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ABSTRACT
The location of Menengai in Kenya along the East African Rift puts it at a very strategic position for the tapping of geothermal
resource. With an estimated geothermal potential of 10,000 MWe, the country has so far managed to develop slightly above 200
MWe and another 280 MWe is on course in Olkaria. Therefore, understanding the resistivity structure of Menengai geothermal
field would give a good understanding of the subsurface and enhance the possibility for the exploitation of this abundant
geothermal resource. The Menengai subsurface was imaged using resistivity methods namely: MT and TEM. The two methods
were jointly inverted together to give a high resolution and better interpretation. The resistivity structure of Menengai revealed
three major resistivity layers. These layers are: a high resistivity surface layer extending to a depth of about 300 metres below
surface; a low resistivity anomaly considered to be the cap-rock of the Menengai geothermal system, with a layer thickness of about
700 meters; a high resistivity core which runs from a depth of 1600m to 3000m which is interpreted as the reservoir and further
below it.

1. INTRODUCTION
The African rift starts from the Afar region and passes through Kenya from North to south making Kenya a potential spot for
geothermal resources. Along the Kenya rift are the various prospects identified for geothermal exploration. Among them is the
Olkaria geothermal field (Figure 1) which is well explored and developed, and is in the process of expansion while Menengai field
is in the process of exploration drilling. Normally, detailed surface investigations using various exploration methods is done before
a field is committed for exploration drilling and development. In geothermal exploration, various exploration techniques are
employed including, geophysics, geology, geochemistry and heat flow measurements. The electrical resistivity technique is the
most common geophysical method used for geothermal investigation.
The Menengai geothermal field is a high temperature field and has attracted the attention of the government thus making it the
major priority area for geothermal exploration and development in Kenya. The Menengai geothermal field covers the Menengai
volcano, the Ol’Rongai volcanoes, Ol-Banita plains and parts of the Solai graben to the northeast. It is estimated that the total field
measures approximately 850 km2 , Geothermal Development Company Ltd (GDC). Geophysical exploration methods play a key
role since they are the only means of locating deep seated structures that are responsible for controlling the geothermal system
namely, identifying heat sources and possible conduits for geothermal fluids and delineating the resource potential areas and are
therefore very critical in determining the drilling sites. The geophysical methods that were employed in the study of Menengai field
are the Transient Electromagnetic (TEM) and Magneto telluric (MT) resisitivity methods. The results of this investigation are
presented in the form of iso-resistivity maps and cross-sections. Figure 1 is a map showing all geothermal prospect areas along the
Kenyan rift with Menengai being marked with a bold red arrow.

2. RESISTIVITY OF ROCKS
Most rock forming minerals are electrical insulators in their natural state. Resistivity is controlled by the movement of charge
carriers in different materials. Electrons are the charge carriers in solid rocks while ions are the charge carriers in fluids and or
solutions. The concentration and mobility of charge carriers determines the resistivity of different rocks. Although water is not a
good conductor of electricity, saline groundwater with elevated temperatures largely lowers the resistivity of rocks which is usually
the case in geothermal areas. Groundwater movement is facilitated by interconnected pores and fractures thus causing hydrothermal
alteration to the rocks.
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Figure 1: Map showing the location of Menengai geothermal prospect and other prospects along the Kenyan Rift Valley
(GDC, 2010).

The resistivity of a material is defined as the resistance in ohms (Ω) between the opposite faces of a unit cube of the material
(Kearey and Brooks, 1994). For a conducting cylinder of resistance (R), length (L) and cross-sectional area (A) the specific
electrical resistance (often shortened by resistivity) is given by:
(1)

=

The electrical resistivity of rocks depends on the following parameters (Hersir and Björnsson, 1991): porosity and the pore structure
of the rock; salinity of water; amount of water; water rock interaction and alteration; temperature and pressure. Understanding these
physical parameters is important in geophysics as they help us in building a picture of a geothermal system. With a good knowledge
on electrical resistivity, it is possible to delineate the boundaries of a geothermal resource. This information is very valuable
especially when developing conceptual models for geothermal prospects.
2.1 Porosity, permeability and the pore structure of the rock
Porosity is defined as the ratio between the pore volume and the total volume of a material, and is measured as a fraction between 0
and 1 or as a percentage between 0 to 100. Porosity can also be defined as the a measure of a rock´s ability to hold fluids. It can be
classified into three major classes, namely;
Intergranular porosity - the pores are formed as spaces between grains or particles in a
volcanic ash.

compact material like sediments and

Joints-fissures or fractures - the pores are formed by a net of fine fissures caused by tectonics or cooling and contraction of the rock
(igneous rocks, lava).
Vugular porosity- where big and irregular pores have been formed due to dissolution of material, especially in limestone or gas
bubbles in volcanic rocks.
The empirical Archie’s law states that resistivity varies approximately as the inverse powers of the porosity when a rock is fully
saturated with water. An empirical function relating resistivity and porosity known as Archie´s law (Archie, 1942) is widely used.
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Archie‘s law is valid if the resistivity of the pore fluid is of the order of 2 Ωm or less, but doubts are raised if the resistivity is much
higher (Flóvenz et al., 1985). However, Archie‘s law seems to be a fairly good approximation when the conductivity is dominated
by the saturating fluid, Árnason et al, (2000).
Permeability is the ability of rocks to transmit fluids. This is guided by the interconnectivity of pores, thus permeability is closely
related to porosity. Pore spaces must be interconnected and filled with water if fluid conduction is to take place. The degree to
which pores are interconnected is called effective porosity. The range of values for permeability in geological materials is
extremely large with the most permeable materials having permeability values that are millions of times greater than the least
permeable ones. In addition to the characteristics of the host material, the viscosity and pressure of the fluid also affect the rate at
which the fluid will flow, Lee et al, (2006).
2.2 Salinity of water
The bulk resistivity of a rock is mainly controlled by water rock interaction and pore fluid resistivity which is dependent on the
salinity of the fluid. An increase in the amount of dissolved solids in the pore fluid can increase the conductivity by large amounts.
Conductivity in solutions is a function of salinity and the mobility of ions present in the solution. Considering water as an
electrolyte, the conductivity of an electrolyte solution can be expressed as shown in equation 2 (Hersir and Björnsson, 1991).
(2)
where , F,
of ions.

,

are conductivity (S/m), Faradays number (9.65 × 104 C), Concentration of ions, valence of ions and mobility

2.3 Temperature
The resistivity of aqueous solutions has been observed to decrease with increasing temperature due to an increase in ion mobility
caused by decrease in the viscosity of the water. This is usually evident at moderate temperatures between 0-200 C. Figure 2
shows how this decrease in temperature takes place. This can be expressed using the Dakhnov relationship (Dakhnov, 1962) as:
(3)
where ,
are resistivity of the fluid at temperature (
, resistivity of the fluid at temperature
co-efficient of resistivity( C),
C-1 and room temperature ( 23 C) respectively.

(

emperature

2.4 Water rock interaction and alteration mineralogy
Hydrothermal water reacts with rocks to form alteration minerals through a process called hydrothermal alteration. The distribution
of alteration minerals in the subsurface gives information on the temperature of the geothermal system and the hydrothermal water
flow paths.

Figure 2: Electrical resistivity of solutions of NaCl water as a function of temperature at different pressures. Hersir and
Bjornsson (1991).
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The alteration intensity is lower near surface where the temperatures are low and higher deep in the subsurface where the
temperatures are high. The resistivity structure of volcanic hosted high temperature geothermal systems in the world have shown
similarities as is the case in the Iceland and Kenya geothermal fields. The degree of alteration varies depending on the rock types,
fluid chemistry, porosity and permeability of the rocks.

Figure 3: The general resistivity structure of a high temperature geothermal system showing resistivity variations with
alteration and temperature. Flóvenz et al (2005).

Figure 3 shows a summary of the alteration mineralogy in high temperature system as a function of temperature. The uppermost
and unaltered part has relatively high resistivity and the conduction is mainly pore fluid conduction. The resistivity decreases as the
smectite-zeolite zone is reached and mineral or surface conduction becomes the dominant conduction mechanism. Because of
increasing temperature and increasing alteration at greater depth, the resistivity decreases even further. Below, the mixed clay zone
becomes dominant and the resistivity increases again, most likely due to strongly reduced cation exchange capacity of the clay
minerals in the mixed clay and chlorite zone. Here the surface and pore fluid conduction probably dominate as the mineral
conduction is diminished. The transition from smectite to mixed layer clay happens at a temperature around 230°C to about 250°C.
At about 250°C to 300°C, the smectites disappear and the mineral chlorite dominates this zone. At even higher temperatures
epidotes appear and dominate marking the start of the high temperature zone which is usually resistive. The high resistivity at this
point is brought about by the crystalline nature of mineral epidote thus the anion and cation exchange is reduced. The conduction
mechanism here is mainly surface and pore fluid.

3. ELECTROMAGNETIC METHODS
Electromagnetic techniques have proven to be very useful geophysical tools in geothermal investigations. This is due to the fact that
the spatial distribution of conductivity in geothermal regions is not only determined by the host rock distribution, but is directly
related to the distribution of the actual exploration target, hot water (Berktold, 1983).
3.1 Transient electromagnetic method (TEM)
The Transient electromagnetic method involves transmitting a constant current through a loop of wire thereby building a constant
magnetic field of known strength (Figure 4). The process of abruptly turning off the transmitter current induces, in accordance with
Faraday's law, a short duration voltage pulse in the ground, which causes a loop of current to flow in the immediate vicinity of the
transmitter wire. Immediately after the transmitter’s current is turned off, the current loop can be thought of as an image in the
ground of the transmitter loop (see Figure 4). However, due to ohmic heat loss in the ground, the amplitude of the current starts to
decay immediately. This decaying current similarly induces a voltage that causes more current to flow, but now at a larger distance
from the transmitter loop, and also at greater depth. This deeper current flow also decays due to the limited resistivity of the ground,
inducing even deeper current flow and so on. The depth of penetration in the central loop TEM-sounding is dependent on how long
the induction in the receiver coil can be traced before it is drowned in noise.
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Figure 4: The central loop TEM configuration showing transient current flow in the ground, Hersir and Björnsson (1991)

3.2 Magnetotelluric Method (MT)
Magnetotelluric is a passive electromagnetic geophysical method used to probe the subsurface resistivity structure. Natural
variations in the earth's magnetic field induce electric currents (or telluric currents) in the ground, which depend on the earth's
resistivity. Both magnetic and electric fields are measured on the earth’s surface in two orthogonal directions (Figure 5).
The orthogonal electric and the magnetic fields are related through the impedance tensor which holds information about the
subsurface conductivity. The high frequencies give information about the resistivity at shallow depths while the low frequencies
provide information about the deeper lying structures. Low frequencies <1 have their source from the ionospheric and
magnetospheric currents caused by the solar wind (plasma) interfering with the earth’s magnetic field, while the high frequency >1
originates from lightning discharges near the equator. These two natural phenomena create the MT source signals over the entire
frequency spectrum, generally 10 kHz to a period of some thousand seconds.

Figure 5: The field setup of MT sounding: Ex and Ey are the two orthogonal electric fields while Hx and Hy are magnetic
channels. The Hz channel is used for strike analysis Flóvenz et al., (2012)

4. MENENGAI RESISTIVITY SURVEY AND DATA PROCESSING
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4.1 TEM data acquisition and processing
TEM data was acquired using two measuring instruments from different manufacturers; a Zonge GDP-32 and Phoenix V8 TEM
systems. The Zonge TEM was employed in easily accessible and clear areas within the study area due to its bulkiness and used 300
m x 300 m square loop dimensions while the Phoenix TEM was employed in tough terrains due its portability and used 200 m x
200 m square loop dimensions. To investigate this response at various depths, measurements were made at frequencies of 32, 16, 8
and 4 Hertz for the Zonge and 25 and 5 Hertz for the Phoenix. A total of 200 TEM soundings have been carried out in Menengai
but only 90 soundings have been used for purposes of this report.
The raw TEM data was processed by the program TemxZ for ZongeTEM and TemxV for the Phoenix TEM. These programs
averages data acquired at the same frequency and calculates late time apparent resistivity as a function of time after the current
turn-off. They also enable visual editing of raw data to remove outliers and unreliable data points before the data can be used for
interpretation.
4.2 MT data acquisition and processing
The data was acquired using a 5-channel MT data acquisition system (MTU-5A) from Phoenix Geophysics. The instrumentation
consisted of a data recorder, induction coils, non-polarizing electrodes, Global Positioning System (GPS), 12 V battery, flash
memory for data recording, and telluric and magnetic cables. The layout is made such that the electric dipoles are aligned in
magnetic North- South and East-West, respectively, with corresponding magnetic sensors in orthogonal directions; the third
magnetic coil is positioned vertically in the ground as demonstrated on Figure 5. Before data acquisition, a start-up file is prepared
with parameters like gains, filters, time for data acquisition and calibrations for both equipment and the coils and stored on a flash
disk in the equipment. The ground contact resistance is generally measured to gauge the electrode coupling to the ground. Antialiasing low-pass filter is used as well as high pass filter with corner frequency of 0.005 Hz to remove the effect of self-potential
from the electric dipoles. The electric field was measured by lead chloride porous pots and the magnetic sensors were buried about
20 cm below the surface to minimize the wind effect.
In Menengai field, MT was deployed with the intention of probing to greater depths thus the acquiring system was left overnight so
as to collect data for long periods of 20 hours or more and also take advantage of the stronger signals usually available in the late
hours of the night. This helped in getting the low frequency signals thus we were able to achieve our objective of deep probing, the
lower the frequency, the greater the depth of investigation possible at a given site. Over 300 MT soundings have been carried out in
this field but only 90 soundings have been considered for this particular report.
Time-series data from the MT equipment were processed by the SSMT2000 programme, provided by the equipment manufacturer,
Phoenix Geophysics of Canada. First the parameter file was edited to reflect the data acquisition setup and then the resulting timeseries data were Fourier transformed to the frequency domain. From the Fourier transform band averaged cross-powers and auto
powers were calculated using the robust processing method. The cross-powers were then graphically edited by the MT editor
program to remove the noisy data points and evaluate “smooth” curves for both phase and apparent resistivity. The final crosspowers and auto powers, as well as all relevant MT parameters calculated were stored in Electronic Data Interchange (EDI) files
which are the industry standard. These EDI files are then used as the input to the Linux program TEMTD where they are used for
joint inversion with the TEM.

5. DATA INVERSION
Data inversion is done to determine the relevant physical parameters that characterize a system from the measured response and it is
a probability approach to the measured data. The first step in solving the inverse problem is to know how to calculate the forward
problem. The first approach is to make a guess model and let the forward algorithm calculate the response and try to make the best
fit with the measured data. If the calculated response does not fit with the measured data, we give it an inversion algorithm which
improves the model based model which matches the model parameters of the measured data.
Forward modelling is of central importance in any inversion method and, hence, must be fast, accurate and reliable. Inversion uses
forward modelling to compute the sensitivity matrix and responses for calculating the misfit. To obtain MT responses at the
surface, one must solve for the electric (E) and magnetic (H) fields simultaneously via solving the second order Maxwell’s
Equations. The most commonly used inversion method for geoelectric soundings is the least-squares inversion method. After every
iteration step we get a sensitivity matrix which places us near the exact model; this is characterized by the reduction in chi-square
(χ).
5.1 TEM inversion
The 1-D inversion of TEM was done using software called TEMTD, a UNIX program (developed at Icelandic Geosurvey by
Knutur Árnason,). This software assumes that the source loop is a circular source field and that the receiver coil/loop is at the centre
of the source loop. For practice reasons, a square loop is used with equal area to that of the circle. The current waveform is also
assumed to have equal current-on and current-off time segments. The transient response is calculated both as induced voltage and
late time apparent resistivity as a function of time. The inversion algorithm used in this program is the linear, damped, least-squares
inversion (Árnason, 2006a). The misfit function is the root-mean-square difference between measured and calculated values (chisquare), weighted by the standard deviation of the measured values. In this study, the measured voltages were chosen for inversion.
All the TEM soundings were interpreted by 1-D inversion. The inversion was done by the Occam inversion. In 1-D inversion, it is
assumed that the earth consists of horizontal layers with different resistivity and thicknesses. The 1-D interpretation seeks to
determine the layered model where the response best fits the measured responses. When interpreting TEM resistivity it must be
born in mind that the depth of exploration of the TEM soundings is much greater in resistive earth than in conductive environments.
This is because the fields die out faster in conductive materials than in a resistive one. (Lichoro, 2009).
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Figure 6: Coverage map. Black continuous line denotes the cross-sections.

5.2 1D joint inversion of the TEM and MT data
The TEMTD program does 1-D inversion of TEM and MT data separately or jointly. In this study the software was used to invert
MT apparent resistivity and phase derived from the rotationally invariant determinant of the MT tensor elements. In the joint
inversion, one additional parameter was also inverted for, namely a static shift multiplier needed to fit both the TEM and MT data
with the response of the same model. The programme can do both standard layered inversion (inverting resistivity values and layer
thicknesses) and Occam's inversion with exponentially increasing layer thicknesses with depth. It offers a user specified damping of
the first (sharp steps) and second order derivatives (oscillations) of model parameters (logarithm of resistivity and layer
thicknesses) (Árnason, 2006b). Examples of MT models and 1-D joint inversion of MT and TEM models are shown in Figure 7,
where the red (dark) diamonds are measured TEM apparent resistivities and the blue (gray) squares are the MT apparent
resistivities and phase.
Solid lines show the response of the resistivity model, shown to the right. The shift multiplier is shown in the upper right hand
corner of the apparent resistivity plot. The TEM data has been converted from the time scale to the frequency scale according the
the method suggested by Sternberg et al. (1988). For MT sites without an onsite TEM sounding, the closest TEM site was used for
static shift correction, in this case then near TEM sites acceptable were within a radius of 500 metres. The inversion results are
shown by selected cross-sections in the results and discussions chapter.

7

Gichira
5.3 Static shift analysis
Static shift is a phenomenon in MT method caused by local resistivity inhomogeneities which disturb the electrical field. The static
shifts can be a big problem in volcanic environments where resistivity variations close to surface are often extreme. It is possible to
solve the problem of static shift in MT method through joint inversion with TEM because TEM measurements at late time have no
such distortion since they do not measure electrical field. The best static shift parameters for MT data were determined after doing
joint inversion with the TEM data, then extracted from the jointly inverted models and plotted to show the spatial distribution
around the prospect area. Figure 8 is a histogram and a spatial distribution shift parameters map which shows how most of the MT
tensors were shifted down or had shifts of less than one, an indication of near surface inhomogeneities which led to galvanic
distortion, 90 MT tensors were used. The spatial distribution map shows that there are large areas where the MT apparent resistivity
is shifted downwards while in other areas the shift is upwards.

Figure 7: 1D MT models and jointly inverted MT and TEM models
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Figure 8: A histogram of the static shift parameters and a spatial distribution map for Menengai field.
6. RESULTS AND DISCUSSIONS
To understand the resistivity structure of Menengai clearly, only the 1D inverted soundings were used to generate cross-sections.
The inversion results in this report are presented in the form of selected cross-sections.
6.1 Cross-sections
Resistivity cross-sections were plotted from results obtained from 1D inversion by a program called TEMCROSS (Eysteinsson,
1998), developed at ÍSOR – Iceland GeoSurvey. The program calculates the best lines between the selected sites on a profile, and
plots resistivity isolines based on the 1D model generated for each sounding. It is actually the logarithm of the resistivity that is
contoured so the colour scale is exponential, but the numbers at contour lines are resistivity values.
Two cross-sections were made as seen in the coverage map, see Figure 6. The cross-sections show a typical resistivity structure of a
high-temperature field where there is a high-resistivity layer near the surface due to un-altered lava formations; underlying this
resistive layer is a low resistivity zone which is as a result of low temperature alteration minerals; this is underlain by a highresistivity core below the interpreted where chlorite zone and epidote usually dominate. This gives an indication of high
temperatures at increasing depth but the great temperature gradient is an indicator of another factor which in this case would be
high temperature hydrothermal alteration.

Figure 8: E-W3 and NW-SE cross-sections
9

Gichira
7. CONCLUSIONS
From the results of joint inversion of MT and TEM data, it has become clear that all MT data should be subjected to joint inversion
with TEM for improved resolution and accuracy. This will help remove the effects of near surface in-homogeneities otherwise
known as static shift. The resistivity structure of Menengai revealed the following layers as seen in the cross-sections: A thin
shallow high-resistivity layer at the surface and near the surface with a high resistivity, > 100 Ωm is observed and is interpreted to
be a layer of un-altered formations about 300 m thick; the conduction mechanism is pore fluid conduction. This is followed by a
700 m thick low-resistivity layer, < 10 Ωm which is believed to be as a result of low temperature hydrothermal alteration minerals
such as zeolites, and the main conduction mechanism in this zone is mainly mineral conduction. A relatively higher-resistivity zone
follows with resistivity ranging between 30 Ωm to 60 Ωm where the resistivity is dominated by the resistive high-temperature
alteration minerals such as wollastonite, chlorite and epidote. This layer would define the reservoir zone in a typical high
temperature volcanic hosted geothermal system and thus it is believed that it could be the reservoir zone for Menengai Field. The
depth of this zone within the caldera is approximately between 1600 m to 3000 m below surface.
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