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ABSTRACT

One of the seven blocks that make up the Greater Olkaria Complex is Olkaria South
East field. There are few wells that have been drilled, therefore the area is continuously
being explored. Olkaria south east field is characterized by numerous surface
manifestations such as fumaroles and altered ground, faults and structures that trend
in the NE-SW direction. Most of the drilled wells are not in production and they
experience temperature reversal at depth. Therefore, it is important to understand the
physical properties of the Olkaria south east geothermal system. This information
would be key in delineating the presence of caprock, reservoir, heat source and other
geological structures controlling the system. To achieve this 23 MT data stations were
used. The purpose of these geophysical data was to facilitate imaging of the subsurface
geothermal structure with a view of characterizing and delineating the extent of the
geothermal resource. MT data analysis was done to derive a dataset suitable for
defining the resistivity model of the Earth from the observed MT data. The spatial
median filter approach was used to correct the static shift effects of the MT datasets.
Swift-skew, bahr-skew, ellipticity, and phase tensor dimensionality investigations
revealed reduced skews at short periods and higher skews at long periods, revealing
1D and 2D characteristics at shallow depth and significant 3D structures at depth. 1D
and 2D inversion were performed to generate resistivity models of Olkaria south East
field. 3D MT inversion of Olkaria South East datasets using the ModEM program was
performed to obtain the resistivity structure of the field. Generally, the inverted
resistivity model fits the MT data very well, as demonstrated by the data misfit curves.
Resistivity profiles were obtained from the 3D model to cut across the known
geological structures in order to characterize the resistivity structure in the field. Since
the profiles pass through the same soundings as in 2D inversion, a joint interpretation
was made based on the two models. From the 2D and 3D resistivity models three layers
have been revealed. The first layer has a high resistivity (~80 Qm) which could be
interpreted as the unaltered volcanic rock formation possibly from the pyroclastic
cover. The second layer has a low resistivity (5- 10 Qm) interpreted as the cap rock.
The low resistivities are attributed to alteration minerals such as smectites and illites.
The third layer has a relatively high resistivity (> 80 Qm) and is interpreted as the
geothermal reservoir. The resultant 3D resistivity models are generally similar to the
two-dimensional (2D) inversion models; however, the deeper portion of the 3D model
seems to be more realistic than that of the 2D model. From the conceptual model,
Olkaria geothermal field reservoir is characterized by high resistivities and a drop in
temperatures at the intercept of the intrusion. It can therefore be concluded to be as a
result of cold inflow from the two faults transversing the field, majorly the Olobutot
fault.

XV



CHAPTER ONE

INTRODUCTION

1.1 Overview

Geothermal energy is the natural heat that is stored within the earth. The resource is
manifested on the earth’s surface in the form of hot springs, fumaroles, altered ground and
steaming grounds. It is clean, abundant, and reliable renewable energy source, which is

not affected by short-term fluctuations in the weather (Ballzus et al., 2000).

Kenya is potentially endowed with a huge geothermal resource due to the presence of the
Kenya rift system. The records for the Olkaria power plants in Kenya (Lagat et al., 2007;
Kanda et al., 2011; Omenda & Simiyu, 2015) show that once installed, maintenance costs
are low and availability is high. The current total geothermal installed capacity in Kenya
amounts to nearly 835.5 MWe contributing to almost 30% of total power generation in
the country (KPLC, 2018).

Geothermal energy exploration in Kenya began in the 1950s with surface exploration that
led to the drilling of geothermal wells at Olkaria, Menengai geothermal fields and Eburru.
Currently, more than 200 wells have been drilled in the Greater Olkaria geothermal field
while six wells drilled in Eburru, and at least fifty at Menengai (GDC, 2018; Omenda &
Simiyu, 2015).

High enthalpy prospects are mainly located within the Kenya Rift Valley, where they
associate closely with Quaternary volcanoes. Olkaria geothermal field is the leading
producer so far with a current installed capacity of 833.2 MWe from the five power plants
owned by Kenya Electricity Generating Company (KenGen) and Orpower4. The Oserian
flower farm also has 4 MWe installed for its use and About 10 MWt being utilized to heat

greenhouses and fumigate soils (Omenda & Simiyu, 2015).



The Olkaria reservoir is mainly characterized by dynamic liquid-dominated system.
However, due to long term production, well discharge in some sections of the field is

steam dominated, with about 15% water and 85% steam (Ouma, 2010).

Geophysics techniques have been used in the investigation of geothermal prospects since
they give detailed information of the subsurface without drilling (Telford et al., 1990;
Parasnis, 1997). Geophysical methods, such as the magentotelluric (MT) approach, which
is increasingly commonly used to explore natural resources, including geothermal, can
detect zones of low resistivity that are connected to geothermal reservoirs. This decrease
in bulk resistivity in a rock mass is frequently caused by the higher temperatures and
salinities of the pore water and concurrently greater rock alteration associated with

geothermal locations (Naidu,2012).
1.2 Characteristics of a Geothermal System

A geothermal system can be described schematically as convecting water in the upper
crust of the earth in a confined space which transfers heat from a heat source to a heat sink
usually the free surface (Hochstein, 1990). A geothermal system as shown in Figure 1.1
is made up of three major elements namely, heat source, reservoir and caprock. A reservoir
is a volume of hot permeable rocks from which the circulating fluids extract heat.
Overlaying the reservoir is a cover of impermeable rocks and connected to a surficial
recharge area through which meteoric water can replace the fluids that are extracted by
boreholes or escape through springs. The heat source can either be a high temperature >
600°C magmatic intrusion that has reached relatively shallow depths approximately 5 to
10 km, or as in certain low temperature systems, the earth’s normal temperatures that

increases with depth (Dickson & Fanelli, 2005).
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Figure 1.1: A conceptual model of a high-enthalpy geothermal system (modified from
Johnston et al., 1992; Cumming & Mackie, 2007).

1.3 Location of the Study Area

The Greater Olkaria geothermal area is within the Greater Olkaria VVolcanic Complex. The
Olkaria Volcanic complex (Figure 1.2) lies in the Kenya’s Rift Valley roughly 120
kilometers north west of Nairobi. It is bound to the north by Eburru complex, to the East
and South by the Longonot and Suswa volcanoes, respectively. The rift is part of a
continental divergent zone where spreading occurs resulting to the thinning of the crust

hence eruption of lavas and associated volcanic activities.
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Figure 1.2: Map of Kenya showing Olkaria geothermal field (Clarke et al., 1990;
Simiyu, 2010).

For geothermal development purposes, the Olkaria geothermal field is divided into seven
fields: Olkaria East, Olkaria Northeast, Olkaria Central, Olkaria Northwest, Olkaria
Southwest, Olkaria Southeast, and Olkaria Domes (Figure 1.3).

The greater Olkaria volcanic complex is divided into six major rock type categories: The
Proterozoic basement formation, pre-Mau volcanics, Mau tuffs, plateau trachytes, Olkaria

basalt and upper Olkaria volcanics (Omenda, 2000).



Figure 1.3: Sub-sectors of the Greater Olkaria Geothermal Field (Munyiri, 2016).



1.4 Geology of the Study Area

The Greater Olkaria Volcanic Complex (GOVC), is characterized by comendite lava

flows and pyroclastics on the surface and basalts, trachytes and tuffs in the subsurface

(Figure 1.4) (Clarke et al., 1990). Olkaria wells have plateau trachytes occurring from

depth of approximately 1000m to 3000m. These trachytes often appear in conjunction

with minor basalts, tuffs and rhyolites. The Olkaria basalts underlie the upper Olkaria

volcanics east to the Olkaria Hill and consist of basalts with minor pyroclastics and

trachytes to the west of the Olkaria Hill (Omenda, 2000).
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Figure 1.4: Structural and surface geological map of the Greater Olkaria Volcanic

Complex (modified from Clarke et al., 1990).



1.5 Statement of the Problem

There has been less exploration done in the south east fields mainly due to community
hostility, as well as unsuccessful wells drilled in the past. Drilling started in 1973 with
well OW-1 located to the southeast of the greater Olkaria system (Swesco & Virkir, 1976;
Ofwona, 2002). This well was drilled to a depth of 1003 m and did not discharge on its
own due to low temperature and permeability. The temperature measured at 1000 m was
126°C and the water rest level was 618 m below the wellhead. The well was stimulated
into production by air-lift, but it could not sustain production. The south east field has
significant surface manifestation but the area also experiences temperature reversals from
the data obtained from the already drilled wells. Therefore, the need for an updated

conceptual model of the region to better understand deep seated structures.

2D inversion data analysis model have been used to map the subsurface resistivity. It
however has limitations in mapping the deep-seated structures which are ambiguous
giving inaccurate information which have been successfully solved by 3D inversion
models (Uchida & Sasaki, 2006). Hence, 3D inversion was applied to the data after data

processing and noise removal.

1.6 Objectives

1.6.1 General Objective

To characterize geothermal resource in the Olkaria South East field using

multidimensional magnetotelluric data inversion.

1.6.2 Specific Objectives

i.  To develop 1D, 2D and 3D MT models of the geothermal systems in the study
area and use them to better understand its structure.
ii.  To delineate the extent of the geothermal reservoir.
iii.  To locate the inflow and the upflow zones from the resistivity models.

7



iv.  Todevelop a revised resistivity conceptual model of Olkaria South East field.
1.7 Justification

3D MT modeling and inversion has emerged as a promising technique to model and image
geothermal reservoirs in a single self-consistent manner at presumably optimal accuracy
and resolution. MT method is based on induced electromagnetic fields originating outside
the earth hence not affected by terrain and electrode polarization as in case of DC methods.
The method is also capable of probing the subsurface from shallow to much deeper levels.
The 3D resistivity models help understand the resistivity structure of the area and their
characteristics. The results were also used to locate the upflow and inflow zones and help

delineate the extent of the geothermal reservoir.



CHAPTER TWO

LITERATURE REVIEW

2.1 Magentotelluric Method

In Olkaria, direct current resistivity methods have been used for reconnaissance mapping,
location of faults for drilling targets and to define the boundaries of geothermal reservoirs
(Wamalwa et al., 2013). A conducted DC electric resistivity survey method revealed
medium to high (30-100 Qm) resistivity anomalies below 800 m a.s.l (above sea level)
and interpreted them as intrusions associated with cooler fluids (Onancha & Mungania,
1993).

Magentotelluric (MT) and Transient Electromagnetic (TEM) are the commonest
resistivity methods applied during prospecting for geothermal energy. These methods are
used to measure electrical resistivity with depth. Low resistivities are generally associated

with geothermal reservoirs and are due to the presence of hot rocks and saline hot waters.

Resistivity data interpretation from the Olkaria geothermal field shows that the low
resistivity (less than 20 Qm) anomalies at depths of 1000 meters above sea level that
define the geothermal resource boundaries are controlled by linear structures in the NE-
SW and NW-SE directions (Mulwa & Mariita, 2013, 2015; Wamalwa & Serpa, 2013;
Ofwona, 2008; Abdelfettah et al., 2016,). Some of the high resistivity regions coincide
with recharge areas associated with NE and NW trending faults that act as conduits for
cold water flow from the Rift Valley scarps. The geothermal fluid up-flow zones occur at

the intersections of these regional faults in the vicinity of a heat source.

1D TEM and MT inversion carried out revealed Olkaria geothermal field is characterized

by a thin shallow layer of high resistivity on the surface especially on higher grounds. This

was interpreted as unaltered rock formations on the surface possibly due to the thick

pyroclastic cover. Below it is a low resistivity (< 15 Qm) layer that extend to

approximately 1000 meters above sea level. This layer is presumed to be dominated by
9



low temperature alteration minerals such as smectite and zeolite and defines the clay cap.
A deep high resistivity (resistivity core) layer with values greater than 100 Qm is observed
underlying the clay cap. This is a zone where high temperature hydrothermal alteration
minerals such as epidote, chlorite and actinolite are observed and is interpreted as the

reservoir zone (Wanjohi, 2014).

The joint 1D inversion method has been the primary data MT analysis and interpretation
technique applied in the Olkaria field (Lichoro, 2010; Mwangi, 2018). They mapped
anomalously high and low resistivity bodies in the study area. However, the lateral

resolution of geological structures was limited.

Mwangi et al. (2008) performed a dimensionality analysis of the Olkaria geothermal field.
The dimensionality analysis showed the data is 3D and this is supported by the 3D nature

of the underlying major structures.

Because the Earth is 3D, a 2D Earth model cannot be used to accurately explain or
represent the 3D Earth and it will be based on assumptions. If the data contains 3D

structures, 2D inversion can mislead an interpretation.

2.2 Theoretical Background

This section details with the theoretical background of the methodologies used.
2.2.1 The Theory of Magentotelluric

MT method is a passive, frequency domain electromagnetic method which uses electric
and magnetic field variations of natural origin (Vozoff, 1991). When this external energy,
known as the primary electromagnetic field, reaches the earth’s surface, part of it is
reflected back and remaining part penetrates into the earth. Earth acts as a good conductor,
thus electric currents (known as telluric currents) are induced in turn to produce a

secondary magnetic field.

10



On the earth's surface, fluctuations in the natural magnetic field B and the induced electric
field E are measured. The electrical properties such as electrical conductivity of the
underlying material can be determined from the relationship between the components of
the measured electric (E) and magnetic field (B) variations, or transfer functions: The
horizontal electric (Ex and Ey) and horizontal (Bx and By) and vertical (Bz) magnetic
field components (Naidu, 2012). The basic MT response, Z, can be defined as the linear
relationship between horizontal electric and magnetic field variations at a specific station
at the Earth’s surface. Z, also known as the impedance tensor, is frequency dependent and
contains the information about the subsurface conductivity structures (Cagniard, 1953).
Since low frequency signals are sensitive to the earth's lower layers and high frequency
signals give information about the shallow surface, the variation of electrical resistivity

with depth can be detected utilizing a wide frequency range.
2.2.2 Sources of MT

Natural electromagnetic (EM) signals are generated from two source which are: At the
lower frequencies, generally less than 1 Hz, or more than 1 cycle per second, and the high

frequency signal greater than 1 Hz or less than 1 cycle per second.

The lower frequency signal originates from the interaction of the solar wind with the
earth’s magnetic field. Solar wind is a stream of plasma mostly ions, electrons and protons

radiating continually from the sun (Parker, 1958).

High frequency EM signals originate from world-wide thunderstorm activity, usually near
the equator. The signals discharged from the lightning are known as ‘sferics’. They
propagate to great distances and contains a broad range of EM frequencies (Simpson &
Bahr, 2005).

The above signal sources create a measurable time varying electromagnetic wave
(Tikhonov, 1950; Cagniard, 1953).

11



2.2.3 Electromagnetic Properties of the Earth

Since MT is an EM method, the rock properties of interest describing the behavior of a
medium in relation to the penetration of EM fields are the material specific electric and
magnetic properties.

Electrical properties

Electrical properties of a material are descried by conductivity, o or resistivity, p which is
the inverse of conductivity and the electrical permittivity, . The electrical conductivity
measures the ability of a material to conduct an electrical current. While conductivity is a
rock and mineral property, its variation does not only depend on the composition and rock
type, but also the overall physical condition of the medium such as temperature, and
presence of fluids. Presence of highly conduction minerals such as graphite can also affect

conductivity. Figure 2.1 below shows ranges of resistivities of rocks.

12
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Figure 2.1: Ranges in electrical conductivity and resistivity common Earth materials
(Marti, 2006; Palacky, 1988).

From the ohms law current density relates to the electrical field as shown:

j= oF (0.1)

Where j is the current density, o is the conductivity and £ is the electrical field.

Electrical permittivity describes how an electric field affects and is affected by a dielectric
medium. It’s a measure of the material’s ability to become polarized by an external electric
field. Permittivity describes the material’s nature of transmitting electric fields (Simpson

& Bahr, 2005).

The relation between electrical displacement D and electrical field E is given as:

13



(w))
Il
™
w5

(0.2)

Where ¢ is the electrical permittivity.

Magnetic properties

Magnetic permeability [ is the degree of magnetization of a material that responds linearly

to an applied magnetic field (Griffiths, 1999). The relationship between magnetic

induction, B and magnetic intensity, H is as given below:

B=ul (0.3)

2.2.4 Assumptions of the MT Method

MT method assumes:

Vi.

The maxwells equations as described in section 2.2.5 are obeyed.

Earth does not generate electromagnetic energy; it only absorbs or dissipates it.
EM source fields may be treated as uniform plane-polarized EM waves which are
generated at a relatively distant source and have a near-vertical angle of incidence
to the earth’s surface.

The earth acts as an ohmic conductor and the charges are conserved.

For the period range used in MT usually 10° to 10° s, the time varying
displacement currents are small compared to the time varying conduction currents
and may be neglected.

Variations in the electrical permittivities and magnetic permeabilities of rocks and

minerals are negligible compared with variations in the bulk rock conductivities.
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2.2.5 Maxwell’s Equations

The fundamental equations governing the behavior of electromagnetic fields are given by

Maxwell’s equations (Maxwel, 1865):

VX B = uoE + usg—f (Ampere’s law) (0.4)
VXE = — Z—Ij (Faraday’s law of induction) (0.5)
V-B=0 (Gauss’s law for magnetism) (0.6)
V-E = g (Gauss’s Law) (0.7)

Where E is the electric field, B is the magnetic flux density and n is the electric charge
density owing to free charges, € is the electric permittivity of free space, o is the

conductivity, u magnetic permeability and t is time.
consider vector calculus identity given by equation 2.8,

V x(VxA)=V-(VA) =V(V-4) - V34 (0.8)

Where A is a vector quantity and assuming there are no free charges (n=0) then, V- E =

0, and taking curl of equation 2.5 and substituting it in equation 2.4 we get equation 2.9

OE 02E (0.9)
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The first term gives conduction current and the second term gives displacement current
(Simpson & Bahr, 2005).

The homogeneous earth

For an isotropic and homogeneous space, the conductivity is constant. Assuming a plane
wave with a harmonic time dependence of the form e~*“¢ and neglecting displacement

current, equation 2.9 can be simplified as:

V2E = inwoE (0.10)

Where w is the angular frequency defined as w = 2rf. Where f is the frequency and

reciprocal of period T(s) (Simpson & Bahr, 2005). Equation 2.10 above is known as

Helmholtz equation which has a wave number = ./ —iuwo and asolution as V2E = E, e*?.
2.2.6 Skin Depth

As electromagnetic fields diffuse into a medium, they decay exponentially, this is the
principle of skin depth.

Considering the real part of the Helmholtz equation (equation 2.10) and using

. (0.11)
i 1 i
Vo= /z‘ /z

16



Skin depth can be expressed as:

[ [er (0.12)
UowO MoﬂfO' HoTT

where § is the electromagnetic skin depth in meters at a given period T, o is the

conductivity of the medium penetrated, p is the magnetic permeability and p is the
resistivity. If we assume a free space value for magnetic permeability, then skin depth can
be expressed as:

8 = 503,/pT (0.13)

Therefore, in MT, one electromagnetic skin depth is generally equated to the penetrating
depth of the electromagnetic fields into the earth.

The electromagnetic fields are attenuated to e of their amplitudes at the surface of the
earth, at a depth §. This exponential decay of electromagnetic field with increasing depth

renders them insensitive to deeper lying conductivity structure than § (Griffiths, 1999).

Therefore, at a zeroth order conceptual level, magentotelluric comprises measurements of

the skin depth as a function of period to infer resistivity as a function of position in earth.
2.2.7 Magentotelluric Transfer Functions

MT transfer functions or MT responses are functions that relate the registered
electromagnetic field components at given frequencies. MT responses only depend on the
electrical properties of the material and not the electromagnetic source. Therefore, they
characterize the conductivity distribution of the underlying materials according to the
measured frequency. They include:
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Impedance Tensor

Impedance tensor is the relation between orthogonal electric (E,, E,) and magnetic
(Hy, H,) fields at a given frequency. It is described by the equation below which can be

expressed in a matrix form as:
[Ex] _ [Zxx ny] [Hx] (0.14)
E, Zyy ZyyllH,

The impedance Z is a complex tensor and is a function of the earth’s resistivity p. The
asymmetry of the material is given by on-diagonal components of Z. They become zero
if the material is symmetric about a vertical plane passing through the observation site
(Berdichevsky and Dmitriev, 2002). The off-diagonal components of Z give the
information about vertical variations in resistivity structure. The complexity of the
impedance tensor is dependent on the dimensionality of the subsurface medium. In the 1D
and 2D case there are a few simplifications that become invalid once the complexity of

the structure increases.
Geomagnetic Transfer Functions (Tipper Vector)

The geomagnetic transfer function T describes the relationship between the horizontal and

the vertical magnetic field components expressed as:

H,=(T,T,). (Z§> (0.15)

Geomagnetic transfer function is a complex frequency dependent vector. Induction arrows

are the commonly used to represent this vector (Parkinson, 1959 & Weise, 1962).
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They are two real and dimensionless vectors:

Tre = (ReTx R.T)) (0.16)

And

Tim = (InTx InT,) (0.17)

Which represent the real and the imaginary parts on an x-y plane. Induction arrows can be
used to indicate the lateral variations of conductivity since vertical magnetic fields are
generated by lateral conductivity gradients. There are two conventions for plotting the

induction arrows:

Parkinson convention- The vectors point towards the increase in lateral conductivity.
Arrows have real(in-phase) and quadratic(out-of-phase) parts. The length of the real part

is given as:

(—R.T,i — R.T,j) (0.18)

And the quadratic part is given as:

(InTyi + Iy Ty §) (0.19)

where i, j are the Cartesian unit vectors towards magnetic north and east, respectively.
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Weise convention- the vector points away from the lateral increase in electrical

conductivity. The induction arrow of the real part is given by:

1
(R.T?+R.T3) /2 (0.20)
and an angle
tan-1 R.T, (0.21)
R.T,
Whereas the magnitude of the imaginary part is given by:
1
(InT% + I,,T3) /2 (0.22)
And an angle
 ImTy (0.23)

The angles show the orientation of the arrows, clockwise position from x- direction

(usually geomagnetic north).
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2.2.8 The Dimensionality of the Subsurface Structure

The 1D Earth

For the simple case of a 1D, isotropic layered Earth (i.e., the conductivity changes only
with depth) the diagonal components (Z,, and Z,,,) of the impedance tensor, which are
related to the parallel electric and magnetic fields, are zero. Since there is no lateral
conductivity variation, the off-diagonal elements (Z,,and Z,,,) have the same amplitude,

but are of different sign and can be written as follows:

7 = 0 Zy\_ (0 Z, (0.24)
v={z, ¢Flz, )

The corresponding apparent resistivity is given by:

1 (0.25)
D, = VA 2
a Hw | |

Where p, is the apparent resistivity defined as the average resistivity of an equivalent

homogeneous half space. And the impedance phase, is given by:

_1ImZ 0.26

The 2D Earth

In a 2D Earth, resistivity varies with depth and also in one of the horizontal directions (for
instance, along a profile). The direction of constant resistivity is known as geoelectric
strike direction.
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The impedance tensor can be written as follows:

0 ny)

2, = (Zyx : ( 0 zTE) (0.27)

The rotation of Z involves the decomposition of the electric and magnetic field
components into E-polarization (TE mode) and B-polarization (TM mode) (Berdichevsky
& Dmitriev 2008).

In the TE mode the electric field is aligned with the electric strike and in the TM mode
the magnetic field is aligned with the strike as shown in figure 2.2. If x-axis is in the strike
direction, the off-diagonal components become:

1
o= | Zy |2 TE mode (0.28)

1
= |Z |2 TM mode (0.29)

Where w is the angular frequency and pu,is permeability of free space.
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Figure 2.2: A simple model for the ideal 2D case showing TE and TM modes.
Redrawn and modified from Simpson and Bahr (2005).

The 3D Earth

In the 3D earth, conductivity distribution varies with depth and in both lateral directions.

The impedance tensor is expressed as:

_ (Zxx ny> (0.30)
Z3D -

Methods used in dimensionality analysis are as discussed below:
Skew
Skew is the ratio of diagonal components to the off-diagonal components.

Zyyt+Z,,
VA VA

. (0.31)
SWlftskew =

xy — “fyx
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If the values of skew are > 0.3 it has 3D characteristic, if skew <0.3 it has 1D or 2D

structures (Pranata et al., 2017).
Bahr Skew

Bahr skew is also known as phase sensitive or regional skew. It is a measure of the skew
of phases of the impedance tensor. Unlike swift skew and ellipticity Bahr skew is not

affected by distortion and it is defined by:

_ 1[Dy, Sp] = [S1, D, 1IM? (0.32)
D,

Where 7 is the Bahr’s skew and S; = Zyy + Zyy, S2 = Zyy + Zyy, Dy = Zyx — Zyy,
Dy = Zyy — Zyy.

If the skew value is < 0.1 it indicates 1D or 2D, if 0.1 > skew > 0.3 it indicates 2D or 3D

and if skew is > 0.3 it indicates 3D.
Ellipticity

Ellipticity is calculated using the equation:

Zix—Zy, (0.33)

Elllptl(,'lty = m
xy yx

Z' denotes rotated impedance tensor, x and y represent orthogonal directions in a
coordinate system. This quantity is limited as a dimensionality indicator because at places

where Z',, = Z',,, the fields could be influenced by an anomaly and require a 3D

yyr
resistivity structure in order to describe their variation. This has been shown to be true
especially at low frequencies. This deficiency can be offset by calculating skew, which

increases at low frequencies where the impedance tensor is affected by a larger volume of
24



the earth. Impedance ellipticity is useful in determining the response, and hence the

structural dimensionality at a site (Ranganayaki, 1984).

Phase Tensor

Dimensionality evaluated using phase tensor gives the best results by considering MT
sites from different locations collectively. Phase tensor provides the better solution for
dimensionality and strike direction and is not affected by galvanic distortion. The phase
tensor @ is defined as the ratio of the real (X) and imaginary parts (Y) of the complex
impedance tensor, Z.

d=Y/X (0.34)

Where,

Z=X+ly (0.35)

The phase tensor can be illustrated graphically (Figure 2.3) by an ellipse with skew angle
(B) and minimum (®min) and maximum (®Pmax) principal axes. The skew angles in phase
tensor maps, is mostly represented as colour filling of the ellipses. The phase tensor can

be expressed in terms of a, B, ®min and Omax as follows:
(0.36)

= K= BTG o JR@+ )
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where R (a+ P) is the rotation matrix and RT is inverse rotation matrix. The strike
of the major axis of the ellipse is given by a — B, and in the case of a 2D or 3D/2D Earth,

p is zero and the 2-D strike direction is given by a.

4;‘\:

<D

max

B

)

min > a

Figure 2.3: Phase tensor graphic representation (Caldwell et al., 2004).

If the phase tensor is non-symmetrical, the skew angle B, is required as a third coordinate
invariant to characterize the tensor. The relationship between the tensor and the
observational reference frame (x1 and x2) is defined by the angle a - B, which determines

the orientation of the principal axis of the ellipse.

For 1D case, the phase tensor is characterized by a small skew angle and a circular shape.
Naturally, if the conductivity is both isotropic and 1D, the radius of the circle will vary
with frequency according to the variation of the conductivity with depth. The radius will
increase if the conductivity increases with depth. For a 2D regional resistivity structure, 3
becomes zero for noise free data and close to zero for field data and phase tensor will be
represented by an ellipse. In the presence of 3D structure, the phase tensor is non-

symmetric and has a large skew angle (p) value. Phase tensor ellipses maps at different
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frequency provide a simple way of visualizing lateral changes in the regional conductivity
structure at different depths. Such maps will not be influenced by near-surface galvanic
effects (Caldwell et al., 2004).

2.2.9 The Galvanic Distortion

Distortion in MT is produced by shallow and low bodies or heterogeneities which are
much smaller compared to the targets of interest and skin depth. These bodies cause charge
distribution and induced currents that alter the magentotelluric responses at regional scale
(Keller, 1983). Distortions can either be induced or galvanic. Induced distortion is
generated by current distributions. It has a small magnitude and decays with the period.
Under the condition ¢ > we it can be ignored. Where ¢ is conductivity, w is the angular

frequency and ¢ is the electric permittivity (Berdichesky & Dmitriev, 2002).

2.2.10 Static Shift

In cases of 1D regional earth galvanic distortion produces a constant displacement of the
apparent resistivity along all frequencies and this is known as static shift. Since the
magnetic field is relatively unaffected by static shift, a controlled source magnetic field
sounding such as TEM can be used to correct for static shift. Static shift correction of the
data was done using spatial median filter method. This method estimates the median of
each polarization of the apparent resistivity for stations within a given radius and is
compared to each station within the same radius for a given period range. If the difference
is greater than a given tolerance, then that difference is assumed to be a static shift and is
removed from the two components of the impedance for that polarization (Berdichesky &
Dmitriev, 2008).

2.2.11 Occam’s and ModEM Inversion Codes

Forward modelling codes for MT data are available for 1D, 2D and 3D cases, while in the

inversion case mainly 1D and 2D codes are available for standard applications such as,

REBOCC by Siripunvaraporn and Egbert (2000), OCCAM 1D and 2D by Constable et al.
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(1987) and RLM2DI by Rodi and Mackie (2001). A number of 3D inversion codes has
grown in recent years, for example WSINV3DMT code (Siripunvaraporn et al., 2004),
ModEM code developed by Egbert and Kelbert (2012), Meqgbel (2009) and Kelbert et al.
(2014), have become freely available for the purpose of research. In this study OCCAM’S
code was used forlD and 2D inversion and ModEM code for 3D inversion.

The advantage of the Occam’s code is its ability to converge in a small number of
iterations. In addition, because it searches for the minimum structure model, the model
can be treated as a “lower bound” for interpretation indicating the structures that are
required by the data (Constable et al., 1987). Similarly, ModEM algorithm requires a
small amount of memory usage as it avoids explicitly computing and storing Jacobian

matrix.
1D Inversion

1D inversion assumes resistivity varies with depth only. Occam inversion was used for
1D inversion in Olkaria South East field. The program was developed by the Scripps
Institute of Oceanography (Key, 2011). and is based on the minimization of the following

unconstrained regularized functional (Constable et al., 1987):

U = llaml2 + IP(m — m)I? + U= {|w(d - Fem)|* - x2,,}  (0:37)

The first term represents the norm of the model roughness, the second term is the model
update and the term d — F (m) represents the data misfit between the observed d and the
predicted response F(m). W is the data covariance weighting function which is a
diagonal matrix with elements corresponding to inverse data standard errors. U~! is the
Lagrange multiplier which balances the trade-off between the data fit and the model
roughness and model preference. X2 is the target misfit, chosen so that root mean square

is equal to unity.

28



2D inversion

2D inversion assumes that the resistivity varies with depth and in one lateral direction and

that the resistivity is constant in the other horizontal direction (electrical strike).

Occam’s 2D inversion code (version 3.0) developed by Scripps Institution of
Oceanography based on deGroot-Hedlin and Constable (1990) was used for this study.
Occam’s 2D inversion is based on the minimization of the following unconstrained

functional:

U =||dym|” + lld,ml + vt {||W(d —Fm)||* _qu} (0.38)

where the expression, [|d,m||* + [ld,m||? is the norm of the model roughness, U~
represents the Lagrange multiplier, the third term in the equation represents the data misfit,
W is M x M diagonal weighting matrix, d represents the observation vector, F(m) is the

model response and the last term X2 is the target misfit.
Transverse electric (TE) mode and transverse magnetic (TM) mode

The 2D magnetotelluric field consists of two modes that is the TE and TM modes. The
TM mode is related to the B-polarized wave generating the transverse MT curves (telluric
current flows across the structures), and the TE mode is related to the E-polarized wave

generating soundings MT curves (telluric current flows along the structures).

TM mode charges the structures and its anomalies galvanic in nature. TE on the other
hand does not charge the structures and its anomalies are of inductive nature. The TM and
TE modes offer different sensitivities to near-surface and deep structures and provide
different accuracies of 2D approximation of real 3D bodies (Berdichevsky et al., 1998).
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3D Inversion

ModEM code developed by Egbert and Kelbert (2012), Megbel (2009) and Kelbert et al.
(2014) will be used to analyze the MT data to produce a 3D resistivity model consistent
with MT data that require it. The 3D inversion implemented in ModEM code is based on

the minimization of the following penalty functional:

UGm,d) = (d — F(m))' €z(d — F(m)) (0.39)

+ A(m —my)TC,l(m — my)

The equation’s first term represents the data misfit between the measured (d) and model
response, F(m). The second term describes the model update between the estimated model
(m) and initial model (mo). A is the regularization parameter, Cd and Cr, are the data and
model covariance’s, respectively. In ModEM, the non-linear conjugate gradient (NLCG)
approach is used to minimize the penalty function. The initial model, mg is updated
iteratively by line search strategy and the 3D forward problem is based on the finite
difference method (FDM).
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CHAPTER THREE

METHODOLOGY

3.1 Materials and Methods

The equipment used include:

MT unit (MTU-5A) data recorder
Magnetic Coils

IS

134

Electrical ports
Global Positioning System (GPS)
e. 12V battery

o

The MT data was collected in 2021 with additional to secondary data collected by KenGen
staff in 2010 and 2013 using the Phoenix MTU-5 instruments. This study used a total of
23 soundings which are distributed as shown in Figure 3.2. The MT unit consists of a data
logger which records data, global positioning system (GPS) which provides the

geographical coordinate and continuous time signal, essential for recording time series.

Fluctuations in the magnetic field components were measured using three magnetic coils
(Hx, Hy, and Hz). The four electric ports were used to record variation of horizontal
electric field and were oriented in N-S and E-W directions. The distance between each
pair of electrodes (Ex and Ey) was 60 m. To ensure good conductivity the electrodes were

soaked in a sodium chloride solution.

The three magnetic coils were buried at a depth of one foot and oriented as shown in
Figure 3.1. The four electric ports were also buried shallowly with a solution of bentonite.
The car battery was used to power the system. The distance between the electrodes was
approximately 60 m. At each station, the total variation of electric in the magnetic field
was recorded for about 18 hours to collect data for long periods and also take advantage
of the strong signals usually available in the late hours of the night.
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Figure 3.1: A Typical MT field set-up (Hersir and Arnason, 2009).

3.2 Data Processing

Time series data was downloaded from the MT unit using SSMT2000 program. The data
was then preconditioned where severe noise was removed and then processed using
Fourier Transform to transform them into frequency domain expression in terms of
apparent resistivities and phase of impedance, as a function of frequency for each station
in the MT Editor program provided by phoenix Geophysics- Canada. From the Fourier
transform band the robust processing method was used to compute average cross power

and auto power. The data was then saved in the Electronic Data Interchange (EDI) files.

3.31D Inversion

An initial model with 40 layers was used with the resistivity of the first layer set to 40
Qm. The first layer thickness was set at 20 m which was increased logarithmically with
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an increasing factor of 1.1 up to 5km. The maximum number of iterations was 20 with a

target depth of 3km. A Lagrange multiplier of 5 was used.

3.4 2D Inversion

The profiles were cut perpendicular to the geological structures. For each profile, a mesh

with a block width set to 50 m and 70 layers with an initial layer of 20 m thickness

increasing logarithmically with depth was generated. An initial model of 50 Qm

homogenous half-space was used. A maximum of 100 iterations and a target root mean

square of 0.5 was used with a maximum of 80 frequencies ranging from 0.011 Hz to 320

Hz. Figure 3.2 below shows the profiles taken for the MT data in south East field.
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Figure 3.2: Contour map showing MT stations, wells and profiles cut.

3.5 3D Inversion

A total of 23 MT stations were used for the 3D inversion. 50 layers were used with the

first layer having a thickness of 10m and they increased with an increasing factor of 1.1.

The resultant model is 5km deep with 38 * 50*50 cells in x, y and z directions respectively
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as shown in figure 3.3. ModEM achieved 93 iterations with a minimum root mean square
misfit of 5.48.
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Figure 3.3: Grid model of the area.
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CHAPTER FOUR
RESULTS AND DISCUSSION

This section details the results and findings of some of the stations for static shift,
dimensionality and 1D inversion. Any result that is not presented in this chapter has been

attached in the appendix.

4.1 Static Shift Correction

A diameter of 2km was applied to the sites which showed a significant split in the apparent
resistivity curves at high frequency. The ModEM program accounted for the remaining
static shift effects by introducing a scattered conductivity distribution in the near-surface

layers. Figure 4.1 shows curves before and after static shift was done.
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Figure 4.1: Resistivity curves before (left) and after (right) removal of static shifts.
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4.2 Data Imaging

MT sounding curves gives results of the expected structures following inversion. Figure
4.2 shows MT sounding curves of TE and TM modes obtained from 23 sites in Olkaria
South East geothermal field. The red dots indicate the TE mode and the blue dots indicate
TM mode. The apparent resistivity from both modes shows high values at low periods (<
0.01 s) and decreases as the period increases to below 1 s. Subsequently, the apparent

resistivity increases up to a period of 10 s before it falls to a period of 100 s.
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Figure 4.2: Apparent resistivity curves and phase curves from 23 stations in Olkaria

south east field respectively.
4.3 Dimensionality Analysis

Dimensionality analysis of MT data is a common procedure for inferring the main

properties of the subsurface geo-electric structures such as the strike direction or the
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presence of superficial distorting bodies, and helps in determining the most appropriate
modeling approach (Marti et al., 2010). For this study, swift-skew, bahr-skew, ellipticity
and phase tensor methods were used to determine dimensionality of Olkaria South East
field.

Swift-Skew

Olkaria South East data, most stations indicate 1D and 2D structures at short periods
below 1s given by swift skew values below 0.3 and 3D structures at a period greater than
1s indicated by swift skew values greater than 0.3 as shown in the Figure 4.3 below for
soundings OSMT 18R and OSMT 19. One major disadvantage of swift skew is that its
affected by noise.
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Figure 4.3: Swift skew for stations OSMT 18R and OSMT 109.

Bahr Skew

For Olkaria South East field most stations showed skew values close to zero, below 0.3
at periods less than 0.1 s indicating presence of 1D and 2D structures at shallow depths
and skew values greater than 0.3 indicating 3D dimensionality at greater depths as shown
by Figure 4.4 below for stations DMT 41 and OSMT 79.
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Figure 4.4: Bahr skew for stations DMT 41 and OSMT 079.
Ellipticity

Ellipticity was plotted against period for Olkaria south east MT stations and most of the
stations showed low ellipticity values below the 0.1 threshold at short period indicating
presence of 1D and 2D structures at shallow depth and high ellipticity values greater than
the 0.1 threshold indicating 3D structures at greater depths as shown on the Figure 4.5 for
stations DMT 41 and DMT 200. Ellipticity is also sensitive to noise.
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Figure 4.5: Ellipticity for stations DMT 41 and DMT 200.

Phase Tensor

In Olkaria south east, the phase tensor maps plotted at different frequencies reveal the
dimensionality of the MT data (Figures 4.6 — 4.9). The dimensionality of the subsurface
structures can be inferred from the shapes of the phase tensor and skew angle. At high
frequencies above 1Hz (short periods), the phase tensor maps indicate small skew angle (
-3 < B < 3). The shape of the ellipses generally is yellow in color and circular at higher
frequencies and elliptical around 1 Hz implying structures at shallow depths are 1-D and
2-D characteristics (Figures 4.6 and 4.7). The phase tensor analysis reveals 3D
dimensionality below 1 Hz, characterized by a high skew angle (B < -3 and 3 > 3), red,

blue colors and the phase tensors are non-symmetric as indicated in Figure 4.8 and 4.9.
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At different depths, the directions of the observed induction arrows are heterogeneous,
implying complexity in the distribution of the conductive structures. At longer periods,
most vectors are observed to point in one direction, portraying an alignment of conductive

structures nearly parallel to the regional geo-electric strike.
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Figure 4.6: The real induction vector, phase tensor ellipses in the Parkinson
convention for a frequency of 100Hz.
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Phase Tensor Map for 10 (Hz)
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Figure 4.7: The real induction vector, phase tensor ellipses in the Parkinson

convention for a frequency of 10Hz.
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Phase Tensor Map for 0.1 (Hz)
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Figure 4.8: The real induction vector, phase tensor ellipses in the Parkinson

convention for a frequency of 0.1Hz.
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The dimensionality results show 1D and 2D structures at short periods and 3D structures

at long periods.
4.4 Strike Estimation

Geoelectric strike must be determined if dimensionality shows there are 2D structures.
Figure 4.10 shows a consistent geo-electric strike of N75°W at periods 10° — 10 s, which
conforms to the Olkaria field regional structural trend of NE-SW. The profiles 1 and 2
were constructed nearly perpendicular and parallel to the geo-electric strike direction

respectively. Before 2D inversion, the impedance components were rotated N75° W.

10-3--10-{g -10-1g 10° 10°-10'sy 1p'--107gy 1071075y 10°-10%,

PEED

Figure 4.10: The Z strike rose diagram of Olkaria MT data over the period range
10-3 - 103 s.

strike (Z)m

4.5 MT Data Inversion

4.5.1 1D inversion results

1D models of the Olkaria south east field at each station revealed a high resistivity (~ 100
Qm) layer at shallow depth with its thickness varying for different stations as shown in
Figure 4.11 and 4.12. A second layer with low resistivity is observed with a resistivity
ranging between 5-10 Qm. A third layer with relatively higher resistivity approximately
40 Qm is observed beneath the conductive layer. The thickness varies for different

stations.
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Inversion Result - Iter 020
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Figure 4.11: 1D model and misfit curve at station OMT 120.
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Figure 4.12: 1D model and misfit curve at station DMT 38.
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4.5.2 2D inversion results

The models had a minimum root mean square misfit of 1.85 for profile 1 and 1.33 for

profile 2.

For profile 2 the pseudo-section plot for TE and TM modes for both observed and
predicted responses shows a good fit as shown in Figure 4.13. The TE mode shows a
relatively better fit than the TM modes as it shows a small residual. The residual map
shows the differences between the observed and predicted responses.
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The resistivity models obtained from two profiles are as shown on Figure 4.14 and 4.15.
The results revealed conductive bodies C1 —C3 and resistive anomalies R1-R3. Figure
4.14 shows a conductive body C1 (< 10 Qm) located at a depth of about 0.5 -3 km and a
resistive body R1 (> 100 Qm) at a depth of 3-5km. Figure 4.15 shows resistive bodies R2
and R3 separated by a conductive structure C2 running from NE to SW. C3 is located at
approximately 2-2.5 km on the east side and separated from C2 by R3. It is also overlain

by a conductive layer of approximately 0.5 km and running deeper on the east side.
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Figure 4.14: 2D resistivity cross-section model profile 1.
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Figure 4.15: 2D resistivity cross-section model profile 2.
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4.5.1 3D Inversion results

The data misfit of the final model is satisfactory with limited over and under fitted sections

as shown in figure 4.16 and 4.17.
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Figure 4.16: Data misfit between the observed and calculated apparent resistivity of

Zxy (red dots) and Zyx (blue dots) components for station OSMT17.
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Figure 4.17: Data misfit between the observed and calculated apparent resistivity of

Zxy (red dots) and Zyx (blue dots) components for station OSMT 79.
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The 3D model for the Olkaria South East field (Figure 4.18) has three distinctive layers
with the first layer having a resistivity > 80 Qm extending to about 200 m underlain by a
low conductivity layer of < 10 Qm with a thickness of approximately 0.5- 1 km and
beneath it is a relatively high resistivity to high resistive layer > 100 Qm at a depth of

approximately 2 km extending down to 10 km.
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Figure 4.18: 3D model of Olkaria South East.

The 3D resistivity models for profile 1 and 2 (Figure 4.19 and 4.20) shows conductive
layers C1 and C2 (5- 10 Qm) and resistive layers R1, R2 and R3. Both profiles show a
highly resistive layer especially on the central part with a thickness of around 500 m and
a resistivity of > 100 Qm. Below it, conductive layer C1 and C2 extends to about 1km
depth for both profiles. Beneath it is a highly resistive layer R2 and R3 with a resistivity
> 100 Qm at approximately 2.5 km all the way to 5 km.
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Figure 4.20: 3D resistivity model for profile 2.
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The iso surface model Figure 4.21 below, shows the variation of resistivity and the
location of the drilled wells in the area. It shows a conductive structure of up to a depth of

500m and a resistive zone below it.

L?glo [Resistivity (onm.rg)]

Figure 4.21: Iso- surface model of Olkaria south east

4.5.3 2D Inversion Versus 3D Inversion

The 2D and 3D inversion models (Figure 4.22) show similar structures at shallow depths
with both models showing a conductive zone < 10 Qm beneath a highly resistive zone.
However, at depth, the 3D model gives a better resolution with a highly resistive layer at
a depth of 2 to 3km with a resistivity of > 100 Qm which is different from the resistivity
mapped by the 2D inversion of 40-60 Qm. The 2D results at depth shows a characteristic
of a geothermal reservoir resistivity of between 10 - 40 Qm which is not present in the
3D.

53



b

o N o $ o
,‘\ A <\ .\\- ,‘1. < \
S Ft o o o

o

-
B
-
a
o 05 1 1.5 2 25
Horizontal Position (km)
<4
= o ~ ~ -
= =8 EBEx =
— — -~ e
= - - - -
s co Ca A
g8
=
a2
2
=
-
=
—

\qb Eastings(m)

Figure 4.22: 2D and 3D models for profile 2 respectively.
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4.6 Temperature Profiles

The temperature profiles below (Figures 4.23 and 4.24) taken over a period of time show
temperature increases with depth. At a depth of 2600m, where the intrusion is intercepted,
the injection profiles show a sharp kick and the temperature rises. However, after
sometime the temperatures reverse and does not exhibit sharp kicks.
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Figure 4.23: Temperature profile for well 803.
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4.7 Conceptual Model

The updated conceptual model of Olkaria South East as shown in figure 5.1 was
constructed from the 3D models results. It shows characteristics of a high enthalpy
geothermal system with a high resistive unaltered layer, low resistive caprock (<10 Qm),
recharge areas and a reservoir. However, the reservoir does not meet the requirements of
a high enthalpy geothermal reservoir which is characterized by high temperatures and a
relatively high resistivities of (10-60 2m). The geothermal reservoir in Olkaria South East

field from the resistivity models has a resistivity of > 100 Qm and temperatures of < 250°C
as shown on the temperature logs.

Elevation (km)

Figure 4.25: Conceptual model of Olkaria South East field.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusion

The resistivity of the Olkaria South East field is revealed from the MT data inversion. The
1-D models at each station revealed a high resistivity layer (> 80 Qm) at shallow depths,
and its thickness varies from station to station. A second conductive layer (< 10 Qm) is
recognized at different depths in all the stations. The third layer with higher resistivities
(> 100 Qm) is observed at most stations beneath the conductive layer. Most of the
geological structures in Olkaria South East geothermal field trend in the North to South
direction, and they are likely to control the movement of fluid in the geothermal field.
From the 2D and 3D resistivity models three layers have been revealed. The first layer has
a high resistivity (~80 Qm) which could be interpreted as the unaltered volcanic rock
formation possibly from the pyroclastic cover. The second layer has a low resistivity (5-
10 Qm) interpreted as the cap rock. The low resistivities are attributed to alteration
minerals such as smectites and illites. The third layer has a relatively high resistivity (>
80 Qm) and is interpreted as the geothermal reservoir. The high resistivities could be
attributed to the cold inflow in the region which is traversed by the major Olobutot fault
which is the major fault that feeds Olkaria region hence the temperatures reversals and
low pressures at depth. The 3D method proved to be a powerful modelling technigue in

delineating the subsurface structure and hence, | was able to achieve all the objectives.
5.2 Recommendations

From the above findings, the area has an extensive geothermal reservoir and while it is
not ideal for citing a production well, it can be used as a reinjection zone. Nevertheless,
the findings were done on a small survey area due to time constraints. These findings
could be concluded by using a large MT dataset covering a bigger area, or by use of any

other detailed geophysical survey such as gravity and seismics.
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APPENDICES

Appendix I: Dimensionality analysis maps
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Appendix I1: Static shift curves
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Appendix I11: 1D Curves
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