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ABSTRACT

In 1986, a decision was nade to nore clearly
delineate Akaria NE for a 60 MM power plant
by drilling 3 wells and carrying out a work-
over on ON¥702. Wll ON701 which had al ready
been drilled in this area was produci ng about
4 M¢ at 5 ba.

By I\/(aJy of 1988, 4 wells had been drilled in
tlhe dkari a NE and the workover of ON702 com
pl et ed. '

ONM705 and ON 706 produce an average of 2.5
MAe. OWN703 cycles severely between 7 and 3
bars and has an output of about 1-2 MM. ON
704 has not produced yet and encounted very
| ow t enperatures bel ow 900m

Scientific data indicate that there is a pro-
duction boundary to the field north of ON703
and that ON¥704 is outside the field. However,
an area of about 12 knt exists south of ON703
and 704, which includes Okaria East Field
and extends as far west as the dolbutot
fault. By exploring and proving the area to
the west of karia East Field, in which make
up wells for the present power plant could be
drilled, an area of about 8 kntf with capacity
of over 60 M for 25 years for NE has been
proved and fully comitted for power
product i on.

I NTRCDUCTI CN

1986, the scientific evidence available
from AQkaria indicated that although a very
large area of about 80 k as outlined by re-
sistivity data (Hochstein et al, 1981), could
be relatively hot, only two areas, one in the
Wand the other in the NE, were upflow zones.
Further detailed resistivity surveys i ndi -
cated that the upflow zone in the W where OW
301 is located (Fig.l) is a large area of
about 15 knf(Mmangi and Bronl ey, 1986) .

The upflow zone in the NE was presuned to be
sormewhere bet ween OWN501, 702, and OKkaria
East Field. ON701 which was produci ng about 4
M at 5 ba was located within or close to
this upflow zone. Resistivity data available
indicated that an area of about 6 k was
favourable which had a reservoir resistivity
of about 30-35 ohmm However, the northern
boundary was not clearly defined and needed to
be delineated by drilling. ON501 was rela-
tively cold ( [ess than 200°C) in the zone
above 1500mwhi ch indicated that it was on the
edge of the production field.

The natural state nodel of the entire Qkaria
field indicated that both the west and NE u[:)-
flows were being recharged by a considerable
volume of water and that they were controlled
by the dkaria faul t (Bodvar sson and
Pruess, 1987). A part of the fluids upflow ng
in AQkaria NE were recharging the O karia East

FHeld,. Sone fluids were

Qkaria fault to OW101.

with a NS pressure

dr ai na?e channel for hot
so

flowng from the
The dol butot fault,
low, was acting as a
fluids from N to S

and a acted as a possible cold water
recharge ‘conduit from the south at deeper
| evel s.

The chemcal data suggested that the entire

Qkaria field was underlain by a single neu-
tral  Nad arent water at deeper |ev-
el s(>500m), (Barnett et al, 1987). This water
is overlain by a neutral to alkaline NaHOX®
water at shallow levels, as is present around
ON301 and 101. These waters are formed by
steam condensation. The condensate flows to

" ON401 and ON201 at shallow | evels and is of -

ten associated with shallow low resistivity
(Mwangi and Brom ey, 1987). The chl ori de water
upflowing in the NE was inferred to flow hori -
zontally to ON¥201 and the dkaria East Field.
At Qkaria East Field this chloride water
boils adiabatically and cools convectively as
it ascends. Sorme of this fluid concentrates
by evaporation at shallow levels producing
highly saline (2000my/kg chloride) springs in
Hell's Gate_gorge(01 N orowa gorge). _

The major concern in considering developin
the Akaria field, in 1980, was the lack o
'g_ross permeability found within Okaria East
ield which resulted in nost of the wells be-
ing smal|l producers (average 2.5 MAe). Most of
the exploration wells that followed in areas
outside the Okaria East Field were sited

close or at known major fractures in order to
intersect high fracture perneability. ON301
and - OMW201 subsequently proved that the high

production in these wells was related to frac-

tures. The high production of OV¥701 is also
related to fracture(Ryder, 1986). Away from
these fractures, perneability is predoni-

nantly horizontal and is related to contacts
between lava beds and pyroclastic horizons.
Mnor wvertical joints in the nassive |ava
fL'O}N'S constitute sonme random vertical pernmne-
ability. :

According to the Kenya National Power
Devel opment Plan sinulation studies carried
out in 1986(Acres, 1987), it was found econom
ical and advantaPeous from the viewpoint of
resources to develop 2x30 geothermal plants by
1994 and 4x55 plants by 2006. -

Enough scientific evidence was available to
suggest that the initial 60 MM could be ob-
tained from Qkaria NE. The following ||QWe
could be obtained in Akaria Wor from Eburru
depending on which proved nore productive.
This was to be assessed by drilling a nunber
of exploration wells in each area.

To prove and commt CQkaria NE co[r?l etely for
production, it was necessary to drill at |east
three more wel | s(KPC, 1987). Four nore wells
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have been drilled since then; OW-703 704, trachybasalt was found instead.

705, 706 and ON-OD wes completed after devi-
atlng it bdow the production casing of the
old 702. The output characteristics of these
wells, together with further geophysical work,
has confirmed that Olkaria NE can indeed pro-
duoeI 60 MWe This paper discusses these
results.

GEOLOGY

O karia NE(Fig.l) is located in an area of
hi gh topography consisting mainly of rhyolites
and pyroclastics originating from within and
outside O karia.

Most of the wells were drilled with poor sam
ple recovery which has made stratigraphic cor-
relation very difficult. However, the avail-
able cuttings and cores indicate that the area
is simlar to the rest of Okaria lithologi-
cally and is conprised of pyroclastics, tuffs,
rhyolites, trachytes, basalts,and probably m -
nor intrusives. The pyroclastics are quite ex-
tensive on the surface. Subsurface pyroclas-
tics and tuffs are intensely altered and oc-
cur as distinct units and also as intercal a-
tions in the lavas. Rhyolites are fairly
thick” and those near the surface, are unal-
tered and outcrop as columar jointed cliffs
as in 01 Njorowa gorge. Trachytes are the nost
predom nant lavas at depth and show nopderate
to intensive alteration. Basalts are found in
every well in the NE except in OM 701, where a

Due to the huge deposits of pyroclastics and
rhyolites, only one NE-SWtrending fault pass-
ing near OWM701, is seen on the surface and
this fault is possibly intersected by OWM701
and 703. The extension of the Okaria fault
zone has only been inferred in this area as
there is no surface evidence of its exis-
tence. However, the fault is presunmed to be a
maj or source of perneability and controls the
upflow in the NE area.

The alteration .mneral assenblage indicates
that tenperatures in excess of 300° C have ex-
isted in the NE field. This is evidenced by
the occurrence of biotite in OM501 and 703
and garnet and talc in OM704. Illite and in-
terlayered chlorite-illite in OWM501 and 703
are indicative of the existence of a conden-
sate layer which has nixed with deep circul at-
ing chloride water. Snectite and interlayered
smectite-illite also occur in these tw wells
at deeper levels indicating that there has
been some inflow of cold water in the area
from the north. These mnerals are absent in
OW 701 and 702.

Correl ation of sonme alteration m neral s
demonstrates that the chlorite occurrence is
at a very shallow depth in ON¥701 and 702.
This indicates that the chloride reservoir in
this area is nearer the surface than in OW
501, 703 and 704 and that the upflow area is
near the two wells.
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The epidote occurrence does not correlate well
with the present tenperature as epidote is
often found in.close association with basalts
even outside its tenperature stability limts.

GEOPHYSI CAL STRUCTURE
The best evidence for the geothernal

tion boundary in the NE
resistivity sounding data.

produc-
is obtained from the

Soundi ngs made at OW 702,705 and 706 give an
interpreted geothermal reservoir resistivity
of about 30-35 ohmm which is present within
100 to 300m of the surface. At OM501 and 703,
resistivities of about 20 ohmm were found
from the same depth to about 1000m These
|l ower resistivities were found to be caused by
low tenperature clay mnerals, mainly snec-
tite, which were found to a great depth in
these wells. Such resistivities were not found
at OW 702 and 704 area where these clay mner-
als were absent (Leach and Muchem ,1987). A
resistivity of about 40 ohm m was found at OW
702 and 704 at similar depths, instead.

Measurements nmade farther north of these pe-

ripheral wells indicated that surface high re-
sistivities of greater than 40 ohm m increase
in thickness towards Lake Naivasha(Fig.?2).

However, at depth, resistivities are |ower
than 30 ohmm The increase in thickness of
the resistive surface layer inplies that the

cold rocks thickens away from the upflow area
as would be expected at the edge of the
geot hermal system

Referring to the resistivity section of Fig.2,

it can be seen that very low resistivity( 4-5
ohmm) zones are found at shallow levels in
the O karia East Field and also a short dis-
tance to the northwest of OW701 in the X2
area. The area in between has an internediate
resistivity of about 18 ohmm at simlar

depths. The two shallow 4-5 ohmm resistivity
areas are caused by the presence of concen-
trated chloride waters produced by boiling and
evaporation, a part of whhich leaks as hot
springs into 01 Njorowa gorge. It is suggested
that the main NE upflow zone is to be found
north of the edge of the low resistivity zone
and south of OM701 and is probably associated

with the eastern extension of Okaria fault
zone. This location of the upflow zone is sup-
ported by chem cal evidence.

A careful analysis of all the resistivity data
and supplenentary evidence from aeronmagnetic

data suggest that OM 703 and OWM 704 are in-
deed on the edge of NE production field. A
suitable area for exploitation, in which
reservoir resistivities are 30-35 ohmm in-
clude Jdkaria East Field and extend to
O ol butot fault.

CHBM STRY OF THE NE VELLS

OWM 501 has a m xed sodium chl oride and sodi um

bi carbonate type water but with salinity and
excess enthalpy much lower than the O Kkaria
East wells. The well is fed from hot and
cool er horizons. OW 701 discharges wuniform
sodium chloride water which is slightly nore
carbonated and gassy but has a |ower excess
enthal py than the O karia East wells. The well
feeds from hot and cooler zones with the com
posite quartz tenperature of about 260°C. OW
702D has higher CO, than the rest of the NE
and O karia East wells. Interpretation of down
hole sanples indicates that the well pene-

trates zones of diluted and undiluted waters.
At 900 and 1100m the water is diluted by
steam condensate. OW 703 has a simlar salin-
ity as the Okaria East Field but has higher
concentrations of carbonate species in the wa-

ter and lower CG in the non-condensable gas.
The interpretation of the <chloride versus
quartz tenperature diagram for this well shows
that the well has distinct zones of diluted
and undiluted sodiumchloride waters. |In some
near surface levels, dilution by cold water
rather than steam condensate is occurring. OW
704 has also sodium bicarbonate waters wth
clear chemical zoning. A water sanmple col-

lected from 1100-1200m had a quartz tenpera-
ture of about 100°C and higher concentrations
of bicarbonate. It was obvious that the water

did not originate fromthe deep system A deep
circulating fluid was found at 900, 1050 and
1300m OW 705 has a lower salinity than the

rest of the Okaria NE wells.

structure of Okaria NE is there-
as interlayered zones of diluted

The chem cal
fore seen
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chloride water, wundiluted chloride water and
steam heated water particularly in the wells
on the periphery of the field. A careful con-

sideration of all the waters in Okaria field
inidicate that the wundiluted parent sodium
chloride water is about 300-450 ppm chloride.

steam heated waters are to be
the top 1000m with pH of
702D, 703, 704 and 705 are
OWN¥ 701 which is

Diluted and
found mainly within
about 8-10. OW 501,
therefore periphery wells.
|l ess degased than O karia East Field and has
a uniform sodium chloride waters is closer to
the upflow zone. The sodium bicarbonate water
once believed to exist only in the Wis very
comon in the NE wells and envel opes the nmin
reservoir. It is also clear that all the wells
drilled so far are not tapping from the nain
upflow zone. This suggests that the major up-
flow area is between OM701 and O karia East
Field supporting t he geophysi cal
interpretation.

PHYSI CAL PROPERTI ES OF THE WELLS
Except for OWN# 701 and 704, all the wells in
the North East have transmissivities in the
range 0.9 to 2.5x10"® n?/ Pas, and outputs of
about 1.0 to 2.5 M. OWM701 intersects very
hi gh perneability and has a transmssivity of

out put
lateral flow ng hot
al t hough the well
200°C bel ow 900m it
perneability at
permeability
and recovery of
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i ndi cates t wo- phase condi tions at t hese
depths. However, all the wells have maj or
pernmeability in the liquid zone at 100-800m
masl and very little perneability below 400
masl| .

Except for OW 701, which has a WHP of up to 37
bars, the rest of the wells do not self dis-

charge because of the presence of a relatively

cold water zone overlying the reservoir. These
wel | s require conpressi on to stimul ate
di scharge and have maxi mum shut in WHP's of

0-20 bars. On discharge, all the wells produce
excess enthalpy fluids in the range 1200-1650
kJ/ kg which is lower than the 2000 kJ/kg for
the Okaria East wells. OW702D is choked by
the 7" <casing used to repair the 9 5/8"
production casing, after developing |eakages.
OW 703 cycles severely on discharge with an

output in the range of 1-2 MM and a WHP | ess
than 5.0 ba 60% of the tine. OW704 cannot
di scharge by conpression due to its |low

tenperatures. OW705 and 706 both produce a

steady output of 2.5 MAe.
OW 101 is self discharging and produces 1.3
MAE. It encounters tenperatures in excess of

270°C below 500 masl. OW X2 has tenperatures
above 240°C bel ow 900m and it produced a snmall

6.0x10-8n?/ Pas and a correspondingly higher cyclic flow fromthe 4" dianeter casing during
of 4.2 MAe. OW 704 encounters shallow tests conducted in the early 70's. OW501 has
fluids at 800-900m and high tenperatures below 1000m but smal |
has tenperatures less than pernmeability and di scharges saturated 260°C
penetrates excellent fluid at a low WHP after it has been
1000m All the wells encounter airlifted.
in the depth range 1550-1250 masl
the well following drilling
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TEMPERATURE AND PRESSURE DI STRI BUTI ON

The additional tenperature and pressure infor-
mati on obtained fromONM703, 704, 705, 706 and
ON702D greatly nodified the tenperature and
- pressure distribution present in 1986.

A significant change in the proposed tenpera-
ture distribution (Fig.3) in the North East
resulted when the very low tenperatures in ON
704 were discovered. The tenperature distribu-
tion at 1000m masl suggests that the upflow
zones of the systemare on an NWSE trendi ng
axis through ON701 and 26 with a possible
centre to the SE of OM701. This is also
suggested by resistivity and chem cal data.
There is an extension towards ON101.

The 220°C isothermdefines nost of the proven
area for developnent in the NE. At deeper |ev-
els, the tenperatures in the wells show that
"the general area to the north of dkaria East,
as far as ON101 and ON¥ 501, is underlain bﬁ a
hot reservoir with a tenperature greater than
2550°C The highest tenperature is around ON
701.

The pressure distribution in the NE (Fig.4) is
distorted by the high hydrostatic gradients in
OWN 702D and ON 704 due to the |ow tenperatures
at the tinme that the neasurements were nade.
Pressures at 1000 masl (where nost of perme-
ability occurs) are simlar in wells ON701,
703, and X2, but measured pressures in OWN705
are up to 7 bars lower and simlar to those of
ON26 in the AQkaria East. Therefore, the true
high pressures neasured in Okaria NE are at
ONM701, which is closest to the inferred
upf | ow.

NUVERI CAL S| MULATI ON

A nurerical simulation of the natural state
of the entire Akaria field, based on geol ogi -
cal, geophysical, geochemcal and reservoir
engi neeri ng dat a, is bei n% devel oped
(Bodvarsson and Pruess, 1987). The nodel 1In-
cor por ates maj or hydrogeol ogi cal features; up-
flow zones around the ONM301 and 701-702 ar-

‘eas, large scale fluid noverment doninated by

the known major faults and substantial steam
| osses, especially along the Qolbutot fault
south of OW201.

The final results are yet to be published but
the prelimnary data using a 3D nodel, cover-
ing an area of 110 knt, matched reasonably
wel | the observed thernodynamc conditions in
Okaria East and in the exploration wells
which had been drilled. The total heat |oss
mai nly through surface fumaroles and conduc-

. tion was considered to amount to 400 MA.

The total recharge to the Akaria system was
estimated to be about 600 kg/s and upfl ow ng
at Akaria NE and W Mst of the area required
about 4%effective porosity to attain this but
the fracture perneability within known faults
has to be about 100-250 nillidarcies to obtain
a good nodel fit. It was estimated that about
50 kg/s of hot water from the NE upflow
recharges the Okaria East field. The nodel
provides a good background for exploitation
studies and will be updated and refined par-
ticularly in view of the system boundary found
at OW704.

PONER POTENTI AL

From the observed tenperature and pressure
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distribution, the potential production area in
the NE is mainly centered around OW701.
Conditions in ON704 show-the well feeds from
a lateral flow at shallow depth on the north
east edge of the field. Extension to the
north is mainly linmted by the |ow perneabil -
ity in OM703 and OM501 and |ow tenperatures
at shallow depth in OM501. There is evidence
for cold water encroachment into the field
fromthe north and northeast.

Results from OWN 706 and OW 201 show that the
O ol butot fault forns the western boundary
while results from OM X2 and OWM 101 show there
is a possible narrow extension to the west,
towards OW 101.

Fig. 5 is based on these observations and the
220<>C isotherm which at 1000m masl, encloses
.nmost of the proven and potential areas. An
area of 12 'kmf, including O karia East, has
been proved by the exploration in the NE and a
recent well, OW27, west of O karia East
Field. Wth the Okaria East production sup-
ported by 4 knf and an average productivity of
10 MAe/ knf/ 25 years, an area of about 8 k is
available for NE devel opment capable of sup-
porting 80 MAE. It is expected that higher
‘productivity could be achieved by wells
drilled in the upflow zone or located to in-
tersect structural targets. For devel opnment
purposes, the Okaria NE is therefore proven
for devel opment of 2x30 MAé power plants.
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