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Abstract

In this thesis work integrated geophysical techniques, involving electrical resistivity, gravity
and magnetic surveys have been carried out over the Corbetti Caldera in the central Main
Ethiopian Rift (CMER) to verify the geothermal potentia of the caldera. Corbetti geothermal
prospect is located about 250 km south of Addis Ababa and 20kms from Awassa and the area
is bounded by Lake Awassa to the south and Lake Shalla to the north with geographic
location between latitude 7.17°N-7.25°N and longitudes 38.30°E-38.47°E.

The Corbetti Caldera is characterized by Quaternary volcano tectonic activity which is
mainly silicic volcanism and aresurgent caldera structural system. The Quaternary volcanism
is associated with a wide spread of steaming ground and fumarolic activity which evidenced

the existence of a heat source at depth.

56 VES points, 200 gravity and about 200 magnetic data have been used and anayzed and
results are presented as magnetic, gravity and electrica counter map for qualitative
interpretation and also gravity and magnetic 2-D model constrained with Geoelectric section

for quantitative interpretation.

The complete Bouguer gravity anomaly in conjugation with total magnetic field anomaly
map of the area indicates the existence of intrusion beneath the caldera, i.e. the highest
Bouguer gravity anomaly resulting from the higher density of the intrusion correspondingly
the shallower heat source caused by this intrusion is characterized by the lowest magnetic

anomaly response.

Results from vertical electrical soundings along profile-2 indicates the presence of middle
thicker conductive zone which is associated with the increase in temperature and alteration of
rocks and apparent resistivity map for AB/2=1810m and AB/2=2700m shows low resistivity
anomaly follows the eastern and northern caldera rim, stretching north of the caldera towards
Lake Shalla

Based on the joint analysis of data from these geophysical methods and thermal
manifestations in the area, the area has the potential for large scale electrical power
development. Besides, additional geophysical methods are proposed to further reinforce the
outcome of the study.

vii



CHAPTER ONE

1. INTRODUCTION

1.1 Background

The word geothermal comes from two Greek words geo, meaning earth, and therme,
meaning heat. Geothermal energy is thus heat energy derived from the internal heat of the
Earth. People around the world use geothermal energy to produce electricity, to heat homes
and buildings, and to provide hot water for a variety of uses. Geothermal energy is therefore
a clean renewable source of energy that is being used in many parts of the world having

accessible geothermal resources.

A thinned and fractured crust allows magma to rise to the surface as lava flows. The greatest
part of the magma does not reach the surface but heats large regions of underground rocks.
Rainwater can seep down the faults and fractured rocks for miles. After being heated, it can
return to the surface as steam or hot water. When hot water and steam reach the surface, they
can form fumaroles, hot springs, mud pots and other interesting phenomena. Otherwise,
when the rising hot water and steam is trapped in permeable and porous rocks under a layer
of impermeable rock, it can form a geothermal reservoir. This geothermal reservoir could be
a powerful source of geothermal energy. Geotherma reservoirs are associated with
hydrothermal systems such as volcanoes and igneous intrusions related with hydrothermal
zones (i.e., regions in the upper crust through which hot water has circulated). The origin of
such reservairs is hosted by volcanic rocks extruded into the upper crust at spreading centers
(oceanic ridges and continental rift zones). At oceanic ridges (oceanic hydrothermal zones), the
water may be seawater that penetrates into deep cracks. At continental rift zones, the water is
provided by rainfall referred to as meteoric water. The water is commonly heated by magmatic
intrusions, which causeit to expand and hencerise (Figure. 1.1).

A geothermal system is thus made up of four main elements. a heat source, a reservoir, a
fluid, which is the carrier that transfers the heat, and a recharge area. The heat source is
generdly a shallow magmatic body, usualy cooling and often still partially molten. The

volume of rocks from which heat can be extracted is called the geothermal reservoir, which



contains hot fluids (vapor and gases). A geothermal reservoir is usually surrounded by colder
rocks that are hydraulically connected with the reservoir. Hence water may move from colder
rocks outside the reservoir (recharge) towards the reservoir, where hot fluids move under the
influence of buoyancy forces towards adischarge area (Figure. 1.1).

Figure 1.1 Schematic representation of an ideal geothermal system (Mary and
Mario, 2004).

Geological, geophysical and geochemical surveys have remained to be the main survey types
carried out for the assessment of the geothermal resource potential of the East Africa
continental rift zones. Occurrences of geothermal resources associated with the central
volcanoes in the Main Ethiopian Rift (MER) which forms one segment of the East Africa
continental rift zones can be intensively studied using geological (structural mapping),
integrated geophysical (gravimetric, magnetic, electrical, etc) and geochemical (water and
gas anaysis) method. The Corbetti volcano which forms one of the central volcanoes in the
MER is the study area considered in this thesis research. Previous works performed to assess
the geothermal resource potential of the Corbetti volcano included geological (structural
mapping), geochemical (water and gas anaysis) and geophysical (mainly gravity and

electrical resistivity) investigations where magnetic datais lacking.

Based on geological (volcanolgical, stratigraphic, etc.) and geochemica evidences, the
evolution of the Corbetti volcano is determined to be associated with extensive fractional

crystallization of parent mantle-derived basatic magma occurring in a huge shalow level

2



magma chamber. Fumaroles, steaming and warm grounds are some of the hydrothermal
manifestations in the Corbetti Caldera (Elias Altaye, 1983). Drilling to locate fractured
zones, or atered brecciate levels associated with sub-vertical faults of the Caldera has
incurred high financia cost.

Integrated geophysical (gravity, magnetic and electrical resistivity) investigations (with the
inclusion of new magnetic data independently acquired by this MSc project) are considered.
The investigations are made to possibly identify and locate subsurface geological structures
associated with hydrothermally atered volcanic lying within their unaltered equivaents
residing at the Corbetti Caldera.

On geological, geophysical and geochemical grounds, the possible geologic structures and
lithological features that may give rise to the anticipated gravity, magnetic and resistivity
anomalies might include:

A postulated intrusive body or magma chamber located at some depth below
the Calderafill,

Hydrothermal alteration of the ferromagnetic mineras in the underlying
rocks due to heat treatment

Variations in rock physical properties of the Caldera fill that result mainly
from:

Mode of deposition and degree of compaction of sedimentary units
associated the pre and post caldera sediments and recent alluvium.
Emplacement of igneous rock units of contrasting physical properties
Hydrothermal alteration of the local rocks by mineral deposition in pore
gpaces from hot hydrothermal solutions bearing dissolved minerals moving
horizontally and vertically through porous zones (Locke and de Ronde,
1987).

This MSc research study aims at the application of gravity, magnetic and resistivity methods
for detailed geothermal resource investigations of the Corbetti volcano. The study stems from

the necessity to make effective use of geophysics based on modern data analysis and
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interpretation knowledge for geothermal exploration. The outcome of the study may provide
vital information to decide on the possibility of extending geophysical investigations for the
assessment of the geothermal potential of the central volcanoes in the MER and for further
scientific studies of rifting processes within the framework of global plate tectonics.

1.2 Location of the study area

The Corbetti geothermal prospect area is one of the geothermal prospect areas identified in
the MER and the Afar depression (Fig. 1.2 A). It islocated in the central part of the MER and
approximately lies between latitudes 6.88°N - 7.75°N and longitudes 38.00°E - 39.00°E and
about 250 km south of Addis Ababa along the Addis Ababa - Nairobi highway. The Corbetti
geothermal prospect area encompasses an area of about 12100 km? within which Urji,

Chebbi, Danshe and other vol canoes are consisted.

The Corbetti calderathat constitutes the present study area is bounded by L ake Awassa to the
south and Lake Shalla to the north, with geographic locations between latitudes 7.17°N -
7.25°N and longitudes 38.30°E - 38.47°E (Figure 1.2 B).

tarya e - - £
t 0 = :
s \-L e
- —
. g i

Figure 1.2 A: Location of the Corbetti geothermal prospect area within the geothermal
prospect areas of the MER. B: Location of the Corbetti caldera within the Corbetti

geothermal prospect area (MOM Report, 2008).
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1.3 Relevance of the proposed study

Geothermal deposits provide an important contribution to the world’s energy production, this
class of deposits has recently become a focus attention for the exploration of geothermal
resources at magmatic centers of continental rift zones (MOM Report, 2008). This MSc
research aims at the application of gravity, magnetic and electrical resistivity methods for
detailed geothermal resource investigations of the Corbetti Caldera. The study stems from the
necessity to collect new magnetic data that fills the missing magnetic data coverage over the
volcano in order to make an effective use of geophysics for geotherma resource potential
assessment tasks based on modern geophysical data analysis and interpretation techniques. The
outcome of the study may provide vital information to decide on the possibility of extending
the geophysical investigations considered here for the assessment of the geothermal potential

of the central volcanoesin the MER and the Afar depression.

1.4 Objectives

1.4.1 General Objective

The general objective of this MSc thesis is to properly utilize and analyze the present
geophysical studies and integrate them with the previous geophysical and geological study
results in order to delineate and map the prominent geologica features, structural features
and volcanologic features of the Corbetti calderathat are thought to be the controlling factors

in the assessment of geothermal resources.

1.4.2 Specific objective

Systematic mapping and analysis of thermally atered zones of Corbetti
caldera to serve as a guide to delineating areas of varying hydrothermal
activities.

Defining the vertical geoelectric section of the study area.

Preparation of 2-D gravity and magnetic models constrained by geoelectrical
(VES) datafor the study area.



To acquaint oneself with the methods of geophysical data acquisition,

interpretation and presentation of results.

1.5 Methodology

Geophysical methods are applied in a wide variety of problems; they are used for oil and
mineral prospecting, for solving groundwater, geotherma and engineering problems.
Moreover, geophysics plays a fundamental role in studies of the Earth's deep interior

otherwise inaccessible by other means.

Although the location of a geotherma field is controlled by the regiona geology, its
characteristics, as recognized at the surface through the geothermal exploration techniques,
are essentially hydro geological phenomena. They depend not only on suitable heat source
but also on the presence of a medium (normally water) in which the heat can be transported
to the surface and on a permeable path along which the medium (the fluid) can travel. In
simple terms, the recipes for a geothermal system are: large source of heat, a reservoir to
accumulate heat, a barrier to hold the accumulated heat and adequate supplies of water such
as ancient connate, magmatic waters or more recent juvenile and meteoric waters (MOM
Report, 2008).

This research plans to integrate existing surface geological and hydrogeological maps and
other relevant information with subsurface geophysical investigations in order to study the

component parts directly or indirectly.

The gravity method would be used to map regional geological structures and intrusion in the
area and the magnetic method would map the major structures that are paths for the rising
heat to shallow depths to interact with the down flowing waters in the aquifer zone. The deep
electrical sounding surveys would establish the vertical stratification of the geoelectric layers
of the area.



+ Theflowchart of the general methodologies that will be implementing is

shown below.
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Figure 1.3 The genera methodology and the data organization flow chart

1.6. Review of Previous Work

The Corbetti has been studied for different purpose since (Mohr, 1966) and Macdonald and
Gibson (1969). But the initial stage of the geothermal exploration started by the joint studies
of the EIGS and the UNDP technical teams (UNDP, 1973). Then followed by Lloyd, 1977,
which indicated the presence of a geothermal resource and recommended future detailed
geoscientific study which includes among others, detailed geological and surface
hydrothermal alteration study on 1:50,000 and 1:20,000 scales. Detailed geologica and
surface hydrothermal alteration study on 1:50,000 scales were conducted by Elias Altaye
(1983-1984). Temperature measurements and associated hydrothermal alteration studies in
Corbetti geothermal prospect are carried out by MoOME and GSE, 2011. The present study isa

continuation of the above studies.



1.7. Structureof the Thesis

This thesis is organized in to five chapters. The first chapter is genera introduction of the
study. The second chapter discusses previous geological works of the MER as well as the
study area. The third chapter addresses the theoretical backgrounds of the geophysical
methods employed in this study. In the fourth chapter, compilation of the different maps and
models and their qualitative and quantitative descriptions are presented. The fifth chapter
presents conclusions and recommendations of the work. Lastly reference materials used for
thiswork are listed alphabetically.



CHAPTER TWO

2. GEOLOGICAL AND TECTONIC REVIEW

2.1. Geological and Tectonic setting of the Main Ethiopian Rift

The term Ethiopian Rift system is used to designate the three discrete Rift segments, namely
the Afar depression, the Main Ethiopian Rift (MER) and the Southern Ethiopian Rift (SER).
This rift system is part of the great East African Rift System (EARS), widely believed to
have been formed by diverging lithospheric plates, active since early Tertiary times. The
Great East African Rift itself is part of the Afro-Arabian Rift system that extends for about
6500km from Turkey to Mozambique (Mohr, 1962).

Flood basalts erupted primarily between 31-29 Ma cover much of the Proterozoic basement,
extending over an area of the Ethiopian plateau ~1000 km in diameter (Baker et a., 1996;
Hofmann et al., 1997; Ukstins et a., 2002). A mantle slow-velocity anomaly underlies the
rift (Bastow et al., 2005; Benoit et al., 2006; Montelli et al., 2006) down to at least 650 km
depth beneath Afar and rising to at least 75 km depth beneath the Main Ethiopian Rift. The
shallow part of this anomaly is offset ~25 km from the rift axis (Bastow et a., 2005) and
dips westward, possibly connecting to the African Super plume (Benoit et al., 2006) although

direct evidence remains elusive.

The MER has traditionally been divided into three sectors based on surface geology and
geomorphology, the northern (NMER), central (CMER), and southern (SMER) sectors. The
NMER extends south from the Afar depression to near Lake Koka, with border faults that
trend on average at N50°E and have formed since 10-11 Ma. Early volcanism aso began at
10-11 Ma (Chernet et al., 1998; Wolfenden et a., 2004). The CMER extends from Lake
Koka through the lakes region to Lake Awasa, with border faults trending on average
N30°E-N35°E. The age of onset of extension in the CMER is still debated. Wolde Gabriel et
a. (1990) estimate the age of onset of faulting to be 8.3-9.7 Ma with earliest synrift
volcanics at ~8 Ma, whereas Bonini et al. (2005) estimate the onset of extension and initial
volcanism to be 5-6 Ma. The SMER extends south from Lake Hawasa into the broadly rifted
zone of southern Ethiopia (Ebinger et a., 2000) with faults trending north-south to N20°E.
9



Faulting in the SMER was well established by ~18 Ma (Ebinger et a., 1993; Wolde Gabriel
et al., 1991), and volcanism began around 18- 21 Ma (Ebinger et al., 1993; George and
Rogers, 2002).

The Main Ethiopian Rift (MER), being one segment of the East African continental rift
system is characterized by recent volcano-tectonic features (central volcanoes, calderas, craters,
cones, faults, grabens, etc), intense seismic activity and zones of mineralization with possible
shalow intrusions. Several Quaternary central volcanoes namely Corbetti, Aluto, Gedemsa,
Dofan, etc. (Fig-2.1) are present along the axial portion of the MER (a continental spreading
center). These central volcanoes offered opportunities for potential geotherma resource
investigations. The Corbetti volcano, a central volcanic complex in the MER, is among those

promoted for detailed geothermal resources investigation.
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Figure 2.1 Location map of the geothermal prospect areas within the Ethiopian Rift Valley
(after Meseret Teklemariam, 2000)
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2.2. Geological Setting of the study area

The Main Ethiopian Rift is divided based on structural features into three geographic aress;
represented by the northern (Fentale Nazret), Central (Nazret Hawassa) and Southern
(Hawassa-Konso) sectors. The centra sector, where the Hawassa lake basin belongs to is a
symmetric rift basin where both sides of the rift margins are fully defined except in the
region between Guraghe and Sodo of the western escarpment and the Shashemene area of the
eastern margin, (Taddesse and Zenaw 2003). The closed basin of the nested Hawassa-
Corbetti caldera complex isagiant eliptical depression 30-40kms wide.

Post caldera activity around Corbetti area is represented with the birth of three recent
perakaline volcanoes (Urji, Chebbi and Danshe). The Corbetti calderais eliptical in shape;
the minor axisis about 10km N-S and the major axisis about 18km E-W.

As to the geological compositions, it is within recent volcano tectonic activities on Wonji
Fault Belt, mainly composed of per alkali-silicic products, rhyolite flows, obsidians, pumice,
ashes, ignimbrites and the same nature of basaltic lava flows and scoria. There are pre and
post caldera sediments and recent alluvium. All volcanic formation indicates starting from
early formation of the caldera to the plio-pleistocene activities which are characteristics of
the MER (Elias Altaye, 1983).

11
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Figure 2.2 Simplified geological map of Corbetti area (modified from Tadesse Mamo and
Zewdu Abtew, 2011)

The caldera comprises fissure eruptions, which were followed by a vol cano-tectonic collapse.
The volcanoes are al at a fumarolic stage. Urji and Danshe volcanoes are formed of
pyroclastics which are represented by pumice falls; on the eastern side of Urji some obsidian
enter bedded with pumice outcrop. Chebbi volcano is mostly formed of pumice like Urji. The
difference between the three volcanoes is the amount of very recent obsidian lava flows
which cover the pyroclastics of Chebbi (Di Paola, 1972).

Chabbi volcano is extruded from the eastern segment of the caldera ring fractures, but east
west tectonics may also be an important factor controlling its location. The east west
alignment evident on Urji is even more evident on Chebbi because the pyroclastic over
burden is less or absent. Present east-west sub-parallel fissure swarms cut the lava flows

independent of their flow direction and are probably the surface expression of deep tectonic
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weakness evidenced also by a mgjor east-west fault, down thrown south, which appears east
of Chebbi and gains topographic expression east wards (UNDP Technical Report, 1973).

There are many occurrences of fumaroles (steam vents) and hot ground (hot springs) in
several places within the caldera. In general most of the hydrothermal manifestations are
associated with recent volcanological fractures such as eruption centers, craters and caldera
rims, controlled by structural features (faults, fissures, joints and contact zone).
Hydrothermal manifestationsi.e., altered ground with fumarolic activities are associated with
fissures, craters, faults and caldera rims, where tectonic structures give maor access for
hydrothermal fluids.

These zones of fumeroles and structural features are supposed to be favorable zones for
potential mineral deposit like epithermal Gold, Sulfides, etc. and also geothermal resource
areawhich usually are zone of alterations.

Corbetti is a silicic volcanic system similarly to Alutu volcano, except for it's being a well
developed resurgent cauldron system. Corbetti caldera has an irregular €eliptical outline,
elongated in the east-west direction and measuring 10 and 15 km aong its two axes. The
eastern rim of the calderais missing, most likely due to the eastern part of the parent volcano
having been completely removed during caldera formation. The -caldera-forming volcano
developed on terrain made up of late Tertiary ignimbrites. Later ignimbrites, which led to the
collapse of the caldera, form the present rift floor surface in the area and the flanks of the
cadera that are still intact. On the volcanic edifices situated inside the caldera, fissures
oriented in the E-W direction cross, NNE-SSW trending regiona rift forming faults. The

results of geological study could be summarized as follows:

The volcanic products at Corbetti are very young. The repeated cycle of volcanism forming
the present morphology of Corbetti system normally shall have remnant magma intruded at
shallow depth. This young and shallow magmatic chamber at shallow depth is providing the
heat to the Geothermal System at Corbetti.
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The study of hydrothermal alteration minerals on the cuttings recovered from the shallow
wells showed the presence of high temperature mineral assemblages such as chlorite, kaolin,
calcite and quartz (Kebede et al, 1987 as cited in MOME, 2008).

Corbetti has a similar geological set up with that of Aluto-Langano. The caldera-forming
volcano developed on terrain made up of late Tertiary ignimbrites which are the main
reservoir rocks at Aluto-Langano. The annular structural configuration of the caldera is
complicated by the existence of a dense set of the rift forming faults in the NNE-SSW
direction. Transversal E-W oriented fissures and the NNE-SSW rift forming faults control
the occurrence of hydrothermal features. This relatively pronounced structural fabric system
compared to Aluto-Langano is expected to form relatively high secondary permeability in the
Tertiary ignimbrites.

An extensive cap rock having large lateral coverage exists at Corbetti in the form of lake
sediments and associated overlying pyroclastics. These cap rocks serve to prevent the heat of
the Corbetti system from escaping to the surface, thus insuring a minimal cooling rate to the

heating system.

Corbetti is considered to be a classic resurgent cauldron system post-caldera volcanism
during the Pleistocene having produced four major volcanic edifices Urji, Chebi, Danshe and
Borena. Urji occupies the center of the caldera. Chebi and Borena occupy an inferred eastern
caldera rim, being products of post caldera resurgence of volcanism along possible ring
fractures. Danshe and other low lying eruptive centers such as Hare and Guge probably stand

on ring fractures skirting the interior of the calderain the Northeast and west.
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CHAPTER THREE

3. THEORETICAL BACKGROUNDSIN GEOPHYSICAL METHODS

3.1 Introduction

In exploration Geophysics, there are different geophysical methods that respond to the
physical properties of the sub-surface media. These geophysical methods can be classified
into two broad groups. The passive methods, those that detect variation within the natural
fields associated with the earth; such as gravitational and magnetic fields. And the active
methods, those that use artificially generated sources such as electrica methods, seismic
methods and others. To locate and map a geotherma system, the system must then have

anomalous physical properties different from those of the surrounding country rocks.

Geophysical methods play a key role in geothermal exploration since many objectives of
geothermal exploration can be achieved by these methods. The geophysical surveys are
directed at obtaining indirectly, from the surface or from shalow depth, the physical
parameters of the geotherma systems. As it is clearly stated on the preceding chapter,
chapter one this research plans to carry out an integrated geophysical survey through using

magnetic, gravity and electrical methods.

In general, the gravity method is used in mapping regional geological structures at large
scale. The magnetic and the gravity methods are known to complement each other and
therefore the magnetic method is also used in mapping the major lithologic and structura
units residing in the study area. The electrical resistivity methods would help to conduct a
detailed structural analysis of the prospect area that helps locating the more permeable zones
of geothermal reservoir and establish the vertical stratification of the geoelectric layersin the
study.

3.2 The Gravity Method
3.2.1 Introduction

Gravity surveying measures variations in the Earth’s gravitational field caused by differences

in the density of sub-surface rocks. Although known colloquially as the “gravity’ method, it
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isin fact the variation of the acceleration due to gravity that is measured. The gravity method
is a potential field method that is based on the earth’s gravitational field. Gravity methods
have been used most extensively in the search for oil and gas, particularly in the twentieth
century. While such methods are still employed widely in hydrocarbon exploration, many
other applications have been found, some examples of which are, Regiona geological
studies, Isostatic compensation determination, Exploration for, and mass estimation of,
mineral deposits, Monitoring volcanoes ..Etc (Reynolds, 1997). The method of gravity
survey in geophysics involves measurement, reduction, mapping, and interpretation of
gravity data (Dobrin, 1988). Gravimetry is the method of measuring and modeling the
gravity field of the Earth (Torge, 1989).

3.2.2 Fundamental Principles of Gravity

The basis of the gravity survey method is Newton’s Law of universal Gravitation and

Newton's second law of motion. The law of universal Gravitation which states that the force

of attraction F between two masses my and m, , whose dimensions are small with respect to
the distance r between them, is given by;

F =

-Gmim, ,
Ttz 3.1

?"2
where, F- isthe force of attraction between m, and m;
G - Isthe gravitational constant which is equal to 6.67x10 ™ m*/kg.s>.

é- Is aunit vector whose direction is the line connecting the centre of the two masses.

r - Isthe distance between the two masses m; and m..

According to Newton’s 2™ law of motion, the force (F), the mass (m) and the acceleration (a)
or the gravitational acceleration (g) are related by

= —Gmimgy A

F=———8=mya 3.2
r

For the case of the earth of mass M, and a body of mass, m located on or in the vicinity of its

surface:
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_GMem ~

F = & =myg 3.3

72
From equation (3.3) above;

= _GM I
g =——=8& 3.4

TZ
g — Is gravity or gravity acceleration. The unit of ‘g’ is Gal in the honor of Galileo Galili.

1 Gal =1 cm /s2. In geophysics we also use auxiliary units like milliGal. (mGal), micro Gal
and so on. But the mGal unit commonly used; 1mGal =10-3cm/s%.

3.2.3 Theoretical Gravity of the Earth

Considering a small mass, m moving with a velocity, v on the surface of the earth rotating

with angular velocity, w as shown in the Figure 3.1.

Y """\I-Iea venly bodieg

v T \

Figure 3.1 Modeling gravity (gravity force per unit mass acting on amass, m on earth

From the figure 3.1 the resultant foree per unit mass (acceleration) acting on a mass m is

given by;
§=Gm+gu+gc+’ 3.5

where g,, - Attraction force per unit mass acting on m due to earth's mass.
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Jew - Centrifugal force per unit mass acting on m due to earth's rotation with w.
i~ is the Corialis force per unit mass acting on m due to its linear velocity v on the
surface of the Earth.

i*- is Tidal force per unit mass acting on m due to attraction of other heavenly bodies.

Assuming the Earth to be spherical in shape with radius (R), then from equation (3.4), the
mass gravitation is given by;
- GM

9m = Iyl 3.6
The centrifuga accelerario @w ) is given by;
G = 333 X R) 3.7

Since it is not easy to express i with asimple formula ar:l by considering the mass (m) is at
rest on the surface of the Earth (V=0), the effects of i* and g, is considered negligible.
Therefore the gravity g refers to the combined effect of both Earth’s mass gravitational

acceleration and rotational (centrifugal) acceleration, that is,
g=09m~+Go 3.8
That is;
g=—7& +B@@x1D) 3.9
3.24 TheMajor Forces Acting on a Body on the Earth's Surface

The mgjor force on a unit of mass at a point p on the surface of the earth is the centrifugal

acceleration g,, and the mass gravitation accel erationiij,, as shown in the figure below
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Figure 3.2 The major force acting on a per unit mass m on the surface of the earth.

From the figure above the resultant gravity force per unit massis given by

Jg=0m+ Jo 3.10

Since the centrifuga force per unit mass g, is perpendicular to the rotationa axis (w) is

given by the equatinn
g, =l8(@ x R) 3.11(a)
G = i32Rcosg 3.11(b)

The radial component of the centrifugal force per unit mass g, which is pointing alongr is

given by the equation
Jor = JuCoSP 3.12
Jwe Which the tangential component is of has no effect on mass, m.

Substituting equation 3.11(b) into equation 3.12 the radia component of g,, pointing along r

isgiven by asfollow
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Jwr = gn,cose 3.13(a)

Gor = (i3%Rcosgp)cosp 3.14(b)

Jor = B*Rcos?*¢p 3.14(c)

Since the centrifugal force per unit mass g, is radialy outward from the surface of the
surface of the earth and the mass gravitational force per unit mass g, istoward the center of

the earth, the resultant gravitational force acting on a unit mass on the surface of the earth is

given by
g — gm = gwr 3.15
Therefore;
§ =3 — i5Rcos?¢ 3.16

ge = — — #’R 3.17

- At the pole (¢ = 90°)
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GM .
d=6p,= i ?%c0s?90°

gp == 3.18

RZ

From equations (3.12) and (3.13) one can conclude that gravity value, g is minimum at the
equator and maximum at the poles; but for the real Earth observed values of gravity, g at the
poles and equator are g,= 983.218 Gals and g, = 978.032 Gals respectively. The difference
between g, and g, yields about 5.2 Gals (g, — g.= 5.2 Gals) and calculations on a
theoretical basis for a spherical Earth model is about 3.4 gas (g, — g = w*R=3.4 Gals).
The disagreement between observed values of gravity g for a real Earth and the calculated
value of gravity, g for a spherical model Earth is due to the assumptions used above. From

these disagreements one can conclude that;

The shape of the real Earth is not spherical.
The shape of the Earth is rotationally distorted one such that its shape is
flattened at the poles and bulged at the equator.

Gravity value, g varies as afunction of latitude, ¢

3.2.5 The Geoids and the Reference Ellipsoid

The Earth’s shape is nearly spherical with a radius of about 3,963 miles (6,378km), and its
surface is nearly irregular. Mountains and valleys make actually measuring this surface
impossible because an infinite amount of data is needed. To measure the Earth’s gravity
field, shape and size and to avoid these problems, Geodesist and Geophysicists consider two
surfaces that represent the average shape of rotationally distorted real earth to study its
gravity field, shape and size. These are the geoids and the reference ellipsoid.

i. TheReferenceEllipsoid.
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An idealized geometrical or mathematically generated theoretical Earth model flattened at
the poles and bulged at the equator. This model of the earth assumes no undulations on the
Earth's surface where as we have hills, mountains and depressions on the real Earth. It also
considers only radial variations in density of the Earth plus centrifugal acceleration. A
theoretical Earth model up on which the variation of gravity, g with latitude (¢) is computed

according to an international agreements in 1967 by UGG as:
Y = ge(1 + ¢c15in%¢ + c,5in2¢) 3.19

Where g, = 978.0490, and
C1 = 0.0052884
C, = 0.0000059
ii.  TheGeoid.

The geoid is the surface of constant potential energy that coincides with mean sea level over
the oceans. A physical surface on earth referred to the mean sea level that must be related to
the reference ellipsoid for its practical work. The geoid is a practical surface on which g
values observed on the actual to topography of the real earth are mathematically shifted to its
surface using gravity reduction methods which we are going to discuss later. Unlike the
references ellipsoid, the geoid shows wide undulations following topography of real Earth.
And also the geode considers both radial and lateral variation in density of the Earth and
centrifugal acceleration.

3.2.6 Gravitational potential

By virtue of its position in the gravitational field of the Earth, the gravitational potential
energy U of a test mass m at a distance r from the surface of the Earths’ mass M that is
assumed to be concentrated at its center is;

GMm
u —

3.20

r

If the test mass m moves to a new position r’ toward M, the work done in bringing the test
mass to this new position is given by
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GMm GMm

W =AU = 3.21

r r
Because the gravitational fiefd is conservative, the work done moving a mass in a
gravitationa field isindependent of the path traversed and depends only on the end points.
The gravitational force is a vector whose direction is along the line joining the centers of the

two masses. The force giving rise to a conservative field may be derived from a scalar

potential.
Au(r) = g(r) 3.22
Earth surface
continent Ellipse of rotation

'

Figure 3.3 diagram representing potential surfaces of Geoid and Ellipsoid

For practical work measurements of Gravity is carried on the physical equipotential surface
i.e. Geoid. The Gravity potential on the reference Geoid (Figure 3.3) given by;
W =W(x,y,z) 3.23
For theoretical work gravity is calculated on the theoretical equipotential surface, i.e.
Ellipsoid. The gravity potential on the reference Ellipsoid (Figure 3.3) is given by;
U=U(x,vy,2) 3.24
Since that the Ellipsoid and Geoid coincide at mean sea level we consider that they have the

same potential U, , that is;

W=W(xy.2)=U(lxy2)= Uy 3.25
The value of gravity observed (g,,) on the Geoid surface thus determined by;
__0Ug
Jo = Y 3.26
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The value of gravity calculated (y) on the Ellipsoid surfaceis also determined by;

AU
yie 3.27

And finaly the formula to find theoretical gravity value, g at any point on the elipsoid was
adopted by International Union of Geophysics and Geodesy in 1967, as:

Y1967=978031.85(1 + 0.0053024sin*¢ — 0.0000059sin*2¢)mgal 3.28

Therefore gravity anomalies 4g is defined as the difference between g, and y as given by;

Ag = go-Y 3.29

where, g, is observed gravity value of a certain station.

Gravity anomalies Ag also known as point gravity anomalies are developed as a
consequences of difference in density distribution of the Earth particularly in the upper layer
known as the crust. Therefore, they reflect the internal constitution of the Earth’s crust and
structural features such as faults, lineament, fissures etc of the Earth and resource potential

hazard including hazard mitigation assessment tasks.

3.2.7 Gravity Reductions

The value of gravity on the mean sea level reference Ellipsoid vary with latitude (¢) to
account for Earth’s flatting and rotation according to the theoretical gravity formula equation
(3.28), considering that the interior of the Earth is uniform but in practice, it is not possible to
measure on the mean sea level reference Ellipsoid at the place where the theoretical gravity
value y is known. Gravity survey is takes place on the actual surface of the Earth where
various topographical environments such as mountains, flatlands, ocean basins, etc causes the
gravity g values differ from place to place. The readings will generally be influenced by
latitude, tidai effect and instrumental drift, elevation and topography. To reduce them to the

value they would have on some datum equipotential surface such as the geoid, or surface
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everywhere parallel to it, some adjustment is important. Since it is not always possible to
measure gravity on the geoid, gravity values observed at different topographical environment
should be reduced to the geoid equipotential surface by the following important components
of gravity data reduction; free air correction, Bouguer correction, Terrain (topographic)

correction latitude correction and drift correction.

|. Latitude Corrections. - Correction subtracted from the observed gravity that
accounts for Earth's elliptical shape and rotation. Both the rotation of the earth and its slights
equatoria bulge produce an increase of gravity with latitude. The centrifugal acceleration
due to its spinning earth, maximum at the equator and zero at the poles- opposes the
gravitational acceleration while polar flattening also increases gravity at the poles (Telford,
1990). As indicated in chapter two, our study covers very small area which leads us to
consider latitude correction insignificant Therefore, this research ignores latitude correction.
1. FreeAir Correction: - The free air correction compensates the observed gravity
for the fact that it was measured at a given height above (or below) the datum. It assumes,
however, that there is nothing but air between the geoid or ellipsoid and the observation
point. It also accounts for the changing distance to the Earth center of mass and this is a
positive correction when gravity is measured above sea level. This correction is given by the
formulg;

8gf = 0.3086h mGal 3.30

where h is the topographic height above sealevel.

Note that the free air correction is added to the gravity readings when the station is above the

geoid and subtracted when below it.

[1l. Drift Correction: - The variation of repeated gravimeter reading at the same base
station at short duration intervals known as gravimetery drift and is due to non-geologic
effects that are presumed to arise from thermal and pressure induced non cyclic gradual
changes in the elastic property of the gravimeter. The effect of gravimeter drift is small for
modern gravimeters and can be compensated by making a correction known as drift

correction.
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Note that positive drift requires negative correction and vice versa.

IV. Tidal Correction: - Gravity measured at a fixed location varies with time because
of the periodic variation in the gravitational effect of the Sun and the Moon associated with
their orbital motion, and correction must be made for this variation in high precision survey.
Tidal correction can be calculated from knowledge of locations of the Sun and the Moon as a
function of time. Repeated measurement at the same base stations over short time intervals
permits the estimation of tidal correction. However, because tidal variations are smooth and

relatively too low, tidal correction is usually included in the drift correction.

V. Bouguer Correction: - Surveys are usually conducted on the land surface. As one
changes elevation there are changes in g caused by the added (or subtracted) layer of material
that has been included. Thus in moving up from a valley to a plateau the gravity decreases
due to the increasing distance from the center of mass but is also increased by the attraction

of the slab of rock whose thicknessis the change in elevation.

The effect of thisintervening slab is called the Bouguer effect or Bouguer correction. It isthe
opposite sign to the free air correction. Since the latitude and free air effects, and to a good
approximation the Bouguer effect, are accurately predictable it is common practice to correct
the datato areference level. This essentially removes the large first order variations along the
profile and permits the ready identification of the anomaly due to the buried density

inhomogeneity or mass deficit in the case of the cave.

The Bouguer correction, derived by assuming the slab to be of infinite horizontal extent is

given by:
6gp = 2nGph 3.31

Where his the height of the gravity station above the geoid and G is the gravitational
constant and p is the density of the material for mean crustal density (p=2.67gm/cm3) and h

in meters, the Bouguer correction reduces to:
6gg = 0.0419ph mGal 3.32
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The Bouguer correction is applied in the opposite sense to free- air correction. It is subtracted

when the station is above the datum plane and vice-versa.

VI. Terrain Correction: - The Bouguer correction makes the assumption that the
topography around the gravity station isflat. Thisisrarely the case and further correction; the
terrain correction must be made to account for topographic relief in the vicinity of the gravity
station. The Terrain correction accounts for variations in the observed gravitational
acceleration caused by variations in topography near each observation point. Because of the
assumptions made during the Bouguer Slab correction, the terrain correction is positive
regardless of whether the local topography consists of a mountain or a valey. Terrain
corrections are, therefore, aways positive and always added to the station reading. There is
no simple mathematical formula for the computation of g, ; however, there are severa
graphica methods for calculating terrain corrections. All of them require a good
topographical map of the area.

3.2.8 Gravity Anomalies
When the Free Air Correction and the Bouguer Correction performed on the observed

gravity, the observed gravity g, reduced to the mean sea level geiod denoted by g, and is

known as Bouguer reduction or simple Bouguer reduction given by;
9o =9gp + 69y — 095 3.32

The difference between the mean sea level (Geoid) reduced observed gravity g, and the
theoretical gravity y calculated at the mean sea level Ellipsoid point O is known as simple

Bouguer anomaly A4gp given by;

Agp =Ggo =V =0p +69gr — 39—V 3.33
After some mathematical computation the simpie Bouguer anomaly Agp also given by;
Agg = gp + 0.3086h — 0.0419ph —y 3.34

For gravity survey in an area of rugged topography ali the correction i.e. the Free Air

Correction, the Bouguer Correction and Terrain Correction should be made in order to
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reduce the observed gravity to the mean sea level Geiod known as the complete Bouguer

reduction and is given by;
Jdo = gp + 0.3086h — 0.0419ph + 8 g, 3.35

Consequently, the difference between the mean sea ievel reduced gravity g, , and the
theoretical gravity y calculated at mean sea level pointO is known as compiete Bouguer
anomaly and is given by;

Agcs = (g, + 0.3086h — 0.0419ph + 5g,) — ¥ 3.36

The Bouguer anomaly refiects the subsurface inhomogeneities in density. It should also be
noted here that the Bouguer anomaly is caused by the excess mass associated with a volume

of density enclosed by a medium of density.
3.3 The Magnetic Method

3.3.1 Introduction

The aim of a magnetic survey is to investigate subsurface geology on the basis of anomalies
in the Earth’s magnetic field resulting from the magnetic properties of the underlying rocks.
Although most rock-forming minerals are effectively non-magnetic, certain rock types
contain sufficient magnetic minerals to produce significant magnetic anomalies. Similarly,
man-made ferrous objects also generate magnetic anomalies. One of the uses of magnetic
survey is identifying and locating tectonic structures (fault, fractures, fissures, contacts,
graben) that might act as geothermal fluid circulation channels as well as possible reservoir
rocks of high secondary permeability.

Ground magnetic surveys are used in geothermal exploration to map subsurface structural
features and as an aid to geological mapping where outcrops are scarce. The purpose of
magnetic surveys is to detect rocks or minerals possessing contrasting magnetic properties,
which revel themselves by causing disturbances or anomalies in the intensity of the Earth’s
magnetic field. In some high-temperature geothermal areas, a good correlation is found
between atered ground and the reduced intensity of magnetization caused by the alteration of
magnetic minerals (Palmasson, 1975).
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In geothermal application the main objective of the magnetic study is to contribute with
information about the relationship among the geotherma activity, the tectonic and
stratigraphy of the area by means of the anomalies interpretation of the underground rocks’
magnetic properties (Escobar, 2005). Most of the rocks are not magnetic; however, certain
types of rocks contain enough minerals to originate significant magnetic anomalies. The data
interpretation that reflects differences in local abundance of magnetization is especialy
useful to locate faults and geologic contacts (Blakely, 1995).

Although magnetic and gravity methods are the two potential methods that have some
properties in common, there are some basic differences between this two methods. One
example of al these is that precise interpretation of magnetic field data is much more
complex than for gravity.

3.3.2 Principlesand Elementary Theory

If two magnetic poles of strength m; and m, are separated by a distance r, aforce, F, exists
between them. If the poles are of the same polarity, the force will push the poles apart, and if
they are of opposite polarity, the force is attractive and will draw the poles together. In
general, the magnetic force f (attraction or repulsion force) acting between two magnetic
poles of strengths m; and m; separated by a distance r is determined by Coulomb’s law given

by:
im0 TH 2 3.37

T 4mp, 12

Where pu, is the magnetic permeability of the vacuum and u, is relative magnetic
permeability of the medium separating the poles, my and m, are poie strengths and r the
distance between them.

The magnetic field strength, H, is defined as the force per unit pole strength exerted by a
magnetic monopole,m;. A is nothing more than Coulomb's expression divided by m,. The

magnetic field strength A is the magnetic analog to the gravitational acceleration, g.

—up m
— _#c»__zl 3.38
AT, T
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Given the units associated with force, N, and magnetic monopoles, Amp-m, the units
associated with magnetic field strength are Newton per Ampere-meter, N / (Amp- m). (Amp
- m) isreferred to asatesla(T), named after the renowned inventor Nikola Tesla.

The magnetic flux lines between two poles per unit area, is the flux density H (and is
measured in weber/m® = Tesla).H, which is also called the “magnetic induction”, is a vector
guantity. The unit of Tedla are too large to be practical in geophysical work, so a sub-unit
called a nanotesla (1 nT = 10° T) is used instead, where 1 nT is numerically equivalent to 1
gamma in c.g.s. units (1 nT is equivalent to 10 gauss). The magnetic field can also be
defined in terms of a force field which is produced by electric currents. This magnetizing
field strength H is defined, following Biot-Savart’s Law, as being the field strength at the
centre of aloop of wire of radius r through which a current | isflowing such that H = 1/2r.
Conseguently the units of the magnetizing field strength H are amperes per meter (A/m). The
ratio of the flux density B to the magnetizing field strength H is a constant called the absolute
magnetic permeability (u).

The concept of a magnetic dipole is basic for an understanding of the magnetic behavior of
matter ranging in dimensions from small magnetic particles to the entire Earth.
Mathematically we consider a dipole to consisting of two magnetic poles strength, -m and
+m separated by a finite distance d. therefore, the magnetic moment is defined as:

M = md 3.39

Where, M is the magnetic moment or dipole moment.

When a magnetic material, say iron, is placed within a magnetic field, H, the magnetic
material will produce its own magnetization. This phenomenon is caled induced
magnetization. The intensity of magnetization is proportiona to the strength of the field and
itsdirection isin the direction of that field.

It is defined as the magnetic moment per unit volume, that is,

Ji=— 3.40

where, J; is the induced polarization or induced magnetization.
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The intensity of magnetization, J;, is related to the strength of the inducing Magnetic field,
H, through a constant of proportionadity, k, known as the Magnetic Susceptibility.

Ji = KH 341

The magnetic susceptibility is a unit less constant that is determined by the physical
properties of the magnetic material. It can take on either positive or negative values. Positive
values imply that the induced magnetic field, J;, is in the same direction as the inducing field,
H. Negative values imply that the induced magnetic field is in the opposite direction as the
inducing field.

In magnetic prospecting, the susceptibility is the fundamental material property whose spatial
distribution we are attempting to determine. In this sense, magnetic susceptibility is
analogous to density in gravity surveying.

In vacuum the magnetic field, B, strength and magnetizing force, H, isrelated by:

B = poH 3.42

to — The permeability of the vacuum (4 x 10"Hm™).
The total magnetic field (induction) B in abody placed in amagnetic field is given by:

B = poH + o 3.43(a)
B =u,H+ u,kH 3.43(b)
B=0Q+ku,H 3.43(c)
B = u,uH 3.43(d)

where u,- is & dimetisioniess constant known as the rel ative magnetic permeability.

So magnetic permeability u is given by:

H = Holr 3.44
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The permeability is a measure of the modification by induction of the force of attraction or
repulsion between two magnetic poles. Its magnitude depends on the magnetic properties of
the medium in which the poles are immersed.

3.3.3 Magnetism of the Earth

Ninety percent of the Earth's magnetic field looks like a magnetic field that would be
generated from a dipolar magnetic source located at the center of the Earth and aligned with
the Earth's rotational axis. Sir William Gilbert first gave this first order description of the
Earth’s magnetic field in 1600. The strength of the magnetic field at the poles is about 60,000
nT. If this dipolar description of the field were complete, then the magnetic equator would
correspond to the Earth's equator and the magnetic poles would correspond to the geographic
poles. As we've come to expect from magnetism, such a ssmple description is not sufficient
for analysis of the Earth's magnetic field. The remaining10% of the magnetic field cannot be
explained in terms of simple dipolar sources. Complex models of the Earth's magnetic field

have been developed and are available.
) Thegeomagnetic field (Main field)

The causes of the geomagnetic field is attributed to a dynamo action produced by the
circulation of charged particles in coupled convictive cells within the outer fluid parts of the
Earth’s core, the major constituent is liquid iron for the generation of the main field, and the

important parameters of the core are its, temperature, viscosity and electrical conductivity.
A) Elements of earth’s magnetic field.

A vector is used to represent the Earth’s magnetic field at an observation site. The vector is
described by a combination of seven quantities known as the magnetic elements (Fig. 3.4).
The total field vector B has a vertical component Z and a horizontal component H in the
direction of the magnetic north. Inclination | is the angle between the directions of the B-field
and the horizontal plane. Magnetic declination D is the horizontal angle between the

geographic north and the magnetic north that is indicated by a compass. The horizonta
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component H can be further decomposed into a component X in the geographical north

direction and a component Y in the geographical east direction.

North

v East

Inclination

Figure 3.4 Elements of Earth’s magnetic field.

The seven Earth’s magnetic field elements are related by the following relations:

X =HcosD Y =HsinD H=vX2+Y? 3.45
H = Bcosl Z = Bsinl B=+VH2+72=VX2+Y2+22

Where, H, Z, D magnetic elements recorded at geomagnetic observatories.

Any combination of three magnetic elements is sufficient to completely describe the Earth’s

magnetic field vector at an observation site.

B) Secular Variations

The circulation pattern within the core is not fixed and change slowly with time, the temporal
change in the geomagnetic elements known as secular variation. Secular variation of the
internal geomagnetic field originates in the upper part of the fluid outer core; it consists of
fluctuations in intensity and direction with periods of the order 10-10%r. Paleomagnetic
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observations show that, there is aso the periodic change in geomagnetic field polarity due to

the change in circulation pattern within the outer fluid parts of the Earth’s core.

1) The External Magnetic Field

Most of the very short wave length fraction of the solar radiation does not reach the Earth’s
surface. Energetic y-ray and x-ray and UV-radiations causes’ ionization of molecules of N,
and O in the thin upper atmosphere in altitude between 50km-1500km forming an ionized
region called the ionosphere. Electric current in the ionosphere arise from systematic motion
of the ions, which are affected by different factors such as, the daily and monthly tides and
the periodic fluctuation in ionization related to the 11yr sunspot cycle, thus the current induce
varying magnetic field which is associated with the external origin of Earth’s magnetic field.

A) Diurnal variations

Magnetic effects of the external origin causes the geomagnetic field to vary on a daily bases
to produce diurnal variations. Such variation results from the magnetic field induced by the
flow of charged particles within the ionosphere to ward magnetic poles, as both the
circulation patterns and diurnal variations vary in sympathy with the tidal effects of the sun
and the moon. As the Earth rotate beneath the ionosphere the observed intensity of the
geomagnetic field fluctuate with arange of amplitude of about 10-30nT at the Earth’s surface
within a period of one day this variation in geomagnetic field intensity is known as diurnal

(daily) variation.
B) Magnetic storm

The enhance emission of radiation associated with the solar phenomena increase the
ionosphere current, this give raise to rapid varying anomalously strong magnetic field. Some
days (disturbed days) are distinguished by far less regular diurnal variations and involve
large short term disturbance in the geomagnetic field with amplitude of up to 1000nT, known
as magnetic storm, during this period magnetic survey should be ceased.
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[11)  Magneticanomalies

A magnetic anomaly originates from the susceptibility contrasts between susceptibility of
anomalous rock body and the susceptibility of the surrounding rock. The shape of magnetic
anomaly depends not only on the shape and depth of the anomalous body but also on its
orientation with respect to the direction of the profile considered and with respect to the
direction of the inducing magnetic field, which itself varies in intensity and direction with
respect to its geographical locations. The susceptibility contrast is due to induced
magnetization J; of crustal rocks.

Earth Surface

Figure 3.5 an ore body behaves like a huge buried magnet (taken from Buriner, 1999)
If k;, represent the susceptibility of an anomalous body and kj, is the susceptibility of the host
rocks, the susceptibility contrasts Ak is given by:

Ak - kb = kh 346
Ak > 0 , resuits in positive magnetic anomaly and Ak < 0, results in negative magnetic

anomaly.

3.3.4 Magnetic Data Reduction

Measurements (magnetic, gravity etc) are normally made at a regular or random intervals
along a grid or otherwise selected paths whose locations are noted for subsequent plotting.
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Corrections (diurnal correction,dB) are applied to the measured values (Bqs). The dipole
field determined from International Geomagnetic Reference Field (IGRF) maps is subtracted

from the measurements acquired at each station to generate magnetic anomalies as:
AB = B,,s + 6B — Bp 3.47

The most significant correction is for the diurnal variation in the Earth’s magnetic field. The
necessary corrections are mostly attempted by the reoccupation of the base station which is

located in or near the survey area.
3.5 TheElectrical Resistivity M ethod

3.5.1 Introduction

Surface electrical resistivity surveying is based on the principle that the distribution of
electrical potential in the ground around a current-carrying electrode depends on the
electrical resistivity and distribution of the surrounding soils and rocks. The usual practicein
the field isto apply an electrical direct current (DC) between two electrodes implanted in the
ground and to measure the difference of potential between two additional electrodes that do
not carry current. Usually, the potential electrodes are in line between the current electrodes,
but in principle, they can be located anywhere. The current used is either direct current,
commutated direct current (i.e., a square-wave aternating current), or AC of low frequency
(typically about 20 Hz). All anaysis and interpretation are done on the basis of direct
currents. The distribution of potential can be related theoretically to ground resistivity’s and
their distribution for some simple cases, notably, the case of a horizontally stratified ground
and the case of homogeneous masses separated by vertical planes (e.g., a vertical fault with a
large throw or a vertical dike). For other kinds of resistivity distributions, interpretation is
usually done by qualitative comparison of observed response with that of idealized
hypothetical models or on the basis of empirical methods.

In electrical resistivity method, a direct, accumulated or low frequency aternating current is
introduced into the ground by means of two electrodes; while potential between two points

on the ground is measured by other two point electrodes called potential electrodes. The sub-
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surface rock resistivity variations affect the electrical current flow that affects the distribution
of surface rock resistivity variations affects the distribution of the surface electrical potential.
Deviation from the pattern of potential difference expected from a homogeneous ground
provides information on the form of the subsurface anomalous mass that is referred to as
resistivity anomaly (Parasnis, 1989).

3.5.2 Fundamental Principles of the Method

Measurements of electrical resistivity are made with circuits in which the earth is one of the
components, namely, a resistor. The physical principle underlying the electrica resistivity
method is embodied in Ohm’s law. Assuming a continuous current flowing in an isotropic
homogeneous medium, if A4 is an element of surface and J the current density, then the
current passing through A4Ais JAA. The current density / and the electrical field E are

related through Ohm’s law as:

] = 6E 3.48

Where, E is in voltsYmeter and § is the conductivity of the medium in mhos/meter.
The electric field is a negative gradient of electric potential, which is a scalar physical

guantity and given by the equation:
E=-VV 3.49

Where, V isin volts.

After substituting equation (3.49) into equation (3.48), the equation is given by:
] = —=6VV 3.50

If the medium is homogeneous, the electrical potential distribution for direct current, in a
homogeneous medium, satisfies the L aplace equation, the equation that which is obtained

after considering some necessary conditions, and is given by:
V2V =0 3.51
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Mostly two electrodes are used to supply a controlled electrical current to the ground. Such
electrodes are called current electrodes. From the two current electrodes, there is a set of
successive equipotential surfaces, in the form of a hemispherical surface. The potentia
difference between the equipotential surfaces can be measured where they intersect the
ground surface using a second pair of electrodes called potential electrodes. Consider an
electrode of small dimensions buried in a homogeneous isotropic medium. The current
circuit is completed through another electrode, usually at the surface placed at infinite
distance or at |least at far distance so that its effect is negligible.

By 1 D

AT A A A S i T ~

Figure 3.6 Buried point source of current in a homogeneous ground (Dr. Tigstu Haile, 2006).

As shown in the above figure, the current lines will be directed radially outwards from the
source. From the symmetry of the problem, the potential will be a function of only the radia
distance ‘r’ from the source electrode. Under this conditions Laplace’s equation, in spherical
coordinates, simplifies to:

_0%v 20V _

+-—=0 3.52

or? r or

7&a%
When the above equation is multiplying throughout by r?, it takes the form given by:

2
rza—z—,+2ra—vz0 3.53

ar T

Integrating both sides of the equation,
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8%V v oA
[Pz +2r-dr=0 3.54

Thisimplies that;

v -A
5 = a3 3.55
Integrating equation (3.55) once more;
~A
V= . + B 3.56
where A and B are integration constants.
Boundary conditions
1. SinceV=0asr - o, this implies that B=0
2. thetotal current flowing through a sphere of madius r, hence
. R N R L.
= 4nr<], =-—0L=—07—=—0—73
' or 2
— 2
= 4nr- (=48 3
Hence;
| = —4méA » A=——
41
where § = ﬁ is the resistivity of the homogeneous layer.
So that in this case,
v=2=- (l) or p = 4nr (E) 3.57
41 \r I
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Considering the case where the current electrode is located at the surface of a fictitious
homogeneous earth and now all the current flows through hemispherical surface in the lower

half only because of the air above the electrode has zero conductivity, Equation (3.57) takes

theform:

21T \r

v == (l) or p = 2mr G) 3.58

This leads to the formulafor the ground resistivity to any electrode configuration.
The electrical resistivity of the ground as measured by two potential electrodes after current
isintroduced to the ground by two other current electrodesis:

o
Y

Figure 3.7 Two current and two potential electrodes on the surface of homogenous isotropic

ground of resistivity p (Telford, 1990).

From the diagram electrical resistivity of the ground surface can be derived as:

The potential at point P1 is;

Vo = 2|5 == 3.59

i )
And the potential at P2 is;

Vg = B[S 3.60

1 1
21 3 Ta
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The potential difference between P; and P,, AV will be:

AW = VPI an sz

w=2z-2)-(2-2)] 3.61

e

Ty T2 T3 T4
p=K (%) 3.63

where K is the geometric factor

Wherever these measurements are made over a real heterogeneous Earth, as distinguished
from the fictitious homogeneous half-space, the symbol p is replaced by p, for apparent
resistivity. The resistivity surveying problem is, reduced to its essence, the use of apparent
resistivity values from field observations at various locations and with various electrode
configurations to estimate the true resistivity of the several earth materials present at a site

and to locate their boundaries spatially below the surface of the site.

The resistivity determined would have been true resistivity if the ground were homogeneous
and isotropic. However, usually the ground constitutes various materials and there might be
some variations in the lateral or vertical dimensions and the resistivity determined is called
apparent resistivity. The apparent resistivity measured depends not only on the nature of the
geologic formation but also on the geometric dispositions. And hence Equation (3.63) will be

modified as;
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pa =K () 3.64

I
where p, isthe apparent resistivity.

An electrode array with constant spacing is used to investigate lateral changes in apparent
resistivity reflecting lateral geologic variability or localized anomalous features. To investigate
changes in resistivity with depth, the size of the éectrode array is varied. The apparent
resistivity is affected by material at increasingly greater depths as the electrode spacing is
increased. Because of this effect, a plot of apparent resistivity against electrode spacing can be

used to indicate vertical variationsin resistivity.

There are severa styles of electrode arrangements for resistivity survey, the types of
electrode arrays that are most commonly used (Schlumberger, Wenner, and dipole-dipole)
areillustrated in figure below.
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a. Schiumberger Array

é}—ui{ —

o | ot | o _l

- . .

b. Wenner Aaray

jibe iy .y

c. Dipole - Dipole Array

Figure 3.8 Schlumberger, Wenner, and dipole-dipole el ectrode arrangements

3.5.3 The Schlumberger Array

The Schlumberger array is the symmetrical arrangement in which the points A,M,N and B
are taken on a straight line such that the points are symmetrically taken about the center of
the spread (sounding point),0. When this arrangement is used for sounding, the separation is
kept constant for a number of AB values, which are successively increased for larger depth
penetrations. Nevertheless, when the value of MN, in comparison to AB, becomes too small
the potential difference drops significantly, to be measured precisely, it needs to be increased
accordingly.
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Figure 3.9 Electrode spreads in Schlumberger array (Dr. Tigstu Haile, 2006)
From the above one can observe the following relations.
n=s—-bnrn=s+brys=s+br,=s—b

Substituting the above relations in to equation (3.61) and operating the mathematical
relations;

av =2(=5) 3.65
Or
Pascu =[] (£) 3.66

where, pasun is apparent resistivity in Schlumberger array.

—h2
T (522:' ) - is the geometric factor in the Schlumberger array.

Either the Schlumberger or, less effectively, the Wenner array is used for sounding, since all
commonly available interpretation methods and interpretation aids for sounding are based on
these two arrays. In the use of either method, the center point of the array is kept at a fixed
location, while the electrode locations are varied around it. The apparent resistivity values,
and layer depths interpreted from them, are referred to the center point.
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By virtue of its relative advantage over other arrays, the electrode configurations widely used
in sounding is that of Schlumberger array. In the Schlumberger sounding, the values of MN
and the corresponding AB values are chosen in order to get overlapping readings whenever a
change over MN values takes place.

3.5.4 Field Procedurein Electrical Resistivity Method

Regardless of the specific electrode spread employed, there are only two basic procedures in
resistivity work. The particular procedure to be used depends on whether oneis interested in
resistivity variations with depth or with lateral extent. These two procedures are known as
electrical drilling or vertical electrical sounding (VES), electrical profiling, or mapping or

sometimes known as lateral inhomogeneity hunter.

I. Vertical Electrical Sounding (VES)

In VES, a set of measurements are taken, at a specific point, such that the value of K is
progressively changed resulting in values reflecting the vertical stratification of resistivity in
the sub surface, beneath the point of observation. That is why VES is sometimes known as
“vertical electrical drilling”. VES surveys with the Schlumberger array are also made with a
fixed center point, minimum and maximum spacing’s are governed by the need to define the
asymptotic phases of the apparent resistivity curve and the needed depth of investigation.

An initia spacing S (the distance from the center of the array to either of the current

electrodes) is chosen, and the current electrodes are moved outward with the potential
electrodes fixed.

II.  Electrical Resistivity Profiling

Field data may be plotted in the form of profiles or as contours on a map of the surveyed
area. For a contour map, resistivity data obtained at grid points are preferable to those
obtained from profile lines, unless the lines are closely spaced, because the alignment of data
along profiles tends to distort the contour map and gives it an artificia grain that is

distracting and interferes with interpretation of the map. The best method of data collection
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for a contour map is to use asquare grid, or at least a set of stations with uniform coverage of

the area, and without directional bias.

Occasionally, a combination of vertical and horizonta methods may be used. Where
mapping of the depth to bedrock is desired, a vertical sounding may be done at each of a set
of grid points. However, before a commitment is made to a comprehensive survey of this
type, the results of resistivity surveys at afew stations should be compared with the drill hole
logs. If the comparison indicates that reliable quantitative interpretation of the resistivity can

be made, the survey can be extended over the area of interest.

When profiling is done with the Wenner array, it is convenient to use spacing between
stations equal to the electrode spacing, if this is compatible with the spacing requirements of
the problem and the site conditions. In moving the array, the rearmost electrode need only be
moved a step ahead of the forward electrode, by a distance equal to the electrode spacing.

The cables are then reconnected to the proper electrodes, and the next reading is made. With
the Schlumberger array, however, the whole set of electrodes must be moved between
stations.
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CHAPTER FOUR

4. DATA ACQUISITION, PROCESSING, PRESENTATION AND
INTERPRETATION

4.1. Data point locations

One of the objective of this research work involved obtaining secondary gravity and electrical
resistivity data from an available source, executing field work to acquire an origina magnetic
data and achieve the required magnetic data acquisition skills in the process, hence about 200
gravity and 56 electrical (VES) data employed in this study are obtained from the Geological
Survey of Ethiopia (GSE), department of geophysics. Near about 200 primary magnetic data
are utilized in this research work. Figure (4.1), Location of Gravity, Magnetic and Electrical
data points are plotted using Google Earth satellite image and ArcGis... software.

Location Map of Gravity, Magnetic And Resistivity Data Of Corbetti Caldera

805000

egend

2 gravity data
#  magnetic datg
¥  Resistivity daf]

T91000

42000

Figure 4.1 Location plots of Gravity, Magnetic and Electrical data point.
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4.2. The Gravity Method
4.2.1 Acquisition and Processing of the Gravimetric Data

The gravity data employed in this study are obtained from the Geological Survey of Ethiopia
(GSE), department of geophysics and the instrument which is used to collect the data is

Lacoste & Romberg gravimeter.

The theoretical gravity, g at latitude ¢ , has been calculated using the 1967 gravity formula
(Geodetic reference system 1967; Moritz, 1971). A total of 200 observations are employed
for this thesis project and were treated by a homogeneous reference to the IGSN 71 datum.
Positions (latitude and longitude) and elevations of the gravity stations are determined by
GPS (Global Positioning System) and altimeter measurements.

The Free-air and Bouguer corrections were applied according to the theoretical schemes
discussed in the previous sections. A uniform reduction density of 2.67g/cm® is used to
compute the Bouguer anomalies. The computed Bouguer anomaly corresponds to complete
Bouguer anomaly for all stations Therefore, it is the complete Bouguer anomaly that has

been considered in this work.

Map presentation and processing, including the preparation of upward continued map from
the complete Bouguer anomaly map, and separation of residual components from regional
performed by reducing (removing) upward continued map from the regional gravity anomaly

map using Geosoft (Oasis Montaj) soft ware.

The end result of the gravity work in the present study is a compilation of regiona gravity
anomaly maps that includes the area of interest, using the point gravity anomaly vaues
computed at each observation points and preparation of 2D-gravity model constrained with
2D-magnetic model and uses these results to obtain geological picture of the area under
investigation. The computed free-air anomaly values are plotted side by side to the point
elevation of each station and presented as surface image map. The upward continued gravity
map, the complete Bouguer gravity anomaly map and also the residual gravity anomaly map

that shows local gravity anomaly are plotted as shown in the preceding pages.
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4.2.1.1 Free-Air Gravity Anomaly and Topographic Map

The free air anomaly map Figure (4.2b) shows a strong correlation with local topographic
map Fig (4.2a), as shown in the Figure (4.2b), The Free-air anomaly map shows its
maximum, about 45mgal and its minimum -2mgal in the study area of interest, i.e., the
Chebbi and Urji volcanoes are the highest elevated areas of Corbetti caldera which is about
2100m a above msl and the volcanoes are associated with maximum Free-air anomaly which
is about 45mgal.
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Figure 4.2 Topographic maps (A) and Free-Air anomaly (B) of the Corbetti Calderaand its

surroundings

The corresponding region on the topographic map Figure (4.2a) is delineated as higher
elevation about between (1900-2100) meters which is associated with the central parts of the
cadera and lower eevation values of (1600-1750) meters associated with the local
depressions lying on the eastern parts of the elevation map.
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4.2.1.2 The Complete Bouguer Gravity Anomaly Map.

The main end-product of gravity data reduction is the Bouguer anomaly, which should
correlate only with lateral variations in density of the upper crust and which is of most
interest to applied geophysicist and geologists.
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Figure 4.3 Complete Bouguer anomaly map of the Corbetti Caldera and its surroundings.

Referring to the complete Bouguer gravity anomaly map Figure (4.3), which is correlate
with lateral variations in density of the upper crust beneath the study area. Generadly, the
magnitude of the Bouguer gravity anomaly values beneath the study area varies from
minimum of -217 mgal to the maximum of -190mgal. Moreover, the anomaly map shows
different contrasting anomal ous zones (for example, acircular low of about -200 mgal having
a steep gradient located at the center of the anomaly map) has outlined the geologically
inferred Corbetti caldera.
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The minimum gravity anomaly observed over the Chebbi and Urji volcanoes may be due to
the reflections of the maximum elevations of the Chebbi and Urji volcanoes as compared to

the anomal ous zones observed over the rest of the Corbetti caldera and its surroundings.

Observing to the complete Bouguer gravity anomaly map Figure (4.3), the gravity anomaly
acquires a maximum value to the NE and SW of the Corbetti caldera. The NE part of the
caldera generally coincides with a high gravity anomaly value of (-192mgal to -187mgal) and
the SE part which appears like a curve running from SE to NW below the caldera coincides
with a high gravity anomaly value of (-193mgal to -190mgal). This gravity highs may be
interpreted as the effect the high density materials coming from the mantle during the
formation of the caldera. The Southwestern and north western parts of the Corbetti caldera
coincide with a minimum value of gravity anomaly (-207mgal to -217mgal) as shown in the
complete Bouguer anomaly map. These gravity minima may be interpreted as the effect of

low density crust materials.

In general the Corbetti caldera is associated with a high gravity field with dlight
modifications imposed by the effect of the Chebbi and Urji volcanoes which are relatively
associated with low gravity field in the study area. This is due to the fact that the Corbetti
caldera consists of mantle derived materials of denser intrusions which come closer to the

surface during the volcanic activities.

4.2.1.3 Upward Continued Gravity Anomaly Map

The upward continued gravity anomaly map Figure (4.4) is prepared using GM-SY S-3D
model from the complete Bouguer gravity anomaly map by Geosoft Ware Oasis Montgj. The
upward continued gravity anomaly map reflects the gravity anomaly of crustal masses buried
at approximate depths varying from 15km up to the Mho depth.
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Figure 4.4 Upward continued gravity anomaly map of the Corbetti Caldera and its

surroundings.

Referring to the upward continued gravity anomaly map Figure (4.4), the anomaly values
contentiously increase as one goes from the southwestern to the northeastern part the study
area. The upward continued gravity anomaly map shows the gravity anomaly of deep origin.
The continuous gravity anomaly increment without interruption from SW to NE towards the
axial portion of the Main Ethiopia Rift (MER) may be interpreted as being caused by the
decrease of the crustal thickness of the region along the axia portion of the Main Ethiopia
Rift (MER). Along the axial portion of the MER, denser mantle materials approaching closer

to the surface has an enormous effect on the gravity field generated beneath the study area.
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4.2.1.4 Bouguer Residual Gravity Anomaly Map

Usually it is very difficult to recognize the gravity effect of smaller or shallower features on
gravity maps compiled on a regional scale with those of deep-seated structures and
geological materials. Hence, it is very important to compile Bouguer residual gravity
anomaly map that predominantly reflect effects of local-scale or shallower features. The
Bouguer Residual Gravity Anomaly Map Figure (4.5) is compiled by subtracting the upward
continued gravity anomaly map Figure (4.4) values from the complete Bouguer gravity
anomaly map Figure (4.3) values using the Geosoft software Oasis Montg].
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Figure 4.5 Bouguer residual gravity anomaly map of the Corbetti Caldera and its surrounding

The residual Bouguer gravity anomaly map Figure (4.5) of the study area generally varies
locally from -14mgal up to 12mgal. Loca positive and small negative gravity anomalies
which are related to denser intrusions and low density materials are observed on the map.
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On the residua Bouguer gravity anomaly map Figure (4.5), the circular negative gravity
anomaly located at the center of the anomaly map outlines the Corbetti Caldera and the sharp
gravity gradient flanking the circular negative anomaly outlines the rim of the Corbetti
Caldera.

The Urji and Chebbi volcanoes are associated with local negative anomalies of about -6mgal.
The cause for these negative anomalies may be the reflection of their higher elevations
(2100m asl). The other possible cause of these local negative anomalies over the elevated
area of the Urji and Chebbi volcanoes may be interpreted as being caused by the rock types
residing in the study area. Referring to the geologic map of the study area Figure (2.2) the
Urji and Chebbi volcanoes are composed of thicker low density formation (pumice) as
compared to the other parts of the cadera. These thick low density geological formations
account for the observed local negative residual anomalies (-4mgal up to -7mgal). With the
exception of the negative anomalies observed over the elevated areas, it may be considered

that the whole calderais within a positive local gravity anomaly.

The local positive gravity anomalies (9mgal-12mgal) in the study area are interpreted as
being caused by a dense intrusion driven from the mantle to the crust by volcanic activity.
The NW and SW parts of the caldera are associated with high negative anomalies (-12mgal
up to -14mgal). According to the report of the MoME (1986), a geological structure (graben)
with a thick infill of lake sediments and aluvium is assumed to be the cause of these local

gravity lows.
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4.3 Magnetic Method

4.3.1 Acquisition and Processing of magnetic data

The instrument used to collect the magnetic data is a proton precision magnetometer (IGS2)
which measures the total intensity of the earth’s magnetic field. Tota field magnetic data
were collected over random points and covering most of the areas over which the gravity and
electrical VES were obtained as a secondary data from EGS. A total of about 200 data points
were gathered with a station spacing of 500-1000 m. These data were then corrected for
diurnal variations and unexpected data readings were removed from close examination of the
data set. The magnetic anomaly is presented as total magnetic fields intensity and analytical
signal anomaly map. As in the case of gravity, the magnetic anomaly map is prepared using
Geosoft Ware Oasis Montg]. The end result of the magnetic work in the present study is a
compilation of regional magnetic anomaly map that includes the area of interest, using the
point magnetic anomaly values computed at each observation points and preparation of 2D-
magnetic model constrained with 2D- gravity model and uses these results to obtain
geological picture of the area under investigation. The analytical signal map is also prepared
from regional magnetic anomaly map, and this method is very useful for delineating
magnetic sources.

4.3.1.1 Total Magnetic Field Intensity Map

The total magnetic field intensity map shown in Figure (4.6), is prepared from the diurnal
corrected magnetic data collected over the Corbetti Caldera and its surroundings. Referring
to the total field magnetic anomaly map Figure (4.6) of the study area, the total field intensity
values vary between 34600nT-35500nT and indicate the presence of prominent anomalous
features.
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Figure 4.6 Total magnetic field intensity map of the Corbetti Caldera and its surroundings

On the total magnetic field intensity map, the region running from southeastern to
northwestern parts of the study area along which the Chebbi and Urji volcanoes are located is
associated with high total magnetic field intensity values. These maximum total magnetic
field intensity values may be due to the existence of transversal E-W directed fissures which
may form a zone of high mineralization generating the observed high magnetic values. On
the other hand, the southwestern and northeastern parts of the caldera are associated with
relatively lower total magnetic field intensity values where the Bouguer gravity anomaly map
shows a maximum peak. The observed maximum gravity is interpreted as the effect the high
density materials coming from the mantle during the formation of the nearby Corbetti caldera
and post caldera activities. Correspondingly, the observed low total magnetic field intensity
values may be interpreted as being generated relatively hot and high density intrusions which

have lower magnetic susceptibility values due to their high heat content.
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4.3.1.2 Magnetic Anomaly map

The magnetic anomaly map Figure (4.7) is generated by subtracting the IGRF value 35000nT
from the observed magnetic data. Since the study area is very small the constant value
(35000nT) subtracted represented represents the IGRF vaue of the whole study area
considered.
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Figure 4.7 The Magnetic Anomaly Map of the Corbetti Caldera and its surroundings.

The magnetic anomaly map Figure (4.7) reflects the magnetic effects of subsurface rocks
whose susceptibility varies laterally. The magnetic anomaly map aimost coincide with the
total magnetic field intensity map shown in Figure (4.6), this is because the IGRF value
subtracted is considered to represents the regional magnetic effects of rock bodies associated
with deep seated geol ogic structures.
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4.3.1.3 Analytical Signal Map

Amplitude of the analytic signal can be defined as the square root of the squared sum of the

vertical and the horizontal derivatives of the magnetic field, i.e.

B|(x,y,7)| = (g—j)z 4 (g—j)z 3 (3—3)2 41

where A isthe amplitude and B is magnitude of the total magnetic field intensity.

The analytical signal is formed through a combination of horizontal and vertical gradients of
the total magnetic field intensity and the method is very useful for delineating magnetic
sources. The amplitude of a simple analytic signal indicates peaks over magnetic contacts
(Nabighian, 1972). Therefore, the procedure can also be used to find location of horizontal
contacts and depths of magnetic contacts. The analytic signal has a form over causative
bodies that depend on the locations of the bodies but not their directions of magnetization.
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Figure 4.8 Analytic signal map of Corbetti Caldera and its surrounding.
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The analytic signal map of the Corbetti caldera Figure (4.7) is produced from the total
magnetic field map Figure (4.6). A close examination of the map confirms the existence of
abnormal limiting (anomaly peaks). Medium anomaly peaks are observed over the Chebbi
volcano and its surrounding. To the south of the Urji volcano the highest anomaly peaks are
as shown on the map. High peaks are observed to the north of the Corbetti caldera rim
containing the active thermal springs where the electrical resistivity maps Figure (4.9) show
the lowest resistivity values over the study area.

4.4 Gravity and Magnetic Modeling

The forward modeling of the gravity and magnetic field has been done with gravity anomaly
and total intensity values extracted along profile 1 shown on the residual Bouguer anomaly
map Figure (4.5) and magnetic anomaly map Figure (4.7). The modeling is done with GM-
SYS 5.01.10 software which is an extension of Geosoft OasisMontaj. The profile line
(profilel) runs from southwest towards north east as shown both on the residua Bouguer
gravity anomay map and the magnetic anomaly map. The model shown in Figure (4.9)
reflects a variety of structures with different lithology. The model produces a suitable fit of
the calculated and the observed gravity data with (RMS) of 3.22mgal. The densities of the
lithology have shown in the gravity model exhibits variations of approximately 10 — 15 %.
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Figure 4.9 the Gravity and magnetic field modeling along the profile-1.
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The magnetic and gravity field have identical profile line with an assumption that comparing
and contrasting the two potential fields may give a better resolution of the geological and
structural features of the Corbetti caldera along the profile. The susceptibility of the lithology
shown in the magnetic model exhibits a variation of approximately 10 — 15 %.

Referring to the gravity and magnetic model in Figure (4.9) the top layer consists of volcanic
rock of density 2.57g/cm® and magnetic susceptibility 0 — 0.43 with small variation of
thickness approximately 140m-220m. The center of the caldera in which the Urji volcano is
nested is filled with a pyroclastic sediments of density about 1.3 g/cm® and magnetic
susceptibility ranging from 0.01 — 0.46, with an average thickness of 330m. The residual
Bouguer gravity anomaly map Figure (4.5) clearly defines the geologic bodies (structures)
below the Corbetti caldera with a circular negative anomaly overlying the Urji volcano and
sharp anomaly gradients associated with the rim of the caldera. Thus the two middle faultsin
the gravity model indicate the caldera rim and the area between the two faults covered with
thick pyroclastic deposit of the Corbetti caldera. The thin section which is overlaid by the
volcanic rock at SW and NE of the caldera rim correspond to pyroclastic sediments with
approximate thickness of 80 -100m and average density of 2g/cm®. The layer underlain by
the pyroclastic sediments is a rhyolite unit of density 2.52g/cm® which has a magnetic
susceptibility range of 0.24 — 0.78. This rhyolite unit has a larger thickness (250 — 350m)
within the Corbetti caldera and a smaller thickness (70 — 100m) to the SW and NE of the
caldera. The ignimbrite rock overlying the basaltic bed rock has density value of 2.64g/cm®
and magnetic susceptibility 0.27 — 0.69 with variable thickness ranging from 100 — 300m.
The underlying basement consists of basaltic lava with a density value of 2.8g/cm® and

magnetic susceptibility 0.25 - 0.75.

4.5 The Electrical Resistivity Method

4.5.1 Instrument and Data Acquisition

The electrical surveys were carried out by Geological Survey of Ethiopia (GSE), and all the
VES data utilized in this thesis are secondary data from GSE. All 56 VES data point utilized
in this project was collected by using Scintrex, 2.5kw instrument. The survey is carried out
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along seven profiles in N-S orientation and some data points were randomly distributed over
the study area. A total of 56 points has been taken using Schiumberger electrode array with
the spacing between successive VES points of approxmation100m along the profiles. The
electrode spacing (AB/2) of all VES points considered varies from 10m to 3160m.

4.5.2 Data Processing and I nterpretation

One of the objectives of VES data interpretation is preparation of Shclumberger apparent
resistivity map at a specific AB/2 for qualitative interpretations. The other objective of VES
data interpretation is to determine the thicknesses and resistivities of different horizons by
analyzing the resulting field curves to obtain the subsurface geological picture of the area
under investigation. The computer modeling program (IP2WIN -inversion program) is used
in thiswork for the determination of the final model parameters (thicknesses and resistivities)
using Auto Cad-07.

4.5.2.1 Shclumberger Apparent Resistivity Map

The Shclumberger apparent resistivity map for AB/2=1810m and AB/2=2700m are prepared
using geosoft OasisMontaj for qualitative interpretations. This involves determination of the
specia variation of the apparent resistivity over the study area at varying shallow depths.
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Figure 4.10 The Schlumberger apparent resistivity map for AB/2=1810m and AB/2=2700m
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From the Schlumberger apparent resistivity map for AB/2=1810m and AB/2=2700m
Figure (4.10), low resistivity anomaly follows the eastern and northern caldera rim,
stretching north of the caldera towards Lake Shalla. Referring to the resistivity map
AB/2=1810m, two areas that lie south and north of Chebbi and north of Urji are identified
with a resistivity of 10Q.m. A close observation of the anomaly map i.e., south and north of
Chebbi, some 10Q.m resistivity closures is indicated within this zone in the caldera although
the effect of topography and shallower resistivity structures have canceled this low resistivity
anomaly. A low resistive zone located north of the caldera in which the topographic effect
considered to be small and cover relatively larger area with 10Q.m can be interpreted as a
thermally altered zone associated with the intrusive heat of the Corbetti caldera. Considering
the apparent resistivity map for AB/2= 2700 we observe a sequential decrease in resistivity
along the eastern parts of the calderarim (from 80Q.m to 7Q.m) from south to the north. This
low resistivity anomaly pattern is similar to the low resistivity anomaly pattern exhibited by
the apparent resistivity map compiled for AB/2=1810m. Since Lake Awassa is at higher
elevation (1680m as.l) than Lake Shala (1570m asl), this may show that the local
hydrological situation is such that ground water flow is from south to the north across the
Corbetti Caldera. Thus this ground water flowing across the caldera interacts with the
intrusive heat coming from the Corbetti caldera contributing to the sequential decrease of the
resistivity from south to north. The existing supporting evidence of the presence of hot
springs on the southern shore of Lake Shalla could mean a contribution the Corbetti caldera
to provide the hot fluid of the Shalla system. The other existing evidence is the absence of
thermal features south of the Corbetti caldera or north of Lake Awasa which also stands as a
clue to predict the migration of hot water from the caldera to Lake Shalla that gives rise to

the observed sequential decrease of the apparent resistivity from south to north.

4.5.2.2 Apparent resistivity Pseudo depth-section

Pseudo-section along Profile-2 which is shown in Figure (4.11) is constructed from the
apparent resistivity values using mapping software “surfer 8”. It qualitatively shows the
lateral and vertical variations of the electrical properties of the subsurface geologic bodies.

The VES profile is selected for the simple reason that it traverses the caldera from south to

62



north and crosses the Urji volcano deemed to reflect a better geological condition associated
with the resistivity of the formation related to the geothermal aspects of the study area.
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Figure 4.11 Electrical resistivity pseudo-depth section along Profile-2

The profile line in which Pseudo-section is constructed traverses the Corbetti caldera
especially the Urji volcano in S-N direction. A resistive overburden of thin layer occupies the
top of the section and is underlain by relatively conductive substratum. A resistive
overburden of thin layer occupies the top of the section from VES-1 up to VES-5 that shows
an elongation at VES-3 andVES-4. Starting from VES-5 a highly resistive overburden of thin
layer occupies the top of the section which is elongated gradually down ward up to VES-8
and it appears as a thin at VES-9. VES-9, VES-10, VES-11 and VES-12 are of atop of the
section highly resistive overburden of thin layer. Generally the Pseudo-section shown on

Figure (4.11) exhibits a thick middle conductive zone

4.5.2.3. Interpreted Curve and Geoelectric Section along Profile-2

There are twelve VES data points (VES-1, VES-2 ... VES-12) aong the profile and each of
the VES points were inverted using IP2WIN. The inverted curves show 5-7 geoelectric layers
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with a minimum error of 4-9%. The geoelctric layers compiled for VES-9 and VES-10 are
shown in Figure (4.12). The geoelctric layers compiled for the remaining VES points are

shown in Appendix I.
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Figure 4.12 VES-9 and VES-10 interpreted curves

Both the resistivity curve shown in Figure (4.12), show higher resistivity at the top layer and
a gradual decrease of resistivity observed in both curves as the depth increases. The two
curves are selected as a sample out of the twelve curves on the basis of curves showing very
minimum resistivitys. In fact, all the curves somehow exhibit the properties of the two curves

chosen asasample.

The geoelectric section shown in Figure (4.13) is prepared from the interpreted curves using
Auto Cad-07. The geoelectric section generally separated into three parts described as

follows:
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The top layer in which its resistivity varies from 80Q.m - 2750Q.m, in which its thickness
increases from 50m — 350m from Urji volcano to the northern parts of the caldera. Referring
to the geologic map the Urji volcano approximately located under VES-4-VES-10 covered
with thicker low density formation (pumice) up to 350m depth at the top layer and 50m —
100m thick under VES-1, VES-2, VES-3, VES -11 and VES-12 is lake sediments and
alluvium.

The middle conductive zone which acquires a very low resistivity from 0.56Q.m - 75Q.m
with a variable thickness 200m - 900m, one of the reasons for resistivity to decrease is the
increase in temperature, the other reason for the decrease of resistivity of rocks is the

assemblage of conductive minerals due to alteration.
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Figure 4.13 The Geoelectric section along profile-2

The bottom highly resistive zone in which its resistivity varies from 100Q.m - 3290Q.m
having a variable thickness from 50m — 550m may be interpreted as Rhyolite and Basalt lava

which iscommon in the area.
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CHAPTER FIVE

5 CONCLUSIONSAND RECOMMENDATIONS

5.1 Conclusions

Corbetti caldera is associated with a high gravity field with slight modifications by the
product of Chebi and Urji volcanoes which relatively exhibit low gravity field in the vicinity
of the study area. Thisis due to the fact that the Corbetti caldera consists of mantle materials
of large denser intrusion which comes to the crust during the volcanic activities.

The very high local as well as regional Bouguer gravity anomalies indicate the existence of
intrusions at shallow and deeper depths beneath the caldera. When comparing the Bouguer
anomaly and total intensity map, we observe areas with very high gravity anomalies to show
very low total magnetic field intensity values. Hence, it seems that the intrusive bodies act as
sources of heat beneath the study area, i.e., due to the very high heat which is generated by
the intrusive rocks seem to lose their magnetic susceptibility. The local Bouguer gravity
anomalies clearly define the caldera with a circular gravity anomaly and the calderarim with

sharp gradient of the local gravity anomaly.

The Schlumberger apparent resistivity map for AB/2=1810m and AB/2=2700m shows
low resistivity anomaly over the eastern and northern caldera rim and stretching north of the
calderatowards Lake Shalla, this sequential decrease of the resistivity along the eastern parts
of the calderarim from 50Q.m to 4Q.m in the direction of south to north, with the absence of
the thermal features south of the Corbetti caldera and hot springs on the southern shore of
Lake Shallais a clue to predict that the hot water migrates from the Corbetti caldera to Lake
Shalla, i.e., the ground water flowes from Lake Awassa to Lake Shalla interacts with the
intrusive heat of the Corrbetti caldera at the middle of the two Lakes thus, the hot fluid of the

Shalla system could mean a contribution from the Corbetti caldera.
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The apparent resistivity pseudo sections and the true resistivity geoelectric sections show the
presence middle thicker conductive zone which is associated with the increase in temperature

and alteration.

The forward modeling of the magnetic and gravity data show the presence of structures along
the modeled profile line and these structures are aligned in the general direction of rift axis
(Southeast- Northwest direction)

The geophysical data used in thisresearch is very restricted to the study area due to limitation
of resources. Based on the joint analysis of these geophysical data and the existing dominant
therma manifestations toward the northern parts of the Corbetti caldera the study area in
which the Urji and Chebbi volcanoes are nested toward the southern shores of Lake Shalla

has large scale geothermal potential for further development from centre of caldera.

5.2 Recommendation

Based on the results obtained and the limitation of this research the following points are

recommended.

» Adequate coverage of the area by gravity and magnetic data can provide
additional information to facilitate the complete understanding and
planning for future exploitation of the geotherma and possibly the

epithermal resources associated with the Corbetti caldera.

» Magneto-telluric (MT) methods are recommended for Corrbetti caldera, for
their potential to probe large depths and enhanced capacity in delineating
subsurface horizons of anomalous heat and/or fluid flow.

> Integrating the geophysical results obtained with hydro geological,

geochemistry and heat flow model is very crucia before qualifying the area
for large-scale usage of geothermal resources.
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Pseudo depth section prepared by 1p2 WIN
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