318 36 B3O 2954 0.6 3410 504 17 2518 B3 12 £221 424 B8O 3 764
1412 36 920 2968 0.7 3853 558 14 07 12 8080 55 56 02 452
15 34 52 B3.D 2993 0.9 2811 512 34 2663 16 5227 94 183 18 1803
16 37 57 B5D 2342 10 3034 604 07 4130 14 13 98 089 4678
7] 41 75 B4l 2870 0.8 3300 500 24 01 11 7.2 95 09 654
2041 76 BED 2897 1427 984 07 3384 640 05 5BED 18 12 5753 70 70 07 489
2138 738 2897 1447 58 02 2805 538 1.0 2735 1s 15
24141 76 BED 1247 2880 1450 982 10 2742 665 1.2 2500 15 15 12788 105 276 07 485
3041 72 BRO 7.2
Bl 38 5% 830 1007 102 04 0 2735 780 0.7 3045 15 00 5265 1051 480
43| 34 58 1916 2966 3 0 3223 675 09 6770 10 23 5330 111 17
50 34 48 1531 2954 13 0 3511 730 07 6270 10 12 4831 957 12
BB 21 38 1307 2775 1330 85 05 7iBD 15870 3170 420 041 2810 1% 15 7170 550 07
62395 62 1450 2887 1444 103 21 3380 2520 34B0 820 1.9 621D 12 11 6140 1240
g4 41 83 1414 2980 1488 94 27 3330 2520 3580 7EO0 15 6430 03 13 6340 1080 E]
0] 34 62 1638  2BB0 1450 98 23 3060 2030 3650 BOOD 48 4980 O 28 6280 1270 ]
72| 46 B3 1487 2906 1455 97 25 3500 2B1D 3830 580 48 G5ETD O 0.1 6130 138D
7941 &1 1535 2945 1472 9% 23 3230 2620 3620 770 5.0 4430 02 47 6120 124D ]
B4 55 1032 1466 2842 1421 101 22 3100 2670 3740 620 7260 03 26 6120 1290 7
B6| 28 103 1488 2902 1451 93 20 278D G5B70 3600 610 58 6230 12 02 6200 1390 10
OW 904B Water Analysis (ppm) Gas Analysis (ppm)
Enth TDS
Day | GBP WHP Temp kJke Cond (ppm) pH B 504 Cl €Oy F  Hi Ca Li Na KE Mg | COy H.5 CH: H MNa
1] 21 32 940 1307 2212 1106 6.0 7815 1243 368 34 04 3120 329 05 34
3] 18 79 87.0 1325 2183 1092 57 14 6861 12486 489 04 0.5 2985 192 05 | 9166 86 450 24 350
41 24 4.0 900 1466 2090 1045 59 1.0 7322 1335 1726 491 02 3590 484 10034 64 207 23 BR&9
10| 24 5.0 90,0 1516 3085 1540 B8 09 3912 1771 494 02 34 08 34731 483 8719 367 1431 14 40
14| 2.8 4.6 89.0 1567 2061 1037 9.7 09 4016 1683 3379 618 0.8 1.1 06 3507 424 8248 21 145 63 984
13| 1.8 4.9 B9.0 1395 2273 1137 9.1 1.0 5133 1B 1716 3518 14 0 09 4343 4350 2170 19 195 73 100
16 | 44 6.5 83.0 1461 2286 1143 92 0.3 361% 1988 1249 3501 34 0.9 4461 473 13084 130 194 37 142
17| 51 6.5 813 1434 2233 1116 912 0.5 3361 2038 1718 3591 05 0.8 4194 450 4358 82 370 446 1I70
18| 50 6.9 B3.0 1334 2139 1119 100 01 6472 1918 125534 522 03 1.0 04 4135 4712 21677 165 327 37 1031
1| 5.0 6.7 B840 1253 2203 1102 94 1.0 35241 1984 523 03 1.8 1.0 3506 466 10421 58 344 39 1M
24 | 45 6.7 840 1471 2031 1010 9.6 20 1600 2070 1446 620 58 31 4282 520 8993 156 199 18 BR46
25 [ 51 69 850 1525 1271 1139 94 02 4296 1786 1569 606 22 23 05 4978 448 14065 135 315 43 110
31| 50 6.5 2894 1138 9.5 02 3812 2006 1993 553 2.8 4081 498 159
36| 36 54 1676 10.0 1.5 4140 2130 1976 508 14 02 4218 485 9525 LR] 35 103 362
44 | 3.3 6.2 1360 2366 1183 9.7 21 2896 2093 2376 376 13 1.0 14 4261 3511 12243 120.6 3B 207 136
51 41 3.2 2178 23%0 1196 9.7 12 2775 2167 2635 577 14 14 1.3 479% 368 12744 6.3 34 230 103
38| 33 7.6 1824 1330 1181 9.6 17 1784 1264 3300 735 14 1.0 1.1 35001 640 7937 15 3o 1222 31
63| 39 7.6 2009 2341 1169 103 14 2414 2402 2530 540 28 06 1.2 4896 616 64358 746 6.8 34 337
65 43 7.2 2043 2376 1199 9.4 2.0 2442 2405 2765 343 4% 08 1.2 487%F 603 6240 283 63 23
71| 69 9.7 1535 2062 1029 9.8 21 217% 1867 2908 506 B2 0.7 L1 4608 783 5631 1649 78 123 3
73| 78 103 1690 2386 1193 9.7 1.7 2324 2550 2944 535 B1 0.7 09 4549 718 7735 1358 69 22 311
80| 54 103 1481 2380 1190 10.0 1.8 2147 2270 2629 578 95 0.7 L1 457% 767 9418 713 51 20 311
B3| 33 17.9 1812 2295 1147 102 20 1891 12313 1902 3544 B3 1.1 1.I 4381 &7% 1231 13.5 37 183
7| 51 17.9 1168 1366 1182 9.9 1.9 2080 2490 2739 331 T8 0.8 11 4350 1281 11428 104 33 338
91| 535 17.0 1924 2287 1143 9.7 1.8 1931 247% 21869 341 B2 0.3 1.1 49351 1423 10159 13.7 63 189
94 | 1.9 179 1857 2398 1140 9.6 3.0 2065 3036 2781 515 69 14 1.2 4555 1311 5396 16.0 B8 B3l
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OW 909 Water Analvsis (ppm) (ras Analvsis(ppm)
Enth
Dy | GSP WHP Temp Klke o8 B S0, O HS C(H H N
1137 18 860 351 96 0.1 1773 632F 1944 1190 4 0.0 1 31880
131 62 894 )| 10.1 0.6 2303 7314 2031 28 23 123 3801
28 69 B0 1897 99 01 1316 7434 1618 14 0 00 00
91 34 &5 900 1873 94 04 1798 2028 3234 35 ) 159 1133
4|34 6l 1904 100 10 8.0 137 0.9 10195 4141
1614 70 1783 98 0.6 1094 2.7 10269 3758
1922 1§ 1831 100 0.0 0.0 36 0 00 00
21135 10 1696 103 2% 812 2.5 § 319 AR4
2135 W0 1990 100 2.7 699 7.0 189 314
)30 0 101 22 958 49 ] 48 30
L 70 100 1.6 1323 7805 2330 2878 05 9300 035 11 9093 2.0 ) 270 3l
271 35 63 96 33 1167 .6 72000 134
18| 35 63 2070 100 39 11464 48 06 24738
2901 33 63 2050 100 35 1156 3 98 316 4111
)40 70 2028 98 1.5 1113 BI23 1662 2645 07 8120 01 02 9301 2 21 389 s
139 68 1019 100 27 1141 8105 2897 2307 07 7800 01 64 9392 8.0 64 30 2845
3037 69 935 99 59 881 8102 2323 1449 07 6930 02 61 9033 24 62 26 1792
40 33 7 1273 106 33 837 118 1504 487
42035 4 1834 102 47 824 187 96 3§ 2813
48| 11 68 2089 101 38 626 w4 96 181 3319
30033 63 1063 100 41 451 121 75 33 11412
7141 78 1983 102 46 469 .0 il 13 08
62 41 8D 1993 103 22 ilé b 88 61 16ls
g4 32 &l 199 102 47 417 3 89 60 134
69| 43 83 2016 100 50 389 1.7 120 78
718 83 123 95 47 4la 3.1 2535 192
78 18 84 2130 99 48 138 389 029 20
8431 &3 107 468 474 723 134 3
85 37 84 101 41 260 10020 14 166 63 12
0170 104 106 43 471 B48% 1709 2375 19 B840 19 9830 46.2 9.0 3% 87
91 48 0.0 99 47 4.6 9 3 3.3
97 103 33 07 616 0200 88
14| i4 4.3 1527 107 34 11 18.1 11 12 2672
6| 48 4.3 2072 10 38 43 149 1314
52 23 1872 10 37 175 24

i 1994 1.0 38 113
] 7 11 1231 03

Deep fluid concentrations

Well/Sample

Yo pE B 50, N

Me

Ca

Cl

30,

TDS

Co,

H, CH, Y,

9038 -13 10 07 1762 4023
003B -18 15 06 1980 350352
Q03B-20 | 77 19 4573 4467
Q03B -21 18 16 3316 4425
9MB-11 12 14 4240 2924
0M4B-12 | 69 01 4268 3309
9MB-16 | 70 08 11983 3277
GMBE-19 | 74 14 3817 3327
9MB-24 | 71 13 5176 3107
004B -25 13 19 3271 3381
209-12 13 19 3327 3623
208-15 74 13 4789 5604
208-17 80 33 4087 3327
209-20 83 34 4335 5200
209-22 18 27 2049 3375
909-26 19 28 2613 3745

66.2

338

4.7

§9.3

333

305

388

412
360.6
97.3

1592
2110
2201
2338
22453
2142

00
03
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

11
13
02
04
21
16
1.0
0.6
0.6
02
01
01
01
02
0.1
02

46.9
206
528
36.4
423
414
394
EYR!
36.3
36.9
1556
136.0
1444
139.6
1332
136.0

1491
1388
1776
1473
1413
1220
1450
1642
1700
1693
4739
4790
4778
4023
4349
4932

3145
5059
23446
2156
1093
2033
1893
166.7
1420
1319
68.8
66.3
32.0
36.9
217
243

10217
9704
10484
10217
689.6
1777
816.6
818.7
8071
1803
1179.0
11795
13906
22113
13321
696.5

12396
58590
522
380.8
9913
15100
14438
7922
23219
1917
19623
21883
T18.1
624 8
9123
600.1

254
0
26
13
37

223

21.0
18
0.6
07
19
86
10.7

01 23 381
25 79 00
2201 07
14 01 03
04 30 834
04 32 1201
25 03 104
02 06 00
03 10 341
06 14 202
29 01 22
56 L7 T84
04 09 403
8 14 78
03 07 300
28 37 006
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Appendix I

Trends in the discharge contents of Olkaria Domelsw

Sodium Sulphate
1200 —+ 900 —+
800
1000 + 700
800 600
g g 500
& 600 & 400
400 W 300 OW 903B
200 + ow 200 —— OW904B
903B 100
0 . } ! 0 !
0 50 100 150 0 50 100 150
Time (days) Time (days)
Chloride Fluoride
1000 + 350 -
800 300 +
250 +
g 600 -+ g 200 +
o o
R 400 + o 150 -+
100 +
200 M oW OW
0 ’ ’ ! 0 " : |
0 50 100 150 0 50 100 150
Time (days) Time (days)
CO, in water H,S in water
500 + 10 +
400 + 8 |
6 |+
g 300 g
& &
8200 f 4 +
OW 903B
100 + —+— OW 904B 2 1 OW903B
—+—OW 909 —+—OW 904B
0 = : | 0 ’ ’ !
0 50 100 150 0 50 100 150
Time (days) Time (days)
Silica Calcium
1200 + 9
1000 8 1
7 4+
800 6 |
g g 5 +
s, 600
a SRR
400 3 1
OW 903B ow
200 ——OW 904B 2 1 9038
——OW 909 1 +
0 i 0 1 ]
0 50 100 150 0 50 100 150
Time (days) Time (days)
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Trends in the discharge contents of Olkaria DomelsviCont.)

Potassium Lithium
500 - 8 -
7
400 + 6
300 + 5
g £ 4
> &
200 + 3
2 ow
1001 ow 1 903B
903B
0 F | . ! 0 |
0 50 100 150 0 50 100 150
Time (days) Time (days)
Boron H,S in Gas
7T 350 +
6 T 300 +
5T 250 -+
g 47 g 200 +
&3 & 150 |
2 + 100 + ﬁ
OW 903B ow
1 - ——OW 904B 50 + , 4 903B
——OW 909 , ,
0 : : y 0 i : |
0 50 100 150 0 50 100 150
Time (days) Time (days)
CO, in Gas H,
g
o
o
oW oW
903B 903B
0 50 100 150 0 50 100 150
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CH, N,
160 —+ 4000 +
140 3500
120 3000
100 2500
g § 2000
a 80 &
0 1500
40 OW 1000 OW
20 + v } !s‘ 903B 500 903B
0 i ] . ] 0 !
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Appendix Il
Deep fluid chloride correlation with other elements

1 500 L I IU
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