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ABSTRACT

Geothermal energy sources are formed by heat sfaredcks at depth. In regions with high heat fldike at
volcanically active plate margins, high total thedynamic energy is accumulated in the so calleth kigthalpy
resources. Unaltered volcanic rocks generally Hagh resistivity which can be changed by hydrottedractivity.
Hydrothermal fluids tend to reduce the resistivifyrocks by altering the rocks or by increasingrsgl. Initial
regional exploration for geothermal resources imy&eindicated that the Quaternary volcanic compeakthe
Kenya rift valley provided the most promising presfs for geothermal exploration. Consequently, iteta
exploration for geothermal power has been conceatraround volcanic centres within the rift vall&udies show
that these centres have positive indications ofttggmal resource that can be commercially exploifEde
geothermal potential of the area is associated wWitse magma chambers that constitute the heatesour
Magnetotellurics (MT) data show that the heat sesirare shallow beneath the volcanic centres. Tim$ract
concentrates on the geophysical work that has loeeried out in the Menengai Geothermal prospechgusi
Magnetotellurics (MT). Data collected using magieiturics is used to determine the resistivitytritisition within
the earth to depths of many kilometers which isitimerpreted in terms of lithology. The contrastrésistivities
provides an excellent tool for identifying geothatmargets. So magnetotellurics is the standardhodetor
mapping the alteration cap and via 3D inversionuthgerlying reservoir.

INTRODUCTION

Initial regional exploration for geothermal resasdn Kenya indicated that the Quaternary volcanimplexes of
the Kenya rift valley provided the most promisingpgpects for geothermal exploration. Consequetiyailed
exploration for geothermal power has been conceatraround volcanic centres within the rift vall&udies show
that these centres have positive indications ofttggmal resource that can be commercially exploifEde
geothermal potential of the area is associated wWitse magma chambers that constitute the heatesour
Magnetotelluric (MT), seismic and magnetic dataveltbat the heat sources are shallow beneath theawiol
centres. This abstract concentrates on the geagahysdrk that has been carried out in the Mene@githermal
prospect. Static shifts of the resistivity curvesd been removed by means of the MT response defriom TEM
measurements at the same locations.

The Magnetotellurics (MT) technique, a natural gmmagnetic method, has proved effective in mappimg
characteristics of geothermal fields due to itser@t resolution and also greater depth of investiga
Magnetotellurics survey is more appropriate forfidifit topography due to its simple logistics armvl cost
compared to seismic survey. MT provides usefulrimition about the lateral and vertical resistivigyriations in
the earth’s subsurface from surface measurememamhorizontal electric field and three magnet&divariations
over a typical 18-10° Hz frequency range. MT results along a profile barused to evaluate the resource potential
of the area. Data collected using magnetotellusiased to determine the resistivity distributieithin the earth to
depths of many kilometers which is then interprateterms of lithology. The contrast in resistig#i provides an
excellent tool for identifying geothermal targe®o magnetotellurics is the standard method for rimgpgphe
alteration cap and via 3D inversion the underlygepthermal reservoir. This resistivity survey itiged three
zones, separated by discontinuities, which araBlgtfor geothermal production.

The role of electrical resistivity

Unaltered volcanic rocks generally have high rastets which can be changed by hydrothermal aftivi
Hydrothermal fluids tend to reduce the resistiafyocks:-

by altering the rocks,
% by increase in salinity or
% due to high temperature.
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In high enthalpy reservoirs, i.e. fluid temperatuadove 200 °C, hydrothermal alteration plays tieelpminant role
(Figure 1.1). In a volcanic terrain the acid-sulighevaters lead to different alteration productseseling on the
temperature and thus on the distance from the $matce. With basalts as country rock smectite besothe
dominant alteration product in the temperature eafigm 100 °C to 180 °C. At higher temperaturesadiayer

clays and chlorite become dominant

Figure 1: Alteration mineralogy with increasing temperatunebasaltic country rock. In the temperature ran@@°C to 180°C
smectite becomes the dominant alteration product generally forms a smectite/bentonite clay capura

Geological Survey of Iceland ISOR).

Figure 2: Schema of a generalised geothermal system. Thetitsengap formed exhibits
resistivities in the range of 2 Ohm*m, the mixagldr around 10 Ohm*m.

METHODOLOGY

MT Sounding
MT techniques measure over a frequency range. dWwerlthe frequency, the greater the depth of ingason
possible at a given site. MT techniques acquira datrequencies ranging from about 400-0.0000129dver a
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period of about 21.5 hrs), and are suitable fopdeénvestigations. The survey was planned sowlwaik crews
could set up one or more sites each day (depemdirte nature of the terrain), allowing the equiptrte acquire
data for a period of time and then retrieving tlygiipment to re-deploy it at another site. In thisvey, the
equipment was left to acquire data overnight atidieraal usually happened the next morning.

Although an MT can be used alone, best resultaeh&ved when a remote or far remote site is aveiltor noise-
reduction techniques. Apart from the 50 Hz or 60gtd frequency, electrical noise from human ati#gi tends to
vary considerably over distance. The natural magrsgjnal, though, tends to be the same over ldisfances; the
lower the frequency, the less variation. The MTipoent system employed took advantage of theseactaistics
by collecting data simultaneously at the survegddl”) sites and at one reference (“remote”) site.

MT equipment and sensors must be calibrated befcgeiring data. Calibration took place at the beigig of the

survey, and was repeated in the course of the gwhen equipment problems arose (e.g., damage@sjafiihe
field layout comprised of two orthogonal electripales to measure the two horizontal components, tsro

magnetic sensors parallel to the electric dipatesi¢asure the corresponding magnetic componerttsirdsensor
measured the vertical magnetic component. Thusaeth station, five parameters were measured sinadtssly as
a function of frequency. By measuring the changeshie magnetic field (H) and electric (E) field owange
frequencies, an apparent resistivity sounding cwae be produced, analogous to that produced fmtradal

resistivity sounding but measured as a functiodrefuency rather than inter-electrode separatidre d@ata are
displayed on log-log plots as apparent resistivitgsus either frequency (f) or period (GfR2

DATA PROCESSING AND ANALYSIS
Resistivity
Both MT and TEM data can be analysed in differemtysvaccording to the manner in which they have been
acquired. Measured parameters may be plotted depror as gridded and contoured maps on whichrathous
zones can be identified. These approaches tena tgublitative and of first order interpretationdheTdata was
processed, inverted and produced in apparentik@sigtlots in form of contours maps at variouswelgons. The
aim was to locate a possible sub-surface resigtaitomaly on the basis of relevant parameters agchpparent
resistivity values, shape and size.
Time series processing included visual inspectiotne recorded data and excluding disturbanceshaasily noise
affected parts of the time series. Although vemyeticonsuming this approach proved to be the beahsn® extract
maximum information from the noise contaminatedetiperies. These preconditioned time series were the
transformed into the frequency domain by a
FFT using adapted window lengths. With a
coherency based algorithm the Fourier spectra
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1800 masl to 5000mbslas shown in Figures
1.4,15,1.6,1.7,1.8,1.9, and 2.0 respectively.
Figure 3: The areal distribution of MT resistivity soundings
from the Menengai prospect area
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Resistivity at 1800 masl

At 1800 masl(Figure 1.4), most of the area is cedewith moderately high resistivity values partanly the

Menengai caldera and to the North-west towardsOh&ongai area, except for localized low residtivappearing
in the north west towards the direction of KampiMato and another in the south-east of the caldeedatively

lower resistivity discontinuity can also be seethia central part of the caldera. The high restgtig probably as a
result of un-altered rocks near the surface.

9990000 f ' ' '\- P
[

9980000

Northings (m)

9975000

NPT s hd R Sk b

9970000

T T T
17000& 175000 180000

Eastings (m)

T
165000

Figure 4: Resistivity distribution at 1800 masl. within Memgai prospect

Resistivity at 1400 masl

Deeper down, at 1400 masl (Figure 1.5), the higiistigity is still dominant within the caldera anol the OI’
Rongai hill except the low resistivity discontinuithat appears in the centre of the caldera andlifmd low
resistivity anomalies in the north-west and sowthbt®f the caldera as seen in the layer 400m above.
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Figure 5: Resistivity distribution at 1400 masl. around Mega
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Figure 6: Resistivity distribution at 1000 masl within Mexgai prospect
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Figure 7: Resistivity distribution at 800 masl. in the Megai prospect

Resistivity at 1000 masl and 800 masl

At 1000 masl (Figure 1.6) three distinct low rasisg (< 10 Qm) areas are clearly seen; one large region tedise
of the caldera towards Bahati area, one to the ofetste caldera and a small low resistivity anomialghe central
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portion of the caldera. High resistivity valuesstj@as in the previous higher elevations, are [stédlsent in the OI
Rongai area and the other to the southern rimeotétdera.

At 800 masl (Figure 1.7), low resistivity is smehareut in almost the entire plot with more prominerin the
eastern, western and central part of the caldanasd low resistivity zones could probably be assalt of low
temperature hydrothermal clay minerals like smedaitd zeolite. On the other hand, the south-eateo€aldera
and north-west area around OI’ Rongai area is cheniaed by high resistivities.

Resistivity at Sea level

At Sea-level (Figure 1.8), the general resistigtyucture of the prospect indicate a moderate teglstivity (about
49 ohm-m) particularly within the caldera and ie tiorth west in tha OI' Rongai area. This highstgity portion
could probabably be associated with high tempegatatteration minerals such as chlorites and egidotSome
higher resistivity zones can be seen appearing fteenSouth and of the caldera and another in thehNgast
portion of the caldera aligning in the NW-SE dirent Low resistivity seen in the previous levelsvémds Bahati
and in the north east along the Solai TVA is gtitsent here.
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Figure 8: Resistivity distribution at sea level within thMenengai prospect

Resistivity at 3000 mbs| and 5000 mbsl

Figures 1.9 and 2.0 shows resistivity at 3000 rabsl 5000 mbsl respectively. These figures revealrksistivity
bodies at depth that could be related to magmatit sources. Three distinct low resistivity anopstan be seen
in the prospect area, one in the central part efcidera, the other in the OI' Rongai area andttird towards
Kabarak.
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Figure 9: Resistivity distribution at 3000 mbsl within theeklengai prospect
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Figure 10 Resistivity distribution at 5000 mbsl within Mergai Prospect
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Figure 11: 2D East-west MT resistivity cross-section

Resistivity cross-section through OlI' Rongai area

Figure 2.1is the cross section through the OI' Rorgea north of the caldera. It shows a low regigtayer that is
about 1.5 km deep below OI' Rongai area. This skalbw resistivity layer on this profile definecambination of
conductive sediments and alteration zones arouhB@igai area. Below this zone a higher resistildtyer is seen
overlaying a low resistivity starting at about 6 kielow the surface. This is probably a magmati¢ kearce for the
Ol Rongai area.

Resistivity cross-section passing through the Mgnaeoaldera

Figure 2.3 shows MT resistivity cross-section E-We&sing through Kabarak, the caldera and Bahhis. grofile
shows generally higher resistivity near the surfabéh is probably due to un-altered rocks in teamsub-surface.
Underlain is a low resistivity layer about 1 kmdhkiwhich run accross the entire cross-section. Shalow low
resistivity layer on this profile defines the cliayer formed due to hydrothermal alteration atupper zone of the
geothermal system in Menengai prospect and thdosuttones. A localized low resistivity anomaly isa
observed at a depth of about 4 km. This low resigtbody could be associated with magmatic inasivhich is a
probable source of crustal fluids for this Prospect
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Menengai Caldera
e

2500 [~ 2500

2000 2000

1 - s R H 3 B = .
i ' 5§ H :
: i UG S - S : :
crrn e
e
50
500 - 500
z1a
o oo ez
[
-500 - -s00 soa
_ oo
E -1000 -1000 I I
£ 100 1500 |t 1eo
=
o -
@  -2000 2000 || o
& =
2500 2500 [T =
a2
-3000 3000 b e
1 =
-3500 -3500
.
-4000 -ago0 [ #
- ==
-4500 <s00 [ s
-5000 so00 [ °
-5500 -5500 v
.
-8000 -8000
o 1000 2000 3000 4000 5000 €000 7000 g000 2000 10000 11000 12000 12000 14000
Distance (m)
Figure 12: 2D East-west MT resistivity cross-section

This resistivity survey has identified three zonssparated by discontinuities, which are suitablegeothermal
production. These are:

(1) The central part of the caldera which shows a lesistivity (< 10Qm) anomaly at depth.

(2) The OI' Rongai area where steaming and dry hotsasl located also with low resistivity at depth.

(3) The western domain towards Kabarak which is sepdrfabm the central one by a structural discontjnui
has a homogenous electrical response and low ivityigi10 Qm). The low resistivity is attributed to
primary (lithology) rather than secondary alteratigrobably due to intense hydrothermal alteration.
However, the top of the resistive basement is shelt.

The total heat estimated from the caldera alomne é&xcess of 2690 MWt. This high heat flow frone thlenengai
caldera could be indicative of a big hot body undath, which can be explored further for productdrsteam.
Areas around OI' Rongai and OI’ Banita are alseri@sting even though the overall heat flow estich&tdow. The
low heat flow could be due to the fact that they @lder systems. The orientation of the high tewatpee areas is in
a NNW-SSE direction. This suggests that a majoit/feacture zone could be aligned in this diresteind allows
deep hot fluids to flow close to the surface cagdimcalized heating of the shallow fluids. Anothmwssible
structure seems to occur in NE-SW direction ashmaobserved from the orientation of the high terapege areas
within the caldera.
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CONCLUSION

It is recommended that four deep directional exgitmy wells be drilled in Menengai caldera as waisiaily

proposed and three more to be drilled on OI' Rorgal Kabarak area as indicated in the findiRggure 2.4. The
resource ar%ea based on the anomaly is about 8#hith can yield about 1260 MWe based on the worktage of
15 Mwelk

Figure 13: Menengai proposed exploratory well sites and nesoarea
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