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ABSTRACT

The apparent r e s i s t i v i t y pa t te rn of t h e Olkaria

F i e l d is not as w e l l defined as t h a t of other  hot  
water systems standing i n volcanic rocks. Attempts 
t o d e l i n e a t e t h e l a t e r a l ex ten t of the  rese rvo i r  
by r e s i s t i v i t y measurements (using arrays with a
nominal depth penetrat ion of 750 to pro-
duced t h e confusing pic ture t h a t several  smaller  
areas with apparent r e s i s t i v i t i e s of occur
over an a r e a of about
these s t r u c t u r e s were in te rpre ted a s "upf low cent res"
with t h e presen t bore f i e l d lying over one of t h e s e
cen t res .

Unti l  recent ly 

A recen t  re- in te rpre ta t ion of the r e s i s t i v i t y
da ta has produced a s i g n i f i c a n t l y  d i f f e r e n t  resist-
i v i t y model. Analysis of o lder Schlumberger sounding

an unbroken layer of lake sediments

(5 - under l ies most of t h e prospect and separat
a non-coherent sequence of surface volcanics (50 -

from older volcanics forming t h e upper
reservo i r . A t g r e a t e r depth the whole
Olkaria F i e l d is underlain by a coherent low

s t r u c t u r e . The new model shows t h a t t h e
Olkaria system covers a much grea te r area
than previously thought. The Olkaria Field is an
example of a h o t water system i n volcanic rocks
which does not e x h i b i t very low r e s i s t i v i t i e s
usua l ly found elsewhere over systems i n a s i m i l a r
hydrological-geological s e t t i n g .

INTRODUCTION

The Olkaria Geothermal Field is the f i r s t
geothermal prospect i n Africa which i s being
developed f o r production of e l e c t r i c power. It

is a high temperature, water-dominated f i e l d
with two-phase flow zones (Grant and Whittome,

Surface manifestat ions, covering an area of about
35 and a n a t u r a l hea t l o s s of about 
po in t t o a la rge  rese rvo i r  a t depth.

Dipole-dipole r e s i s t i v i t y surveys have been
used r a t h e r ex tens ive ly t o explore t h e r e s i s t i v i t y
s t r u c t u r e of t h e Olkaria prospect (Noble and 
Ojiambo , 1976 Bhogal , . The method was used
t o overcome problems r e l a t e d t o apparently " e r r a t i c "

r e s u l t s of earlier-made Schlumberger soundings
(Furgerson, which could not be cor re la ted

formerly (Auckland) , now (Auckland)

IS

.es

with an e a r l i e r geological model of t h e f i e l d

Dipole-dipole r e s i s t i v i t y da ta
were compil e d i n - r e s i s t i v i t y sec t ions

and apparent r e s i s t i v i t y maps. These maps showed
t h a t t h e p a t t e r n of apparent r e s i s t i v i t y contours
f o r shallow penetrat ion (AB = MN = 250 m, n =

and f o r deeper penetrat ion = 8) is ra ther

s i m i l a r (Bhogal, 1980). As t h r e e separate areas
with intermediate apparent r e s i s t i v i t i e s t o

were (see Fig. it was infe r red
t h a t these areas o u t l i n e cen t res ,
they represent separate reservo i r s . A s two pro-
duct ive explora tory w e l l s w e r e d r i l l e d i n two of
these cen t res and OW-2 i n Fig. the model
could hardly be re jec ted . However, there were
ind ica t ions t h a t the model of ind iv idua l low"
cent res was open t o cr i t i c i sm. Apparent r e s i s t i v i -
t ies , based on the Schlumberger a r ray da ta , showed
a q u i t e d i f f e r e n t contour p a t t e r n (Bhogal,

furthermore, the d i s t r i b u t i o n of fumaroles and
steaming ground shows no cor re la t ion with the areas

of r a t h e r l o w apparent r e s i s t i v i t i e s in any
of the r e s i s t i v i t y maps (see Fig. 1).

These discrepancies d id not grea t ly a f f e c t
t h e i n i t i a l s tage of the development of t h e f i e l d ,
when 14 production w e l l s were d r i l l e d i n an area
of less than 1 i n the immediate v i c i n i t y of
exploratory w e l l OW-2. However, t h e production of
nearly a l l l a t e r w e l l s was found t o be ra ther

moderate, equivalent t o about 2 (Grant and
Whittome, .
p a r t s of f i e l d have to be exploi ted. The
question there fore had t o be answered a s t o whether
t h e model of separate upflow cent res holds, and
whether t h e r e s i s t i v i t y d a t a information
about o ther s t r u c t u r e s which could be se lec ted a s
d r i l l i n g t a r g e t s .

For f u r t h e r development, other

EARLIER INTERPRETATIONS OF DIPOLE-DIPOLE

RESISTIVITY SECTIONS

The r e s i s t i v i t y model of t h e Olkaria Field
mentioned i n the introduct ion was based e s s e n t i a l l y

on a q u a l i t a t i v e i n t e r p r e t a t i o n of the pa t te rn of
apparent r e s i s t i v i t i e s . A q u a n t i t a t i v e

of t h e dipole-dipole da ta w a s undertaken much l a t e r

by Ndombi (1978) and by Ross e t al.

Any quant i t a t ive i n t e r p r e t a t i o n of dipole-
dipole sec t ions i n terms of

or i s l imi ted by problems common t o
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Fig. 1: Apparent r e s i s t i v i t y contour map from
dipole- dipole  surveys  = MN = 250 m;
n = Olkar ia Geothermal F ie ld . (All
contours  give  apparent  r e s i s t i v i t y i n

i n t e r p r e t a t i o n s of a l l p o t e n t i a l f i e l d s , namely

t h a t numerous models can be ob ta ined which f i t

t h e same set of d a t a un less r e a l i s t i c r e s t r a i n t s

are incorporated. I n t e r p r e t a t i o n s of dipole- dipole
d a t a encounter t h e add i tona l problem t h a t observed

apparent r e s i s t i v i t i e s are s t r o n g l y  a f f e c t e d  by
r e s i s t i v i t y inhomogeneities beneath t h e c u r r e n t
d i p o l e i n c o n t r a s t t o c e n t r a l f i e l d g r a d i e n t
methods Schlumberger a r r a y ) . Unfortunate ly ,
inhomogeneous near- surface rocks a r e common i n
a l l the rmal a r e a s , a p o i n t which has  apparen t ly  
been overlooked by i n v e s t i g a t o r s who have promoted 
t h e a p p l i c a t i o n of dipole- dipole methods i n
geothermal exp lo ra t ion .

Ndombi at tempted t o model one dipole-

d i p o l e r e s i s t i v i t i y s e c t i o n immediately t o
t h e SW of the Ololbutot  obs id ian flow (see Fig. 1)
i n t e r m s of simple "block" s t r u c t u r e s using t h e
programme of Dey and Morrison (1976). A moderate
f i t between observed and computed d a t a w a s obtained
al though t h e f i t is b i a s e d i n terms of a deeper

NS-trending, l o w r e s i s t i v i t y dyke s t r u c t u r e beneath

a NS-trending l i n e of fumaroles.
s t r u c t u r e , i n t u r n , w a s der ived from a ques t ionab le

i n t e r p r e t a t i o n of r e s i d u a l  g r a v i t y  anomalies (Ndombi,
1981; Hochstein,  1981).  I n view of t h i s ,

d ipole- dipole i n t e r p r e t a t i o n i s open to crit icism,
al though c e r t a i n f e a t u r e s  o f  h i s model a r e similar
t o those suggested already by Furgerson
namely an ex tens ive near- surface l o w r e s i s t i v i t y
l a y e r - and mean r e s i s t i v i t i e s of 10 t o

for t h e shallow reservoir a t t o m
depth.

The concealed dyke

A more d e t a i l e d i n t e r p r e t a t i o n of a l l d ipo le-
d i p o l e  p s e u d o r e s i s t i v i t y  s e c t i o n s  a long 153 l i n e
km (24 p r o f i l e s ) of t h e Olkar i a F i e l d undertaken

by Ross e t al . The d a t a were also i n t e r -
p r e t e d i n terms of a 2D- res i s t iv i ty block s t r u c t u r e
using an i n t e r a c t i v e f i n i t e element method with
70 x 1 3 mesh p o i n t s f o r each model and
Hohmann, 1979). Because of t h e l imi ted h o r i z o n t a l
e x t e n t of t h e mesh, s e v e r a l over lapping models w e r e
requ i red t o ob ta in a t r u e  r e s i s t i v i t y  s e c t i o n along

any given p r o f i l e . An example of t h e m o d e l a long

l i n e 2 ( p o s i t i o n ind ica ted i n Fig. is shown i n
Fig. 2 . This s e c t i o n w a s chosen because it is
c o n t r o l l e d by deep d r i l l h o l e s a t each end; i n
a d d i t i o n , Schlumberger soundings (Furgerson, 1972)
had been made a t about 1 km i n t e r v a l s along t h e
l i n e . I f one compares computed (Fig. and
observed (Fig. r e s i s t i v i t y d a t a , one can see
t h a t t h e agreement i s poor; t h e agreement f o r

over lapping segments is also Unusual f e a t u r e s
i n t h e model i n Fig. 2a a r e t h e h igh ly complex
r e s i s t i v i t y s t r u c t u r e i n t h e upper m and t h e
non-coherent s t r u c t u r e b e l o w 400 m depth where low
r e s i s t i v i t y bodies between ad jacen t p r o f i l e s could.
ha rd ly be f i t t e d  i n t o  any coherent s t r u c t u r e .
no similar complex r e s i s t i v i t y s t r u c t u r e had been 
repor ted for o t h e r ho t water r e s e r v o i r s it w a s
d i f f i c u l t t o accept t h e i n t e r p r e t a t i o n models o f
Ross e t a l . without rese rva t ion .

INTERPRETATION OF SOUNDINGS

A number of Schlumberger soundings (up t o
= had been made by Furgerson

dur ing t h e ear l ier exp lo ra t ion phase of t h e
Olkar i a  F ie ld .  Furgerson had also presented

s e c t i o n s f o r  t h e  f i e l d based on

s tandard sounding curve i n t e r p r e t a t i o n . H i s

s e c t i o n s  i n d i c a t e d  a shallow, coherent , l o w

r e s i s t i v i t y l a y e r - which w a s under l a in
by rocks wi th  in te rmed ia te  r e s i s t i v i t i e s (20 t o

i n t h e SE part of t h e prospect.

evidence f o r any ex tens ive low r e s i s t i v i t y
s t r u c t u r e a t intermediate  depths  (300-1000

nor f o r any steeply- dipping r e s i s t i v i t y boundar ies
i n t h e s e c t i o n s by Furgerson. However, t h e s e
s e c t i o n s could n o t be c o r r e l a t e d with any s t r u c t u r e
i n t h e s e c t i o n s by Ross e t Both
i n t e r p r e t a t i o n s w e r e

o r i g i n a l d a t a t o f i n d out t h e l i k e l y cause of
t h i s l a c k of c o r r e l a t i o n .

There w a s no

W e s t a r t e d by r e- i n t e r p r e t i n g all sounding
curves which had been observed over t h e Olkar i a
area ( to ta l of inc lud ing some later soundings
which been undertaken by Bhogal (pers. corn.).
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Fig. 2: Observed and computed r e s i s t i v i t i e s for dipole- dipole l i n e 2 , Olkar ia F i e l d
from Ross e t a l . , 1972).

Fig. 1.
The p o s i t i o n of t h e  l i n e  (A-A') is shown
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Fig. 3: R e s i s t i v i t y model f o r dipole- dipole l i n e 2 , Olkar ia F ie ld ;

on t h e i n t e r p r e t a t i o n of Schlumberger soundings taken a t s t a t i o n s F3,
F4, F6 and F7 marked i n the f i g u r e .

t h e s e c t i o n is based
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Standard inversion programmes 1970;
1975) were used t o obtain s t r a t i f i e d  r e s i s t i v i t y  
sect ions which turned out t o be qui te similar t o
those of Furgerson. The of these
sect ions was found t o be ra ther small when
theo re t i ca l r e s i s t i v i t i e s of equivalent sect ions
w e r e re-computed for a few selected spacings. An

example of a re- interpreted r e s i s t i v i t y section
along l ine 2 is shown i n Fig. 3; some of the
or ig ina l sounding curves upon which the section
is based are shown in Fig. 4. The s l i g h t l y
d i f f e r en t r e s i s t i v i t i e s fo r the deeper coherent
layers were l a t e r combined i n t o layers with
constant r e s i s t i v i t y using the equivalence theorem,
which hardly a f f ec t s the overa l l  s t ruc ture .  
re- interpretat ion of sounding curves from other
pa r t s of the f i e l d produced sections similar t o
t h a t shown i n Fig. 3. The exercise showed that :

The

there, is a coherent, near-surface r e s i s t i v i t y
layer (7 - which can be traced over
the E pa r t of the f i e l d (E of Olkaria Volcano).

Beneath t h i s - 150 m thick near-surface
layer occur rocks with intermediate resist-
i v i t i e s of 50 t o which decrease t o

b e l o w m depth.

The r e s i s t i v i t y of rocks above depth
increases l a t e r a l l y i n the western pa r t
(up t o about the thickness of rocks
with about a lso decreases i n the W and

par t of the f i e ld .

A coherent low r e s i s t i v i t y substratum (about
occurs beneath the whole f i e l d and

a doming s t ruc ture i n the part.

The deeper substratum i s indicated by
decreasing r e s i s t i v i t i e s a t m
i n most sounding curves (see 'Fig. 4 ) .

Apart from the near-surface layer and the
deeper substratum there are no other low
r e s i s t i v i t y s t ruc tures a t intermediate depth;
the low r e s i s t i v i t y s t ruc ture
a t 250 to m depth beneath the present 
bore f i e ld might be a pseudostructure, as
it can only be recognised i n one sounding

A schematic cross-section of the gross 
r e s i s t i v i t y s t ruc ture of the Olkaria Field along
a NW-SE pro f i l e is shown i n Fig. 5. It can be 
seen t h a t the r e s i s t i v i t y s t ruc ture i n the
pa r t of the f i e l d  d i f f e r s  s igni f icant ly from
t h a t i n the SE par t .

GEOLOGICAL STRUCTURE AND RESISTIVITY
STRUCTURE OF THE OLKARIA FIELD

Recent geological mapping has shown t h a t a
t o 150 m thick near-surface layer of s i l t y

lake sediments occurs t o the E of Olkaria
Volcano 0. Odongo, pers. . The layer
can be ident i f ied from cutt ings in  the  dr i l lholes ,  
but it a l so outcrops i n some par t of the f i e l d
( a t sounding s ta t ion F6, for example, i n Fig.

i n the  foo th i l l  region of Olkaria Volcano and i n the
c l i f fs of the Gorge where t h i s layer was
f i r s t described by Thompson and . The
l o w r e s i s t i v i t y near-surface layer could c l ea r ly be
correlated with a layer of lake sediments which
can be used as a marker horizon which separates

coherent recent surf ace volcanic rocks (rhyoli te
lavas and pyroclast ics, trachyte lavas with ra ther

high r e s i s t i v i t y of 50 t o from older basa l t s ,
rhyol i te lavas and trachytes encountered between

and m depth i n the production wells of the

borefield and i n exploratory well X-2. These older
volcanic rocks generally exhibit t rue r e s i s t i v i t i e s
of about below m depth.
mation available which might explain the nature of
the l o w r e s i s t i v i t y rocks a t 250 to m depth
beneath borefield.
encountered the deep low-resist ivi ty substratum.

There is no infor-

No dr i l lhole has yet

COMPARISON OF DIPOLE-DIPOLE MODELS
AND SOUNDING MODELS

The simplified geological structure can be
used t o explain the apparent r e s i s t i v i t y pat te rns

dipole-dipole r e s i s t i v i t y maps such as t h a t
shown i n Fig. 1. It was found fromthe re- interpreted
sounding sections tha t lower apparent r e s i s t i v i t i e s
were usually observed with the dipole-dipole arrays
over pa r t s of the f i e l d where the low r e s i s t i v i t y
lake are rather thick and are near t he
surface or outcrop a t the surface. Higher apparent
r e s i s t i v i t i e s i n these maps can be correlated with
areas where the recent surface volcanics are thick 
and/or where the lake sediments are absent. The

apparent r e s i s t i v i t y maps give l i t t l e information,
therefore, about the deeper r e s i s t i v i t y s t ruc ture ,

of the reservoir , and the hypothesis t h a t
there are individual "upf l o w" centres beneath pa r t s
of the f i e l d with somewhat lower apparent r e s i s t i v i-
t ies i n these maps can be rejected. As there is no
evidence fo r a coherent, shallow, low r e s i s t i v i t y
layer (lake sediments) in the in terpre ta t ion models
of Ross e t (1979) (see Fig. the near-surface
s t ruc ture of these models i s open to criticism.
However, we could not ignore the poss ib i l i ty t h a t
some of the deeper s t ruc tures i n the dipole-dipole
models were r e a l , s i n c e c o n c e a l e d s t r u c t u r e s
with ve r t i ca l boundaries are d i f f i c u l t t o detect
with Schlumberger arrays.

The re- interpreted r e s i s t i v i t y sections
obtained from sounding data were therefore approxi-
mated by block s t ruc tures , and theore t ica l resist-
i v i t i e s were computed for the dipole-dipole p ro f i l e s
using the f i n i t e element method of Dey and Morrison
(1976).
to a few pro f i l e s where the t e r r a in  e f f ec t  is small.

The computation exercise w a s r e s t r i c t ed

An example of such re- interpretation for l i ne
2 shown in Fig. 6. It can be seen tha t the
chosen r e s i s t i v i t y structure is similar t o t h a t
obtained from the interpretat ion of the sounding
curves shown in Fig. 3. Only moderate f i t s w e r e
obtained, however, which fo r deeper penetration

= 4 t o are s l i g h t l y  b e t t e r  t h a n t h o s e
obtained by Ross e t a l . The f i t between observed
and theore t ica l data could not be improved by
changing the deeper s t ruc ture , although some
improvement noticeable when the surface
r e s i s t i v i t i e s near the current dipole were changed.
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Fig . 4 : Observed and computed apparent r e s i s t i v i t i e s a t s t a t i o n s F2 and F3, l i n e 2, Olkar ia
F i e l d (see Fig.
(Lake sediments are absent beneath F2 b u t f u l l y developed a t

t h e stepped l i n e gives t h e  t r u e  r e s i s t i v i t y ve r sus depth funct ion.  

B‘B .
Olkar ia

N.W. Volcano S.E.Present bore f ie ld

in
give true resistivity

Fig. 5: I d e a l i s e d r e s i s t i v i t y c ross- sec t ion through c e n t r a l p a r t of Olkar ia  F ie ld .  
b a r s  i n d i c a t e  unce r t a in ty i n l e v e l of l o w r e s i s t i v i t y
s e c t i o n is shown i n Fig. 1.

(The error
The p o s i t i o n of t h e
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d a t a showed t h a t :

The re- in te rpre ta t ion of t h e dipole- dipole

i n t h e presence of an inhomogeneous sur face
l a y e r it is almost impossible t o obtain

s i g n i f i c a n t information about t h e deeper
r e s i s t i v i t y s t r u c t u r e of a geothermal system
from a q u a n t i t a t i v e  i n t e r p r e t a t i o n  of
dipole- dipole pseudores i s t iv i ty  sec t ions .  

Details i n these s e c t i o n s a t g r e a t e r dipole-
dipo le spacings are always d i s t o r t e d by
near- surface inhomogeneities: t h i s a l s o
expla ins why a t Olkaria t h e apparent
r e s i s t i v i t y p a t t e r n i n dipole-dipole
maps a t smaller spacings = is
similar t o t h a t observed f o r l a r g e r
spacings =

No i n t e r p r e t a t i o n of dipole-dipole d a t a
should be attempted without adequate and
d e t a i l e d  i n f o m a t i o n  about t h e near- surface

r e s i s t i v i t y s t r u c t u r e beneath t h e cur ren t
e lec t rodes .

The r e- i n t e r p r e t a t i o n of t h e dipole-dipole

d a t a over t h e Olkaria F ie ld has shown t h a t t h e
i n t e r p r e t a t i o n models by Ross e t al. are quest ionable
and t h a t shallow and deeper r e s i s t i v i t y s t r u c t u r e s

i n t h e s e models are m o s t l y pseudostructures .
The assessment of that. only dipole-
dipd le surveys were u s e f u l f o r t h e explorat ion of
the Olkar ia system, is wrong. W e know now t h a t
t h e o r i g i n a l geological m o d e l of t h e Olkaria F ie ld ,
which d i d not allow f o r t h e unbroken low- res i s t iv i ty

l a k e sediments, w a s a t faul t , and t h a t t h e dipole-
dipo le d a t a are "erratic", no t t h e Schlumberger
sounding data .

DISCUSSION

A r e- i n t e r p r e t a t i o n of r e s i s t i v i t y d a t a over
t h e Olkaria F ie ld has l e d t o a rev i s ion of t h e gross
r e s i s t i v i t y s t r u c t u r e of t h e  f i e l d .  Evidence has

been presented which shows t h a t most of t h e prospect
is covered by non-coherent, recen t volcanics of

v a r i a b l e th ickness with intermediate t o high
r e s i s t i v i t i e s t o , which are underlain

by a coherent l a y e r of lake sediments of unusually
l o w r e s i s t i v i t y (5 - Variat ion i n thick-
n e s s 'of these two l a y e r s causes the phenomenon of
a h igh ly inhomogeneous sur face l a y e r which s t rong ly
a f f e c t s t h e value of t h e apparent r e s i s t i v i t y of
a r r a y s with l a r g e spacings. The pattern i n
apparent r e s i s t i v i t y maps predominantly r e f l e c t s

t h e s t r u c t u r e of t h i s inhomogeneous sur face  l ayer ;  
t h e p a t t e r n is not r e l a t e d to t h e deeper resist-
i v i t y s t r u c t u r e .
a f f e c t e d by t h e near- surface inhomogeneities.

Dipole-dipole d a t a are e s p e c i a l l y

The only reliable information about t h e
r e s i s t i v i t y s t r u c t u r e of t h e volcanics below the

m depths increases only gradual ly
margin of t h e f i e l d which cannot there fore be
c l e a r l y de l inea ted by r e s i s t i v i t y data;
also has not been reported previously f o r o ther h o t
water systems. The only information which can be
used t o def ine t h e size of t h e Olkaria F ie ld is t h e
e x t e n t of t h e deeper low r e s i s t i v i t y substratum
(about 5 t o which could be t raced over an
area of about 80 It is poss ib le t h a t t h i s
substratum extends much fur ther .

t h i s f inding

N o convincing explanat ion can y e t be given f o r
t h e r a t h e r high r e s i s t i v i t y of t h e r e s e r v o i r rocks

lying between t h e l o w r e s i s t i v i t y substratum and the
lake sediments. The r e s e r v o i r rocks are less porous

- Hochstein, and less (Grant
and Whittome, than r e s e r v o i r rocks i n N . Z . hot
water systems, which would explain a somewhat higher
formation f a c t o r of these rocks e s p e c i a l l y i f t h e i r
rank of a l t e r a t i o n is moderate. Using a q u a l i t a-

t i v e assessment we could not much evidence f o r
a s i g n i f i c a n t l y higher a l t e r a t i o n of rocks at -

m depth where a l a y e r m i g h t o c c u r
beneath t h e production f i e l d , although
encountered i n t h e production w e l l s are a l t e r e d .
Presence of steam a l s o increases t h e r e s i s t i v i t y
r e s e r v o i r rocks (Hochstein, , but t h e steam
phase is c e r t a i n l y n o t dominant i n t h e Olkaria
reservoir a p a r t from a steam layer a t t o 800 m

and Whittome,

Combining a l l arguments, it w a s i n f e r r e d t h a t
r e s e r v o i r rocks i n o ther p a r t s of t h e f i e l d with

r e s i s t i v i t i e s s i m i l a r t o those a t t o m
depth i n t h e presen t production f i e l d should e x h i b i t
s i m i l a r production c h a r a c t e r i s t i c s . T o test t h e
hypothesis t h a t higher permeabi l i t i e s might be
encountered i n t h e low r e s i s t i v i t y substratum,
d r i l l i n g of deep exploratory w e l l s w a s

proposed. The d r i l l i n g of t h e f i r s t deep
exploratory w e l l has s t a r t e d recen t ly .

.

I f production of these w e l l s proves t o be

s i g n i f i c a n t l y higher , and i f production can be
obtained from deeper feed zones, t h e doming
s t r u c t u r e of t h e l o w r e s i s t i v i t y substratum i n t h e

W p a r t of t h e f i e l d might def ine t h e  t a r g e t  f o r  t h e  
next development phase of t h e Olkaria F ie ld .
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