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ABSTRACT

High-temperature geothermal resources are commonly found along rift margins due to the
intrusion of magma into the shallow crust, as is evident in the Kenyan Rift Valley. Among
the volcanic centers in this region, Olkaria stands out as the most extensively explored
and is currently in an advanced stage of geothermal development. Despite its success as a
major energy source, further investigations are on-going to optimize the development of
its geothermal fields. In particular, the area east of the Olkaria domes remains largely
unexplored, with only one well, OW-922, drilled to date. Unfortunately, this well failed to
sustain discharge during testing. This highlights the need for a comprehensive study to
assess the geothermal potential and improve the understanding of the field in this region.
To address this, both 2D and 3D magnetotelluric (MT) inversions were performed using
data from 50 soundings. The obtained models were analysed to map the subsurface
structures influencing the geothermal system on the eastern side of the domes. A spatial
median filter was applied to correct for static shift effects on the MT data. Dimensionality
analysis was then used to classify the type of the subsurface structures. Phase Tensor
analysis, one of the dimensionality tools, indicated low skew values at short periods (10*—
1s), suggesting predominantly 1D and 2D structures at shallow depths. In contrast, higher
skew values observed at longer periods (10 s) pointed to the presence of complex 3D
structures at greater depths. The regional structures are striking in a general trend of NE-
SW as observed from the geo-electric strike estimation method. The resistivity models
obtained from 2D and 3D inversion revealed three layers varying with depth. The upper
near-surface resistive layer of > 100 Qm, extending almost to 1 km above sea level.
Beneath this layer is a conductive zone of about < 10 Qm, which could be the possible
reservoir seal. The third layer has a relatively high resistivity of > 80 Qm, representing
the possible reservoir zone ranging between 2.5 to 4 km.
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CHAPTER ONE

INTRODUCTION

1.1 Background to the Study

Geothermal energy is vast in potential and naturally replenished, making it a reliable and
renewable resource. It serves as a cost-effective alternative to fossil fuels, particularly for
countries with abundant geothermal potential. In addition to its economic benefits,
geothermal energy is environmentally friendly, producing no greenhouse gas emissions.
Kenya is particularly rich in high-temperature geothermal resources, most of which
remain underutilized. As a component of the East African Rift System's (EARS) eastern
branch, the Kenyan Rift is linked to several resources. A developing divergent plate
boundary known as the EARS was created when the Somali Plate started to split apart
from the Nubian Plate. This tectonic movement created a rift extending northward to the
Afar region in Ethiopia, where it intersects with the Arabian Plate, forming a Y-shaped rift
system. The EARS is divided into two branches: the Eastern and Western branches. The
Kenyan Rift falls within the Eastern branch, which is characterized by more intense
tectonic and volcanic activity than the Western branch. This activity has led to the
formation of large Quaternary shield volcanoes along the rift axis. In the central part of
the Kenyan Rift, major Quaternary volcanoes include Barrier, Emuruangogolak, Silali,
Paka, Korosi, Menengai, Eburru, Olkaria, Longonot, and Suswa. Many of these volcanic
centers have been targeted for geothermal exploration and are at varying stages of
development. Among them, the Olkaria volcanic complex is the most extensively studied

and is in the most advanced stage of development (Ofwona et al., 2006).

Geophysical methods have been extensively used to assess geothermal potential because
they offer valuable insights into subsurface conditions without requiring drilling (Telford
et al., 1990; Parasnis, 1986). The MT method is a geophysical technique widely used in
geothermal exploration due to its ability to map subsurface resistivity structures. It is

especially effective at identifying geothermal reservoirs and their overlying clay cap



rocks, which show strong resistivity contrasts. By measuring natural electric and magnetic
fields, MT offers advantages such as flexibility, depth penetration, and cost-effectiveness
(Cagniard, 1953; Campanya et al, 2016). In the Olkaria geothermal field, MT is
extensively used to explore structures from shallow depths to hundreds of kilometers.
Before MT was introduced, the direct current (DC) resistivity method was commonly used

in Olkaria (Omollo et al., 2022).

In volcanic geothermal systems, which exceed 150°C and are driven by magmatic heat
sources, resistivity is mainly influenced by hydrothermal alteration minerals and reservoir
fluids. These fluids affect resistivity based on their salinity, temperature, saturation,
porosity, and permeability, especially when forming well-connected networks within the
rock (Munoz, 2014; Ussher et al., 2000). The resistivity structure of a high-enthalpy
system consists of four zones: a resistive surface layer (Zone 1), a highly conductive clay
cap (Zone 2), an underlying resistive reservoir (Zone 3), and a deeper low-resistivity zone

associated with the heat source or up-flow zone (Zone 4) as shown in Figure 1.1.

This study aims to investigate the geothermal potential in the eastern side of Olkaria

Domes using the magnetotelluric method.



Figure 1.1: Sketch of the Conceptual Model of a High-Temperature Geothermal

Reservoir
Source: (Johnston ef al. 1992; Cumming. 2009).

1.2 The Study Area

The Great Olkaria Volcanic Complex (GOVC) is situated approximately 120 km
northwest of Nairobi, and roughly 40km southwest of Naivasha (Figure 1.2). The resource
area of the Olkaria geothermal field is estimated to be 204 km?. Surface exploration in this
field began in 1956, and the first exploration wells were drilled in 1970. Since then, wells
have been drilled for different purposes, including exploration, production, makeup, step-

out, re-injection, etc.
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Figure 1.2: Potential Geothermal Prospects along the Kenyan Rift valley

Source: (Ofwona et al., 2006).



To facilitate proper planning and development, the Olkaria geothermal field has been
subdivided into seven distinct sub-fields: Olkaria East, Northeast, Central, Northwest,
Southeast, Southwest, and Olkaria Domes, as illustrated in Figure 1.3, with Olkaria Hill
serving as the central reference point. The Olkaria Domes geothermal field, situated in the
southeastern part of the greater Olkaria area, is the most productive among these sub-

fields. Consequently, this study focuses on the area east of the Domes field.
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Figure 1.3: The Sub-Fields of the Olkaria Geothermal Field

Source: (Otieno and Kubai, 2013)



1.3 Geological Setting

The Olkaria geothermal field is a volcanic complex characterized by predominantly
North-South trending normal faults and numerous rhyolitic volcanic domes (Axelsson et
al., 2017). It is a late Quaternary volcanic system situated within the central segment of
the Kenya Rift, which forms part of the EARS. According to Chorowicz (1990), the rift
system extends in a northwest-southeast direction, an important detail for understanding
the structural orientation of the field. Olkaria exhibits a complex structural framework,
with additional fault trends observed in the East-West and Northeast-Southwest directions.
These structural features play a key role in the interpretation of the region’s active
geological and geothermal processes. Naylor (1972), suggested the existence of the ring
structure, which is an alignment of rhyolite domes pattern in the field, and it precedes the
north-south tectonic trending pattern in the Rift Valley zone. Hence, it prompted him to
attribute it to the collapse of a large volcanic complex after it was devastated by an
explosive eruption. Lava flows and pyroclastic deposits of Quaternary age and the ash fall
from Mount Longonot overlie the surface geology of the Olkaria geothermal field (Figure

1.4) (Marshall et al., 1998).
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Figure 1.4: Structural and Surface Geological Map of Olkaria Geothermal Field

Source: (Modified by Omollo et al., 2022).




The Ololbutot commenditic lava flow in the central Olkaria field is the most recent in
Olkaria, dated by radio-carbon methods at about 180+50 BP (Clarke et al., 1990). The
surface geology of Olkaria is characterized by basaltic lava flows on the southwestern side
of the field, along with comendite, pumice, and ash deposits. Subsurface rock types are
primarily composed of tuff, trachyte, comendite, rhyolite, and basalts (Figure 1.4).
Borehole analyses across the Olkaria field indicate that tuff and trachyte are the main
reservoir rocks, with tuff dominating the western reservoir zones, while trachyte and basalt
are predominantly found in the eastern reservoir areas (Omenda, 1998). The Olkaria
geothermal field is traversed by fault structures that form a good pathway for meteoric
water and magmatic fluids. The intersection of the faults enhances the subsurface
permeability and provides good channels for permeating meteoric water to the shallow
geothermal reservoirs. The recharge of the deeper geothermal reservoir in the Olkaria field
is mainly through the major listric rift faults that are observed on the escarpments
(Omenda, 1998). The permeability enhancement of the Olkaria geothermal field is
attributed to the subsurface intersection of oblique faults and the north-south en-echelon

faults that dissect the field, as observed from some wells' drilling logs.

Most pronounced structures within the field that influence geothermal reservoir conditions
and fluid flow patterns trend in N-S, NW-SE, NNW-SSE, and ENE-WSW (Naylor, 1972).
Structural features in the study area include lineaments and faults trending NNW-SSE,
NE-SW, and NW-SE (Otieno, 2016). To the west of the Olkaria hills lies the Suswa
lineament, which trends NW-SE along the western rift flank. This structure plunges into
the Suswa caldera and reappears southeast of the volcano as a scarp. It also intersects the
southwestern end of the Ol Njorowa Gorge, which crosses the field in a NE-SW direction.
The Gorge Farm fault (NW-SE) and Olkaria fault (ENE-WSW) are believed to be linked
to the formation of the rift and are among the oldest faults in the area. In contrast, faults
trending N-S, NE-SW, and NNE-SSW are thought to be related to more recent tectonic
activity (Omenda, 1998) and the proposed caldera collapse.



1.4 Statement of the Problem

Olkaria domes geothermal field is currently under development, with electricity being
produced from two power plants and several wellhead generation units. However, the
region to the east of the Domes remains largely unexplored in terms of geothermal
resource assessment and production. Some preliminary geoscientific investigations were
conducted in this area, utilizing a combination of one-dimensional Magnetotelluric (MT)
and Transient Electromagnetic (TEM) methods to characterize the resistivity structure.
This led to the drilling of an exploration well (OW-922), which unfortunately failed to
sustain discharge during testing. As a result, it is evident that there is a need for a more
detailed investigation to assess the presence of geothermal resources and enhance
understanding of the subsurface system. To achieve this, 2D and 3D MT inversion models
will be developed to map the resistivity structure in greater detail, thereby evaluating the

geothermal potential of the survey area.

1.5 Justification of the Research

Since MT utilizes naturally occurring electromagnetic (EM) waves as its source of energy,
it can investigate subsurface structures from shallow depths to significant depths. In this
study, both 2D and 3D MT models were developed to gain a more comprehensive
understanding of the resistivity distribution in the area. The findings will help characterize
the subsurface resistivity structures and define the boundaries of the geothermal reservoir,
providing valuable information for potential power generation. Estimating the size of the
geothermal reservoir will support the expansion of the country’s geothermal power
capacity, thereby accelerating progress toward United Nations Sustainable Development
Goals (SDGs) 7 and 8 on affordable and clean energy, and decent work and economic

growth.



1.6 Objectives

1.6.1 General Objective

To investigate the geothermal potential in the eastern side of the Olkaria Domes using the

magnetotelluric method.
1.6.2 Specific Objectives

1. To determine the presence and dimensions of the underlying structures by
conducting dimensionality analysis of magnetotelluric data.

2. To develop 2D and 3D magnetotelluric models to characterize the subsurface
structures on the eastern side of the Olkaria Domes geothermal prospect.

3. To estimate the extent of the geothermal reservoir in the study area.

10



CHAPTER TWO

LITERATURE REVIEW

2.1 Previous Studies

Hersir et al. (1990) detected a very low resistivity layer at 7.5 km depth in the Nesjavellir
area, 3 km north of Mt. Hengill, which was interpreted as partial melt. Oskooi et al. (2005)
also detected a shallow resistivity structure at ~5 km depth south-west of Mt. Hengill, at
the location of the fissure swarm, and interpreted it as either partial melt or a porous region
with hot ionized fluids located on top of a magmatic heat source. Magmatic intrusions
could act as a heat source for the geothermal system, although there is no seismic data to

confirm the presence of magma at these locations.

Newman et al. (2008) conducted a study in the Coso geothermal field, USA using the MT
method. The data was fully inverted to a three-dimensional (3D) resistivity model. This
model shows the controlling geological structures possibly influencing well production at
Coso and correlations with mapped surface features such as faults and the regional
geoelectric strike. The 3D model also illustrates the refinement in positioning of resistivity

contacts when compared to isolated 2D inversion transects.

The resistivity cross-sections from 1D joint inversion of MT and TEM data interpreted by
Fantaye (2010) show three major resistivity structures. The high-resistivity uppermost
layers of resistivity >70 Qm are interpreted as unaltered basaltic dry lavas and
hyaloclastites. The conductive cap (<10 Qm) is associated with a smectite-zeolite or
mixed-layered clay zone followed by resistive layers, corresponding to the chlorite-
epidote zone. Generally, a good correlation is found between the subsurface resistivity

structure and alteration mineralogy of the Krysuvik high-temperature area.

Cumming and Mackie (2010) noted that MT is widely applied in geothermal exploration
to guide well targeting and evaluate resource potential, as it effectively detects the low-

resistivity, low-permeability smectite clay cap common to many geothermal reservoirs.

11



Gerard et al. (2018) presented electrical resistivity models obtained from the inversion of
MT data along a regional 2D profile across the Eger Rift in the West Bohemia/Vogt land
region. The dimensionality and directionality analysis of the data revealed a geo-electrical
strike direction dominated by the Eger Graben and the profile perpendicular to it was
considered for 2D inversion. Finite differences and finite elements inversion codes were
used to generate electrical resistivity models, which show a consistent image of

conductive and resistive features.

Further, the interpretation of MT and TEM data by Marwan ef al. (2019) shows the low
resistivity layer occurring up to a thickness of 1000 m according to both the TEM and MT
data from the Seulawah Agam geothermal system interpreted as being composed of cap
rock. The layer below the cap rock is likely to be a reservoir zone. The permeable pathway
that is interpreted as the path of the manifestation fluid is also clearly seen in the MT
model although it is not seen in the TEM model. The deep conductors below 2000 m b.s.1.
could be the heat source for the Seulawah Agam geothermal system, which is located
directly under Mount Seulawah Agam and extends to the Northwest side of the research

area.

Arthur (2017) on MT data inversion results indicated a typical geothermal system in
Korosi — Chepchuk geothermal prospect. The results further infer the possibility of the
existence of two geothermal reservoirs within the prospect. The reservoir depth is
estimated to be at sea level and a close correlation between major surface structures,

fumaroles, and the 3D model is observed.

Maithya and Fujimitsu (2019) analyzed magnetotelluric (MT) data from the Eburru
geothermal field in Kenya using both 2D and 3D inversion models. Their study showed
that the two approaches yielded comparable results, identifying a low-resistivity layer
(<10 Qm) interpreted as a clay cap, with an underlying higher-resistivity zone interpreted

as the geothermal reservoir located directly beneath the cap.

12



In recent years, joint 1D inversion has been the primary method used for data analysis and
interpretation in the Olkaria field (Lichoro, 2010; Mwangi, 2018). This approach
identified zones of both extremely low and high resistivity within the study area. However,
earlier applications of the MT method offered limited lateral resolution of geological
structures. As a result, the finer details and geometry of some subsurface features were not
fully captured. To address these limitations, the use of 2D and 3D inversion techniques
became essential for generating a more precise and comprehensive image of the

subsurface.

Omollo et al,, (2022), in their interpretation of MT data inversion in Olkaria Domes,
acknowledged that the 2D and 3D inversion of MT data revealed three layers varying with
depth. The upper near-surface conductive layer of < 10 Qm, extending almost to 1200 m
above sea level, is considered the reservoir seal; below this is a resistive zone of about >
90 Qm, representing the possible reservoir zone at about 2.5 to 4 km. The third layer at a
depth of 5.5 to 8 km of the model with a moderate conductivity of < 20 Qm, which is
assumed to be the heat source, possibly consists of a partial melt facilitating a circulation

zone (< 30 Qm) of an upwelling hydrated magmatic fluid.

Munyiri (2016), in a structural mapping study of the Olkaria Domes geothermal field,
noted that the eastern part of the Domes field remains largely underexplored. The region
has limited geophysical data and only a single well has been drilled. As a result, further
interdisciplinary scientific investigations are necessary to better assess and understand the

area's geothermal potential.

2.2 Theoretical Background

2.2.1 The Theory of Magnetotelluric (MT) Method

MT is a passive method which uses the naturally occurring electromagnetic fields caused
by the interactions between the solar wind and the magnetosphere and lightning discharges
from the equatorial regions (Chave and Jones, 2012). The method is applied to image the

subsurface resistivity structures of the study area since it relies on the natural
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electromagnetic fields as its energy source. When primary electromagnetic fields reach
the Earth's surface, they are both reflected and transmitted into the subsurface. As the
Earth behaves like a conductor, it induces electric fields known as telluric currents which
in turn generate secondary magnetic fields. These fields can penetrate from depths of less
than a hundred meters to several hundred kilometers (Chave and Jones, 2012). MT is
extensively used in geothermal exploration to map electrically conductive clay caps that
overlay geothermal reservoirs and to identify shallow magmatic heat sources. Such
applications have been demonstrated in regions like the Ethiopian Rift within the East
African Rift System (Didana et al., 2015; Samrock et al., 2021), the Kirishima volcano on
Kyushu Island, Japan (Aizawa et al., 2014), and the southeastern Tibetan Plateau (Ye et
al., 2018).

The behavior and propagation of electromagnetic fields at any frequency is concisely
summarized by Maxwell’s equations. Maxwell’s equations are expressed below in terms

of B and E:

0E
V X B = uoE + he - (Ampere’s Law) 2.1
VXE = JB (Faraday’s Law of -
ot Induction)
V-B=0 (Gauss's Law for 23
Magnetism) ’
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V-E= (Gauss's Law) 2.4

N
€
Where E is the electric field (Vm™), B is magnetic flux density (T), and 7 is the electric

charge density owing to free charges (Cm™).

This is the modified form of Maxwell’s equations in a conductive media and shows the

coupling between the magnetic and electric fields.

Ampere's Law (Equation (2.1)) describes the magnetic field, which depends on the
electrical current density of free charges and the time variation of the displacement
current. Faraday's Law of Induction (Equation (2.2)) states that time variations in the
magnetic field induce electric field flowing in a closed loop. Gauss's Law for Magnetism
(Equation (2.3)) states that no free magnetic charges exist (i.e., magnetic monopoles).

Gauss's Law (Equation (2.4)) states that electric charges act as sources for electric fields.

MT traces its origins to the foundational work of Tikhonov (1950) and Cagniard (1953),
who laid the theoretical groundwork for the method. Over the past five decades,
advancements in theoretical development, instrumentation, and data interpretation have
significantly enhanced MT, establishing it as a robust geophysical tool for imaging diverse
geological structures. A detailed historical overview is provided by Dupis (1997). The
method utilizes natural electromagnetic signals: low-frequency components originate
from 1onospheric and magnetospheric currents driven by solar wind interactions with
Earth’s magnetic field, while high-frequency signals (above 1 Hz) primarily result from
equatorial thunderstorms and propagate as guided waves between the Earth and the
ionosphere, as illustrated in Figure 2.1. By recording temporal variations in surface
electric and magnetic fields, MT enables the determination of subsurface resistivity

structures (Hersir and Arnason, 2015).
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Figure 2.1: Interaction of Solar Wind with the Magnetosphere
Source: (Hersir and Arnason 2015).

MT data collected at different frequencies enables the differentiation of spatial variations
in resistivity both vertically and laterally. The penetration of the electromagnetic field,
which exponentially decays, is determined by the frequency and resistivity of the
subsurface medium. Higher frequencies are more effective in mapping the resistivity
distribution in the near-surface, while lower frequencies can penetrate deeper and provide

information on subsurface structures.

For homogeneous earth, the resistivity, p, is given as:

= Z|? 2.5
p wuol I

Where o is the angular frequency of the signal, py, = 47 X 10”7 H/m is the magnetic

permeability of free space, and Z = Ex/Hy.

According to Cagniard (1953), equation 2.5 can be expressed as,
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|Ex|?

p =0.2T
|Hy|?

2.6

Where, T = Period in s, E = Horizontal electric field (mv/km), and H = Orthogonal

horizontal magnetic field in gamma.

Equation 2.7 defines apparent resistivity in the case of heterogeneous resistivity

E 2
0a0.2T|Z|? = 1B

= 2.7
|Hy|?

Where Z = Impedance at the surface.

In MT, the depth of investigation depends on the subsurface resistivity and the frequency
(or its inverse, the period) of the electromagnetic signals. The penetration depth can be
approximately estimated using the concept of skin depth. The skin depth & (m) at which
the electromagnetic field amplitude is reduced to e™! of its original value at the surface is

given as:

2

§= ~ 0.5./paT 2.8

WHYO

2.2.2 The Galvanic Distortion Phenomenon

Distortion in MT refers to an effect caused by small, shallow local structures or variations
in the Earth's subsurface. These features are significantly smaller than the main targets of
interest and the depth to which the electromagnetic signals penetrate. When such
structures are present, they create charge distributions and induced currents, leading to
changes in the overall MT responses observed on a regional or local scale. If these small
structures have similar dimensions as the depth of interest, they can be effectively
represented and studied using a 3D modeling approach. Distortion in MT can be

categorized as either inductive or galvanic. Inductive distortion is primarily caused by
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current distributions and tends to have a relatively small magnitude (Berdichevsky and
Dmitriev, 1976). Galvanic distortion in MT arises due to the presence of charge
accumulations on the surface of shallow bodies. These accumulations lead to the
generation of an anomalous electromagnetic field. The resulting anomalous magnetic field
is typically of minor significance, while the anomalous electric field is comparable in
magnitude to the regional electric field and does not vary with frequency (Bahr, 1988;
Jiracek, 1990). Because of this behavior, galvanic distortion is often interpreted as the
presence of an unusual electric field. Mathematically, the effect of this electric field on the
transfer functions can be represented by a 2x2 real, frequency-independent, and non-

dimensional matrix, C (Berdichevsky and Dmitriev, 1976).

_(G G
C—(C3 c4) 2.9

The elements of C rely on the geometry and position of the distorting body as well as on

the resistivity contrast between the body and the surrounding medium (Jiracek, 1990).
2.2.3 MT Static Shift Problem

Static shift in MT is a phenomenon that occurs when there are contrasting conductivities
in the local surface or near-surface environment, leading to changes in the magnitude and
direction of the electric field. Static shifts typically arise when the dimension of anomalous
bodies is much smaller than the skin depth. Most electrical methods that measure the
electric field at the Earth's surface are prone to issues related to static shift. This arises
from the accumulation of electric charges at resistivity boundaries, causing irregular
behavior of the electric field near these zones. Static shift is caused by voltage and current
distortion, which can introduce distortions in the measured voltage and current signals
(Arnason et al., 2010). The static shifted data is expressed by an unknown factor (shifted
on a log scale) that scales the apparent resistivity, such that the apparent resistivity curves
plot parallel to their real level. The shift is independent of frequency (Jones, 1988) and

does not affect the phase curve. Failure to properly correct for static shift effects in MT
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data can lead to inaccurate. In this study, we used the spatial median filter method to

address the static shift problem.

2.2.4 Spatial Median Filter Method

This method evaluates each sounding by comparing it with others located within a defined
radius over a specific period range. It calculates the median apparent resistivity for each
polarization based on stations within that radius. If the difference between a sounding and
the median exceeds a set tolerance, it is considered a static shift and is corrected by
adjusting both components of the impedance for that polarization (Berdichevsky &

Dmitriev, 2008).

2.3 Dimensionality Analysis

Dimensionality analysis is performed to assess the nature of the subsurface geo-electrical
structures. This evaluation helps determine whether the observed data at a specific
frequency reflects a 1D, 2D, or 3D structural framework. It also helps identify and quantify
any distortions in the data and supports the determination of the geological strike direction.
Overall, dimensionality analysis enhances the understanding of subsurface features and
guides the selection of an appropriate MT modeling strategy (Marti et al., 2010). The

various dimensionality assessment tools used are described below.

2.3.1 Swift and Bahr skew

Skewness is a key parameter used in MT to evaluate the dimensionality of subsurface
structures. The Swift skew method, developed by Swift in 1967, relies on the MT
impedance tensor and is mainly based on the amplitude response tensor. This technique
helps interpret the data by indicating whether the underlying geological formations can be

approximated as 1D, 2D or 3D.

The Swift skew is defined as follows:
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(Zxx + Zyy)

2.10
(ny - Zyx)

Swift skew =

A notable limitation of the Swift skew method is its susceptibility to distortions resulting
from the interaction between regional 1D or 2D inductive responses and localized, small-
scale conductive anomalies (Simpson and Bahr, 2005). To overcome this issue, Bahr
(1991) introduced an alternative approach that utilizes skew values derived from the
phases of the impedance tensor. Unlike amplitude-based methods, these phase-based skew
values are not influenced by distortion effects from small-scale conductive features or
other local disturbances. By focusing on phase information, this method offers a more
robust and reliable analysis of subsurface dimensionality, even in distorted environments.
The Bahr’s phase-sensitive skew is given by
|[D;S,] = [S,D,]]"/?

Bahr's skew = 2.11
|D,|

Where, SIZ Zxx + Zyy; Sz = ny + Zyx, Dlz ZXX - Zyy; D2 = ZXy - Zyx
Generally, if skew values are > 0.3, then it implies that the MT data are 3D.
2.3.2 Phase Tensor

Phase tensor analysis is a crucial method for assessing the dimensionality of subsurface
structures because it is not affected by galvanic distortions. It provides distortion-free
phase information on a regional scale (Caldwell et al., 2004; Moorkamp, 2007). The phase

tensor is defined by:

ny] 2.12

VA
®=X1y = [ xx
Zye  Zyy

Where X and Y are the real and imaginary parts of the impedance tensor (Z).
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Caldwell et al., (2004) introduced the "skew" parameter () to describe the inherent
dimensionality of subsurface features based on the phase tensor which is visually
represented as an ellipse (Figure 2.2). The ellipse's major axis (¢pmax) indicates the
maximum phase, while the minor axis (¢min) represents the minimum phase. Evaluating
the skew parameter (P) is vital for identifying the dominant dimensionality of subsurface
structures. For 1D cases, the phase tensor ellipse approximates a circle because ¢max and
¢min are nearly equal, resulting in a skew (P) close to zero. In 2D structures, although
¢max and emin differ, a skew () of zero is necessary but not sufficient (Caldwell et al.,
2004). When the ellipse's major axis rotates by an angle (), known as the geoelectrical
strike angle, it aligns either parallel or perpendicular to the regional strike direction. This

alignment leads to a 90° ambiguity, corresponding to either the TE or TM mode.

Figure 2.2: Elliptical Representation of the Phase Tensor

Source: (Caldwell et al., 2004).

The skew angle () quantifies the degree of deviation from two-dimensionality. When the
absolute value of B is less than 30° (|B| < 30), it indicates a "quasi-2D" structure, meaning
the subsurface features largely exhibit two-dimensional characteristics. For a 3D structure,
f is non-zero, signaling a distinct departure from two-dimensionality. In this case, the

orientation of the major axis of the phase tensor ellipse is given by the angle (a-B),
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reflecting the complex three-dimensional arrangement of the subsurface structures. At
shorter periods, the phase tensors appear nearly circular along the profile, suggesting a 1D
structure. However, as the period increases, the circles transform into ellipses, revealing
asymmetry in the regional MT response caused by mid-crustal inhomogeneities. At lower
frequencies, |B| is greater or less than 5% indicating that the subsurface structure is 3D. The
analysis method by Phase Tensor was applied in characterizing the dimensionality of local

and regional subsurface structures because it is insusceptible to galvanic distortion.

2.4 Occam’s and ModEM Inversion Codes

2.4.1 2D Inversion

In a 2D Earth model, the off-diagonal elements of the impedance tensor are categorized
into two modes: transverse magnetic (TM), which is perpendicular to the strike direction,
and transverse electric (TE), which is aligned parallel to the geo-electric strike direction.
The dimensionality of the subsurface structures is indicated by the diagonal components
of the impedance tensor. For an environment dominated by 2D structures, the presence of
3D structures affects the data and is treated as noise. The interpretation of TM mode in 2D
is considered more accurate than TE mode in 3D structures, while TM mode is
documented to respond well to both 2D and 3D conductive structures (Degroot-Hedlin
and Constable, 1990). In this study, we used the Occam 2D inversion code (version 3.0),
which was created by Scripps Institution of Oceanography based on Degroot-Hedlin and
Constable (1990).

2.4.2 3D Inversion

The ModEM code created by Egbert and Kelbert (2012), Megbel (2009), and Kelbert et
al., (2014) was used to analyse the MT data and generate a 3D resistivity model. Using
the parallelised nonlinear conjugate gradient (NLCG), this algorithm solves the penalty

function effect minimisation problem (Equation 2.13).
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U(m,d) = (d - F(m))TC(;l(d —F(m)) + A(m — my)"Ct(m — my) 2.13

The difference d — F(m) from Equation 2.13 is the nonconformity of the measured data,
d and the forward mapping response F(m) of a conductivity model m, where my is a priori
guess model parameter. C; and C,, are the data errors covariance matrix and the model
covariance matrix (regularization matrix), respectively. 4 is a trade-off parameter between

data misfit and model structure.
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CHAPTER THREE

MATERIALS AND METHODS

3.1 Materials

The instrumentation used consisted of a 5-channel MT data acquisition system (MTU-5A)
from Phoenix Geophysics, a Global Positioning System (GPS), a 12 V battery, flash

memory for data recording, and telluric and magnetic cables.

3.2 Method

3.2.1 MT Data Acquisition

The data used in this study was acquired by KenGen staff using a 5-channel MT data
acquisition system (MTU-5A) from Phoenix Geophysics in 2023. The terrain determined
the spacing between stations which varied from 300 to 500 meters. The horizontal
orthogonal magnetic field, Hx (usually aligned in the magnetic North-South direction),
Hy (perpendicular to Hx), and the vertical magnetic field Hz were measured by magnetic
coils. The distance between each pair of electrodes (Ex and Ey) was 60 m. Both electrodes
were in contact with the ground and connected to the MTU-5 (data logger) that stores the
measured signal (Figure 3.1). The non-polarizable electrodes consisted of sodium chloride
solution in a ceramic container designed to ensure good contact between the outside wires
and the soil. A GPS unit was utilised to give geographical coordinates and a continuous
time signal, which are required for time series recording. The electromagnetic fields were
digitally captured over time using an acquisition unit, with the time series data stored on
a memory card. At each site, the horizontal electric field components and all magnetic
field components were recorded continuously for about 18 hours. The measurement takes
longer at a site to obtain strong enough signals, particularly at night when background
noise is lower, resulting in a greater proportion of high-quality data and measuring a wide

range of frequencies.
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Figure 3.1: A Typical MT Field Set-Up
Source: (Hersir and Arnason, 2015)
3.2.2 MT Data Processing

The time-series data obtained from the MTU-5 units were processed using the SSMT2000
software developed by the equipment manufacturer, Phoenix Geophysics of Canada
(Phoenix Geophysics, 2005). First, the parameter file was modified to reflect the data
acquisition configuration, and the resulting time-series data was Fourier transformed to
the frequency domain using the Cascade decimation method. The Robust processing
approach was used to calculate band-averaged cross and auto powers from the Fourier
transform band. The cross-powers were then graphically edited using the MT-Editor
application. MT-Editor is a Windows-based program that takes input files created by
SSMT2000, hence removing the noisy data points and evaluating “smooth curves for both
phase and apparent resistivity. The final cross- and auto-powers, as well as all relevant
MT parameters calculated from them, were stored in industry-standard file format in the
form of Electronic Data Interchange (EDI) files. The EDI file was ready for plotting the

resistivity and phase, and for making 2D and 3D inversions.
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3.3 MT Data Analysis

3.3.1 2D Inversion

Parallel profiles for 2D inversion were selected from west to east to cut across the
geological structures. The two analysed profiles (Figure 3.2) were inverted using a
rectangular 50 m wide mesh of 70 layers, beginning with a layer thickness of 20 m and
increasing logarithmically with depth. All inversions were treated to an initial model of
50 Qm homogeneous half-space. To achieve model inversion, a maximum of 100
iterations was employed, with a target rm.s of 0.5 and a maximum of 80 frequencies
ranging from 0.011 to 320 Hz. The two models showed a minimum r.m.s misfit of 0.97
and 1.47 for profiles 1 and 2, respectively. A strike estimation of 45° was taken as the

regional strike direction.

Figure 3.2: MT Data Station Distribution and Profiles
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3.3.2 3D Inversion

50 MT soundings were used for 3D inversion. The inversion used a starting model of 50
Qm. The user must assign the starting model; otherwise, it will be used by default. 200
cell dimensions in x and y axes were used, while in the Z direction, 48 layers were assigned
with the initial layer thickness of 10 m, subjected to an increasing factor of 1.1, and padded
with five cells in both the X and Y directions. The procedure produced a 3D subsurface
structural geometrical model of the eastern side of Olkaria Domes with a depth of 10 km
and 25x28x48 cells in the X, Y, and Z axes, as shown in Figure 3.3.
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2 ]
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Figure 3.3: Grid Model of the Study Area
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CHAPTER FOUR
RESULTS AND DISCUSSION

4.1 Static Shift Correction

Figure 4.1 shows the apparent resistivity and phase curves for stations dmt702 and
dmt706, both before and after the removal of distortion and static shift. To correct the
static shift issue during 2D inversion, a spatial median filter with a 3 km diameter was
applied to each station, leading to a notable separation in the apparent resistivity curves at

high frequencies.
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Figure 4.1: MT Data Curves Before and After Static Shift and Distortion Removal
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4.2 Data Imaging

MT sounding curves give results for the anticipated structures following inversion. MT-
sounding curves for transverse magnetic and transverse electric modes gathered from 50
locations on the eastern side of the Olkaria domes are shown in Figure 4.2. The TE mode
is shown by red dots, and the TM mode is shown by blue dots. Both modes' apparent
resistivity exhibits high values for short periods (< 0.01s) and decreases as the period
increases to less than 1 second. It then progressively rises to a comparatively greater value
of 10 seconds before dropping to a period of 100 seconds. High frequencies reflect
responses from shallow depth structures, and low frequencies reflect responses from

structures at deeper zones.
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Figure 4.2: Apparent Resistivity Curves from 50 Stations of the Eastern Side of

Olkaria Domes
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4.3 Phase Tensor in Dimensionality Analysis

Dimensionality analysis of the eastern section of the Olkaria Domes was carried out using
phase tensor data across various frequencies, with selected results presented in Figures 4.3
to 4.6. At higher frequencies (above 1 Hz), corresponding to shorter periods (10721 s),
the data primarily exhibit 1D to 2D characteristics of the near-surface layers. Localized
structural effects are indicated by yellow shading and low skew angles, particularly
evident in the shallow subsurface as illustrated in Figures 4.3 to 4.5. In contrast, at lower
frequencies (longer periods around 10 seconds), some stations display more complex
responses, characterized by blue and red coloring in Figure 4.6, suggesting the presence

of 3D resistivity structures.
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Figure 4.3: Phase Tensor Maps at 100 Hz
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Phase Tensor Map for 10 (Hz)
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Figure 4.4: Phase Tensor maps at 10 Hz
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Figure 4.5: Phase Tensor Maps at 1 Hz
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Phase Tensor Map for 0.1 (Hz)
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Figure 4.6: Phase Tensor Maps at 0.1 Hz

4.4 Strike Angle Estimation

When dimensionality analysis indicates the presence of 2D structures, it is essential to
determine the geo-electric strike direction. This was established using the rose diagram
strike estimation method. The strike angle estimates at short periods (<1 s) are scattered,
due to contributions from shallow local structures. At periods (in the period band 1 — 10
s), there is a consistent strike direction of 45 degrees for the dataset. As shown in Figure
4.7, the geo-electric strike is approximately 45° at periods of 1 to 10 seconds, aligning

with the NE-SW regional structural trend of the Olkaria field.
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4.5.1 2D Inversion results

The inversion models extracted from the TE and TM modes of the MT data show
consistent features along the profile. As illustrated in Figures 4.8 and 4.9, the pseudo-
section plots for both measured and predicted responses indicate a strong correlation.
Notably, the TM mode exhibits a slightly better fit than the TE mode, with smaller

residuals observed for Profile 1.
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Figure 4.8: Pseudo Sections of Observed and Calculated Apparent Resistivity and
Phase for TE Mode for Profile 1
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Phase for TM Mode for Profile 1
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The rms misfit for profile 1 inversion is as shown in Figure 4.10. The RMS value for
profile 1 converges towards a minimum value of 0.97, after 37 iterations. A smoothly

decreasing RMS misfit is a sign of a stable inversion.

Figures 4.11 and 4.12 show the resistivity models obtained from the two profiles. The
results revealed distinct conductive channels and resistive anomalies resulting from 2D
Occam inversion.
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Figure 4.11: 2D Resistivity Models for Profile 1

Figure 4.11 presents a 2D resistivity model along Profile 1, which includes 10 MT
soundings extending over a lateral distance of 2.5 km and reaching a depth of 5 km. The
model reveals a highly resistive surface layer (>100 Qm) extending across the entire

profile, with an approximate thickness of 0.5 km. This layer likely corresponds to
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unaltered surface formations. With increasing depth, resistivity significantly decreases to
values below 10 Qm, which may indicate zones of hydrothermal alteration associated with
clay caps. Beneath this conductive layer, a moderately resistive zone (10-60 Q2m) appears
at a depth of around 3.5 km, trending from east to southwest, and is interpreted as a

possible extension of the geothermal reservoir.

Figure 4.12 shows the 2D model for profile 2, situated beneath profile 1. The model
reveals a conductive zone (<10 Qm) that appears to connect with the main conductive
channel from profile 1, imaged at a depth of approximately 2 km. This conductive feature
is flanked by two resistive structures that form a barrier-like configuration. A highly
resistive anomaly (>100 Qm) is observed at around 4 km depth, which is considered an
extension of the features detected in profile 1, potentially representing the inflow of colder

formations into the geothermal system.

In geothermal environments, clay cap layers are typically characterized by low resistivity
values (<10 Qm) (Pellerin et al., 1996), while reservoir zones generally exhibit higher

resistivity values ranging from 10 to 60 Qm.
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Figure 4.12: 2D Resistivity Models for Profile 2

4.5.2 3D Inversion Results

Data misfit is quantified as the difference between the observed MT data and the data
predicted by the model during inversion. A smaller data misfit obtained indicates that the
model approximated the observed data suggesting a more accurate and reliable

representation of the subsurface resistivity structures as shown in Figures 4.13 and 4.14.
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The resistivity distribution model recovered from the 3D inversion using the ModEM
program has three distinctive layers as illustrated in Figure 4.15. The uppermost layer has
resistivity > 100 Qm. The second layer has a low resistivity layer of < 10 Qm with a

thickness of roughly 1km, and the third layer has a relatively high resistivity of >80 Qm.

Elevation [m]
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2152

'l-1992
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Figure 4.15: 3D Resistivity Model of the Eastern Side of the Olkaria Domes

In the 3D inversion, two profiles passing through the same sounding used for 2D inversion
were analyzed. In both profiles, there is a conductive layer of 5-10 Qm at around 2-2.5
km and a very resistive layer close to the surface with a thickness of approximately 1 km.
A comparatively high resistive zone of > 80 Qm lies below the conductive layer. A highly

resistant layer lies beneath, with a resistivity > 100 Qm from around 4 km to 5 km.
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Figure 4.17: 3D Resistivity Model for Profile 2
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The iso-resistivity surface (30 QQm) that represents a possible geothermal reservoir lies

above a very high resistive layer obtained from the inversion (Figure 4.18).

Lq‘g10 [Resistivity (ohm.rg)]
| | I

Figure 4.18: 3D Resistivity Model of the Eastern Side of Olkaria Domes Showing an
Iso — Surface of 30 Qm

4.5.3 Comparison of 2D and 3D Inversion Models

The comparison of the two models (Figure 4.19) shows that the structures identified in
profiles 1 and 2 of the 2D model display characteristics similar to those observed in 3D
inversion models on the same profiles. However, at depth, the 3D model gives a better
resolution of a conductive layer at a depth of 1.5 to 2km with a resistivity of <10 Qm,
which is different from the resistivity mapped by the 2D inversion. Since deep subsurface
structures are mostly three-dimensional, the 3D model revealed hidden or exaggerated

features present in the 2D model at greater depths.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

MT data analysis was performed in this study to identify subsurface structures on the
eastern side of the Olkaria domes. The resistivity models from 2D and 3D inversion
revealed three layers that vary with depth. An unaltered formation is the upper, near-
surface resistive layer of >100 Qm, which extends almost to 1 km above sea level. The
reservoir seal can be considered to be the second layer, which is a conductive zone of <
10 Qm. The low resistivity at the reservoir seal is likely to be caused by smectite and illite
minerals. The third layer, which has a comparatively high resistivity of > 80 Qm at a depth
of 2.5 to 4 km was interpreted to represent the reservoir zone. The conductive channels
observed in the models are probably faults that influence fluid movement and transfer heat
from deeper zones to the surface. The resistivity structure of the eastern side of the Olkaria
domes highlights features typical of a high-enthalpy geothermal system. Because most
geological bodies are 3D structures that MT data responds to, the 3D inversion method
provided a better image of the geological structures controlling the geothermal system
than the 2D approach. Analysis of two parallel profiles using 3D magnetotelluric inversion

indicates a geothermal reservoir area of about 1.5 km?.

5.2 Recommendations

The study’s findings indicate that the geothermal reservoir extent was inferred from a
small, sparsely sampled area. I recommend acquiring denser and more comprehensive

data to achieve clearer imaging of the geothermal structures.
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APPENDICES

Appendix I: Static Shift and Distortion Removal Curves
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Appendix II: Data Misfit Curves
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