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ABSTRACT

The study focuses on both quantitative and qualitative analysis of high resolution
aeromagnetic data for the estimation of geothermal potential in parts of Central Nigeria
Basement Complex and correlating the results from the analysis of radioactive
concentration data of the study area. The study area covers a total of 6050 km2. Two
aeromagnetic sheets were used to cover the major towns; Kaguru and Geshere. The
study areas are bounded by latitude 10° 00' N to 10° 30' N and longitude 7°30' E to 8°
30" E. The aeromagnetic data subjected to Fourier analysis and spectrum analysis of 10
blocks were carried out to determine the curie depth within the study area. The spectral
depth method was employed in evaluating the geothermal parameters. The region found
to have a shallow curie point depth of 12 km and the highest Curie point depth of 56 km
are located within the North Central regions and South Eastern parts of the study area
respectively with an average value of 30.46 km. The heat flow of the study area has
values ranging from 30 mW/m? to 160 mW/m? with an average value of 80.60 mW/m?2.
The North-Central region surrounded by Wugana, Kaguru, New Kwasam and also the
Western edge of the study area records high and anomalous heat flow values ranging
from 105 mW/m? to 160 mW/m?. The geothermal gradient also has values ranging from
8 °C/km to 50 °C/km with an average of 25.19 °C/km of the study area. Correlating this
result with the analysis of radiometric result from Ternary map shows that the region of
high concentration of Potassium, Thorium and Uranium contents correspond to the
regions of relatively high heat flow and geothermal gradient at the North-Central
portion of the study area.
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CHAPTER ONE
1.0 INTRODUCTION
1.1  Background to the Study
Geothermal energy is the heat energy that is originated naturally from the earth interior
mainly by the disintegration of radioactive elements like uranium, thorium and
potassium. Geothermal energy is a durable and renewable energy source which can be
used to generate electricity for space heating and cooling, cooking, industrial
application, swimming, agricultural application and heat pumps. Recently, more
attention has been given to it due to its ample benefits like; inexhaustible power supply,
environmentally friendly, low emission of greenhouse gases, and it is globally available.
All these make the geothermal energy a very vital contributor to the global energy
productions in an environmentally friendly way (Sui et al., 2019).
As the pollution and emission of toxic gases and harmful radiations from the industries
today causes detrimental effect to our environment and human life, the demand for
renewable and clean energy sources become our prime focus. The utilisation of
renewable energy sources has provided us with a clean alternative source of energy and
has reduced the emission of greenhouse gases. Due to its inexhaustible supply, energy
generated from geothermal resources has become the leading source of energy.

Electricity production from geothermal sources has increase to a great extend for the



past 20-25 years with an increase of the power generation from 1300 mW in 1975 to
10,715 mW in 2012 (Bu et al., 2012).

Geothermal energy is considered as one of the most favorable expectation and
dependable energy resources. It is hardly affected by the weather and always available
to provide reliable and steady output. Future growth is expected that geothermal energy
reach more than 3% of the global electricity demand by 2050 (Geothermal, 2018).

The geothermal energy source is the heat energy extracted from the earth. About 4.5
billion years ago, this heat is radiated from the centre of the earth from a depth more
than 6400km and Scientific prediction has shown that about 42 million megawatts
(MW) of Geothermal energy coming out from the centre of the earth into its surface is
mainly by conduction (Geothermal Energy Association, 2018). In addition, the
geothermal energy source usually ranged from the shallow reservoir to the ultra-deep
reservoir at a depth of thousands kilometer in the earth subsurface. Geophysical
methods play a vital 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 the shallow depth, the physical parameters
of the geothermal system (Keller, 1981).

A geothermal system is 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

generally a shallow magmatic body cooling and most at time molten. The volume of



rocks from which heat can be extracted is called the geothermal reservoir, which
contains hot fluids describing as hot water, 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
boney forces towards a discharged area.

Geothermal reservoir is much hotter than surface hot springs; it can reach a temperature
of more than 350 °C, and are very powerful sources of thermal energy. If geothermal
reservoir are very close to the surface, then the possibility of reaching these geothermal
sources of energy is by drilling wells, sometimes about two miles deep. Hot water and
steam are pumped to the surface at a temperature between 120 °C and 370 °C. In
geothermal power plants, we utilise the natural hot water and steam from the earth to
turn turbine generators to produce electricity (Keller et al., 1981).

Despite the numerous advantages of geothermal energy production, there are some few
disadvantages encountered from generating power from geothermal power plants. The
disadvantages of geothermal energy are; the location of the geothermal plant is

restricted, they can trigger earthquake and it is also a very expensive source of energy.

1.2 Statement of the Research Problem
Geothermal technology is one of the alternative energy sources that much attention has
not been given to in Nigeria. The geothermal potential in Nigeria has been exposed from

the analysis of sub surface temperature distribution of rock mass from oil and gas bore
10



hole wells data within sedimentary basins (Abraham, 2013). In spite of the outcome, no

further steps have been taken by the government, and the power sector continues to

suffer. Therefore, it is considered necessary for Nigeria to develop its thermal energy

source through the introduction of geothermal power plant to meet the needs of the

power sector in the country.

1.3 Aim and Objectives of the Study

The aim of the research is to investigate the geothermal potential in parts of central

Nigeria Basement Complex by correlating the result of Aeromagnetic data with the

result of Aero-radiometric data within the study area.

The objectives are to:

14

estimate the depth to the top and centroid depth of magnetic sources.

determine the Curie point depth, the geothermal gradient and heat flow of the
study area.

interpret the concentration of radioactive elements within the study area.

delineate possible site for geothermal exploration.

Justification of the Study

Application of Curie point can be of great advantage when considering the area for

exploration of geothermal energy. A shallow Curie point and high heat content is of

great advantage. The result from this work will help to ascertain the viability of the area

11



of study for geothermal energy exploration. This will help to boost the economy of the

nation and social wellbeing of the environment.

CHAPTER TWO

2.0 LITERATURE REVIEW
12



2.1 Geology of the Study Area

The entire Kaduna state is underlain by a basement complex of igneous and
metamorphic rocks of complex rocks are essentially granite, gneisses, Migmatite, schist
and quartzite as shown in Figure 2.1. The geology of Kaduna North is predominantly
metamorphic rocks of the Nigeria basement complex consisting biotitic gneisses and
other granites (Kroner et al., 2001). The topographical relief is relatively flat, having an
elevation of between 600 and 650 metres in large areas of the local government. It is
over 650 metres above mean sea level in some places and below 500 metres in places
that slope downward towards the river. Kaduna North lies completely in the past of
western African, well within the northern limits of the movement of in tropical
convergence Zone (ITCZ).it is characterized by two distinct seasonal regions oscillating
between cool to hot, dry to wet season Saleh, (2015). The south Eastern parts of

Kaduna are comprises of the following areas:

Kajuru is a local government area in southern Kaduna state, Nigeria. It's headquarter is
in the town of Kajuru. The local government is located on latitude 9°59' N and 10°55' N
and longitude 7°34' E and 8°13” E, with an area of 2,229 km?. Geshere is located in the
centre of the region area of kauru. Kauru is a local government area in southern Kaduna
state of Nigeria. The head quarter is Kauru town with a total population of 174, 626 in

2006 population census and it has a total area of 3186 km?.

13



The geology map of study area extracted from geology map of Nigeria published by

Nigeria geological survey agency (NGSA) as shown in Figure 2.1
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Figure 2.1: Geology map of study area (adapted from NGSA, 2009).
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2.2 Geophysical Review of the Study Areas

Ikpokonte (2009) interpreted gravity data from the chad basin and concluded that large
geothermal anomalies in a fault bounded gradern — horst system are caused by uplifted

mantle (thinned crust) to the depth range of 23 to 26 km in the basin.

Bako (2010) thoroughly recorded the surface geothermal manifestation in the middle
Benue through in Nasarawa State. Seven thermal springs and 150 boreholes were
studied. The thermal springs includes; Akiri; Awe, Kean, Ribi, Kanje, and thermal free
flowing boreholes in Assakio and Giza. AKkiri thermal springs has the highest
temperature of about 53.5 °C. Water of warm spring in Akiri and Ruwan Zafi in Nigeria
has the temperature of about 54 °C. This implies that the present of some geothermal

anomalies. Bako went further to present the result in form of geothermal gradient.

Nwanko et al. (2011) conducted a heat flow anomalies evaluation through spectral

analysis of geomagnetic data covering Nupe basin, where two linear segments could be

15



drawn from each plover spectrum to wave number graph. It reveals a geothermal
gradient varying between 19 and 46 °C/km, the resultant heat flows was recorded to be
less than 60 mWm™ and more than 100 mW/m? at the North-Eastern and North-Western

parts respectively.

Olorunfemi et al. (2011) applied analysis method to aeromagnetic data from the region
in a bad to determine depths to the bottom of magnetic source (assume curie point
depth, CPD). From his calculation from traverses taken across the maps from the region

the depth ranges between 4.68 km and 11.38 km

Abraham et al. (2011) also applied analysis method to aeromagnetic data, the depth
calculated from data windows obtained by sampling the targeted point on the
aeromagnetic map ranged between 2.5 km and 12.5 km. The estimated depths are used

to calculate the heat flow information

Ojo et al. (2011) appraised the geologic structure of Ikogosi Warm spring (IWS) using
an integration of resistivity and magnetic methods. Their data was acquired through
traverses and interpreted by applying inverse modeling procedure from the basic

relation for the basic relation for the conductivity of heat flow.

Kasidi and Nur (2012) estimated Curie Depth Isothermal from spectral analysis of

magnetic data covering Sarti and environs at the North-Eastern Nigeria. The determined

16



Curie depth which varies between 26 to 23 °C/km and the heat flow values between 53

to 58 mWm=.

Elleta and Udensi (2012) adopted the spectral analysis approach to arrive at CPDs
ranging between 2 km and 8.4 km. This helps to confirm the regions suitable for
geothermal energy research. Areas around Atsuku, Takum and Wakuri have been ear

marked as promising area.

Abraham. (2012) examined the reservoir permeability of the IWS area using data along
fifteen profiles taken across the region. Their study revealed that demagnetized rocks
have good correlation with reservoir permeability and using this information, they were

able to delineate the boundary of the geothermal reservoir.

Bemsen, et al. (2013) also analyzed the spectral from aeromagnetic data processing over
a part of the southern Bida Basin, Western Nigeria from their conclusion, their result
reveal two depth sources in the area. The deeper sources range from 2.81 to 3.24 km.
They concluded in their study that the lower CPD values betray high geothermal

potential of an area.

Olumide (2013) analyzed temperature data from boreholes of Niger Delta and created
series of geothermal maps. The geothermal gradient from his study ranges from 1.2°C

/100m to 7.56 °C/100m. His preliminary estimates of geothermal energy resource in

17



depth is in the interval O - 4000 m in the Niger-Delta indicated a range of resource value

between 400 GJ/m?to 1250 GJ/m?.

Megwara et al. (2013) employed the analysis of aeromagnetic and radiometric data in
the assessment of geothermal and radioactive heat enhancing from Southern part of
Bida Basin, Nigeria. The research covered both basin and basement rock sections and
was arrived at determining the geothermal heat flow and radioactive heat characteristic
of the survey area. The research results revealed a geothermal heat flow values to be of
range 69.167 mWm2 to 124. 821 mwm with an average value of 90.959 mWm and
radioactive heat values ranging from 0.91 to 4.53.167 mW/m? with an average value of

2.28 mW/m?. The Kataku a part of the study area revealed as area of geothermal.

Adetona and Abu-Mallam (2013) from their recent work, they obtained sedimentary
thickness over the lower Benue Trough within study area to be approximately 10 km
and it was observed that the prevalence of magnetic lows within the modeled residual
field data show acidic basement (deformation granitic basement). The source parameter
Imaging showed a minimum depth of 76.983 metres and a maximum sedimentation
thickness of 9.849 km, which also occur within Idah, Ankpa and Udeji axis. The depth
estimate by this research particularly around the Anambra basin underneath Idah and
Ankpa in Kogi State is of significance interest because it is high enough for the
realization of temperature approximately 60°C and higher than this is essential for

thermal degradation of Kerosene yielding hydrocarbons.
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Ofor and Udensi (2014) determine the heat flow in the Sokoto Basin using spectral
analysis on Aeromagnetic data. The results from depth analysis suggested that the top
layer has a range 0.61-1.54 km and this depth to the top of basement in the area and has
deepest at the North Eastern part toward Niger Republic. The geothermal gradient
evaluation varies between 22.18 and 44.62 °C/km with a resultant heat flow value of
52.36 to 98.57 mW/m?2. The heat flow has general trend not horizontal heat flow is
recorded around the Tambuwal area and the study area lies within the thermally normal

continental regions and good geothermal sources.

Anthony et al. (2014) investigated the basin frame work and basement structure of
Benue trough where the outcome of the magnetic field middling of the lower Benue
trough exposed thickens sedimentation of greatest values 7,000 -10,000 m. The
structure variation of amplitude of 50 nT is interpreted to symbolize the rift segment
(Abakiliki trough) at the lower Benue Trough with a sedimentations thickness of 4000
m. the positive anomalies are interpreted as invasion of sources into the shallow crust

which corresponded to the basement of the Abakiliki anticlinorium.

Abraham et al. (2014) carried out spectral analysis on aeromagnetic data covering
Ikogosi warm spring in EKiti state to reveal the geothermal energy potential in the area.
The heat flow density at a corresponding depth and the extent of heat production from
radioactive isotopes in the area were confirmed. The curie point depth has a maximum

estimated depth range of 11.5+1.6 and maximum 21.9+1.7 km with an average value of
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15.1+£0.6 km. It was established that the region characterized by shallow curie depths
has higher heat flow. The Ikogosi warm spring area is underlined by an average Curie

point depth of 15.1+0.6 km, which implies a heat flow of 91.2+2.1 mw/m?.

Obande et al. (2014) Calculated the probable heat flow values as 170 mW/m? by the use
of spectral analyses. The fractal approach arrived at a depth value of range between
10.18 and 11.26 km and deduced a heat flow of 135.28 mW/m?. In references drawn for
his study suggested that WWS area was promising for geothermal exploration at

temperature greater than 100 °C could be reached at a depth of less than 2 km.

Emujakporue and Kine (2014) carried out research for the geothermal gradient of Niger
Delta Basin using BHT data. They obtained values of 13.46 °%c/km to 33.66 %c/km which
they attribute to overburden thickness lithology, tectonic activities (growth faults) and

hydrodynamics of the basin.

Anakwuba (2016), Applied Spectral analysis of Geomagnetic anomalies to estimate
depths to the curie temperature Isotherm and heat-flow measurements in the eastern part
of the Nigeria Chad Basin. The results of the analysis reveal the depths to the centroid
and magnetic bodies range from 11.55 to 18.32 km and 1.65 to 5.12 km respectively.
The depth to the Curie temperature isotherm in the area varies between 21.45 km at
Mata Bama area and 31.52 km at Maiduguri-Gwaza area below sea levels. The

geothermal gradients associated with it range between 17.45 to 25.64 °C/Km while the

20



corresponding Mantle heat flow is about 46 mwm™. It is good to note that areas of high

heat flow correspond to high geothermal gradient within the study area.

Kwaya et al. (2016) also concluded from their work done from different representative
samples range from 0.58 W/km to 4.207 W/km with an average of 1.626 W/km. The
research work also presented a heat flow value ranging from 45 mW/m? to about 90
mW/m? in the Nigeria sector of the chad basin. Otobong and Onovugve (2016) in their
study they arrived at a geothermal gradient of 1.3 to 5.5 °C/100m from their work on

bottom temperature from oil well in the Niger Delta region.

Otobong and Onovugve (2016) in their study they arrived at a geothermal gradient of
1.3 °C to 5.5 °C/100 m from their work on bottom temperature from oil well in the

Niger Delta region.

Chukwu et al. (2017) performed an analysis of geothermal energy potential using
aeromagnetic data of part of Niger Delta and obtain geothermal gradient heat flow
values ranging from 12.26 to 40.19 °C/km and 25.30 to 84.40 mW/m?. They concluded
that since the heat flow value is below 100mW/m?, the area may not be feasible as a

geothermal energy source.

Akinnubi and Adetona (2018) used spectral analysis result and correlate this result with
the analysis of radiometric values with the eastern part of lower Benue to estimate the

geothermal potential of these regions in the lower Benue. The region found to have
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shallow curie depth of 9 km at the south western and south eastern part of the study area
has an average geothermal heat flow 103.98 mWm™2. The geothermal gradient also has

a value of 62 and 30 °C/km respectively with an average value of 41.59 °C/km.

Moses et al. (2018) Using spectral analysis to investigate the curie point depth,
geothermal gradient as well as heat flow in Masu, which located within Nigeria sector
of Chad Basin (Latitude 12°00' N to 13°00'N) and Longitude 12°30' E to 14°00'E). The
application of Minimum curvature in gridding the total magnetic field intensity data was
done using the Oasis Montaj 6.4.2 software. Find order polynomials fitting was applied
in Regional-residual separation. The Curie point depth obtained range from 12.233 km
to 16.184 km with an average of 13.993 km; the geothermal gradient of the area varies
from 35.838 to 47.413 °C/km, with an average of 41.821 °C/km, while the heat flow
ranges from 89 mWm to 11.780 mWm with an average of 104.55 mWm™. The 2D
contour maps show that the Curie point depth is lowest in the Southeast and increases
towards the North West, while the geothermal gradient and heat flow on the other hand
are highest in the Southwest and decrease towards Northwest. The high geothermal
gradient and heat flow values in the area are indications that the area might be suitable
for geothermal energy generation as an alternative power supply in the area and in the

country at large.

Aliyu et al. (2018); the researcher applied spectral analysis to estimate the Curie point

depth isotherm using aeromagnetic data of past of middle Benue trough, North-East,

22



Nigeria. The study area lies within the longitude 9° E and Latitude 8°E to 9.50° N with
an estimated total area of 18150 km?2. They did regional separation the TMI using
Polynomial Fitting. The residual map was divided into fourteen spectral blocks and the
log of spectral energies was plotted against frequency. The centroid depth and to top
boundary obtained were used to estimate the Curie point depth. Isotherm is the depth at

which the crust and upper most mantle losses their magnetism as a result of increase in
temperature with depth. The result vestals that the curie isotherm depth varies between

17.04 km to 27.40 km with an average value of 27.5 km. From the result of previous
research works, the Curie point depth isotherm derived from this study is a good source

of geothermal potential.

Adewumi et al. (2019) estimated the Curie point depth (CPD) and heat flow using high
resolution aeromagnetic data over part of Bida basin bounded with longitude 5°00° E —
6°30° E and Latitude 8°30° N —9°30 N with an estimated total area of 18,150 km?. The
total magnetic intensity field of the study area was subjected to regional/residual
separation using polynomial fitting then divided the residual map into sixteen
overlapping spectral blocks. Centroid depths (Z,) and depth to top of basement (Z:) was
got from the plot of log of power spectrum against wave number; the centroid depth
ranges from 6.61 km to 20.30 km while the depth to top of basement ranges from 1.59
km to 6.38 km. The CPD ranges from 10.88 km to 35.51 km with an average value of

23.22km.
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Odidi et al. (2020) applied Radially power spectrum to the aeromagnetic data covering
an area 36,300km2 and bounded by latitudes 7.5° N and 11.5° N and longitudes 7.5° E
and 10.5° E., divided into 35 square blocks (with 50% overlapping and approximately
64 by 64 data points). The result shows that the Curie point depths, range from 17.711
km to 34.34 km, with a mean value of 26.21km, geothermal gradient, range from 16.89
°C km-1 to 32.75 °C km-1, with a mean value of 22.83 °C km-1 and heat flow, range
from 42.22 mWm to 81.87 mWm2, with a mean value of 57.07 mWm2. The results
correlated with the existing geothermal and geo-tectonic signatures of the area. Hence,
the possibility of the existence of geothermal resources within the study area and its

possible exploration is not far fetch.
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CHAPTER THREE

3.0 MATERIALS AND METHOD

3.1 Data Acquisition

Aeromagnetic and Aero-radiometric data of a high resolution covering the study area
was obtained from the Nigeria Geological Survey Agency (NGSA). The various Map
sheets obtained are Geshere (145) and Kajuru (146) bounded by Latitude 10°00" to

10°30" N and longitude 7°30' to 8°30' E.

3.2 Materials

The materials used for this research work includes:

1. Total Magnetic Intensity (TMI) data covering the study area.
2. Radiometric secondary data source
3. Oasis Montaj Software

4. Surfer 13 Software

5. MatLab
6. Microsoft Excel Software
7. Laptop

3.3 Location of the Study Area
25



The study area covers the part of Kaduna Central Nigeria basement complex. It is
bounded by Latitude 10°00' to 10°30' N and Longitude 7°30' to 8°30' E as shown in
(Figure 1.1) and two high resolution aeromagnetic map sheets (145, 146) for Geshere

and kajuru respectively covers the study area, with a total area of 6,050 km?2.
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Figure 3.1: Location of study area map (adapted from NGSA, 2009)

3.4  Geophysical Surveys of this Study
There are two basic Geophysics methods involved in this research work. They are;

Aeromagnetic Surveys and Radiometric Surveys.

3.4.1 Aeromagnetic Survey and Its application
26



Magnetic method is the primary tool in the search for minerals. It is used in many areas
such as locating intra-sedimentary faults, defining subtle lithological contacts, mapping
salt domes in weakly magnetic sediments. These applications have increased the
methods utility in all areas of exploration especially in the search for minerals, oil and
gas, geothermal resources, natural hazards assessment, mapping impact structures,
underground water survey, engineering and environmental studies. Aeromagnetic
methods traditionally are used to map crystalline basement, igneous rocks at depth and
for mapping faults that offset Basin fills and for delineating buried igneous bodies in the
near surface (Grauch, 2002).

Aeromagnetic data represents variations in the strength of the Earth’s magnetic field
that are produced by changes in magnetisation of the crust. Magnetisation of rocks is
determined by the quantity of magnetic minerals (commonly titanomagnetites) and by
the strength and direction of total magnetisation carried by those magnetic minerals. The
quantity of magnetic minerals is measured as magnetic susceptibility and produces an
induced magnetisation. The total magnetisation is based on the permanent alignment of
magnetic domains within the rock and is measured using paleomagnetic methods
(Butler, 1992).

3.4.2 Radiometric Surveys and its application

Radiometric surveys detect and map natural radioactive emanations, called gamma rays,
from rocks and soils. All detectable gamma radiation from earth materials come from

the natural decay products of only three elements, i.e. uranium (U), thorium (Th), and
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potassium (K). In parallel with the magnetic method, that is capable of detecting and
mapping only magnetite (and occasionally pyrrhotite) in soils and rocks, the radiometric
method is capable of detecting the presence of U, Th, and K at the surface of the ground
(Pasquale et al., 2006).

The basic purpose of radiometric surveys is to determine either the absolute or relative
amounts of U, Th, and K in the surface rocks and soils. No other geophysical method,
and probably no other remote sensing method, requires consideration of so many
variables in order to reduce the observational data to a form that is useful for geological
interpretation. Meteorological conditions, the topography of the survey area, the
influence of the planet cosmic environment, the height of the sensor above ground and
the speed of the aircraft are just a few of the variables which affect radiometric
measurements, and which can bias an analysis unless dealt with very thoroughly
(Pasquale et al., 2006). A few of the benefits that could be expected from the
interpretation of radiometric surveys include:

(i) Changes in the concentration of the three radio elements U, Th, and K accompany
most major changes in lithology; hence the method can be used as a reconnaissance
geologic mapping tool in many areas.

(i) Variations in radioelement concentrations may indicate primary geological
processes such as the action of mineralizing solutions or metamorphic processes.
Variations also characterize secondary geological processes like supergene alteration

and leaching.

28



Some factors affecting the concentration of Radioelement (K,U,Th) are; Weather,
Alteration, Climatic condition, Hydrothermal process (Nicolet and Erdi-Krausz, 2003).

Like hydrothermal processes can result in variations of the radioelement content of the
host rocks and among the three radioelements, Potassium (K) is mostly affected by such
process while Thorium (Th) is less often and Uranium (U) is very infrequent. Potassium
is usually increased during alteration signature but weathering generally decreases the
intensity of alteration signature (Dickson and Scott, 1997).Thorium (Th) is usually
considered as a stable radioelement which does not move easily, However, several
deposits of gold depict increases in Potassium and Thorium which suggested that
thorium was move during hydrothermal activities (Silva et al.; 2003).Reduction in
thorium and increase in potassium K indicate a sign of alteration for most deposits of
ore (Ostrovskiy, 1975) and if for this reason the Thorium map and Uranium image ratio
(U/K) map was developed to show good definition in mapping the granitoid rocks show

low uranium but high potassium concentration.

3.5 Method

The method involved the use of spectral analysis on the aeromagnetic data in order to
access the geothermal parameters (Curie point depth, Geothermal gradient and Heat

Flow).

The procedure employed in this research includes the following:
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The two data are gridded to obtain the Total Magnetic Intensity for the area of

study and interpreted the resultant map.

Obtain the RTP map and use it to obtain 1VD and analytical signal maps for

interpretation of structures and lineaments.

Section the data grids of the study area into 10 sections and run the spectral

energy versus frequency for each section.

Obtain the slopes for each section.

Estimate the depth to the top and centroid depth of the magnetic source.

Estimate the Curie point depth.

Compute the geothermal gradient and heat flow.

Correlate the result with radiometric data map.

The procedure above can be briefly explained below as follow:

The total magnetic intensity map was divided into 10 blocks or sections. The FFT was

performed on each block and the data was extracted using Microsoft Excel. The plotting

of energy spectrum against wave number was done using Matlab, to determine the depth

to the top and the centroid depth of the magnetic source. Further estimation of the

geothermal parameters such as geothermal gradient and curie depth were also

determined.
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3.6 Horizontal Derivative

The vertical derivative tends to sharpen the edge of anomalies and enhance shallow
features. The resultant map is much more responsive to local influence than the regional
deep seated anomalies.

Derivative in the X direction is given by the formula:

L(w) = (u)" (3.1)
n is the order of differentiation, and p represents the X component of the wave number
and

i=+V-1

While the horizontal derivative in the Y direction is given by:

LV)=i" (3.2)
Where n is the order of differentiation V represents the Y component of the wave
number.

Total horizontal derivative is a good edge detector because it computes the maxima over
the edges of the structures.

Total Horizontal derivative is given as;

THDR = \/ (Z—Z) 24 (Z—D 2 (3.3)

The horizontal gradient method measures the rate of change in magnetic susceptibility

in the x and y directions and produces a resultant grid. The gradients are all positive

making this derivative easy to map.
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3.7 Analytical Signal

The analytic signal or total gradient is formed through the combination of the horizontal
and vertical gradients of the magnetic anomaly. The analytic signal has a form over
causative body that depends on the locations of the body (horizontal coordinate and
depth) but not on its magnetization direction. This quantity is defined as a complex
function that its real component is horizontal gradient and its imaginary component is
vertical gradient. Nabighian, (1972) was able to prove that the imaginary component is
Hilbert transform of real component.

Consider M(x, z) be 2-D Magnetic field that measured along x-axis, then the analytical
signal, a(x,z) can be expressed in terms of vertical and horizontal gradient of M(x, z)

with respect to x and z direction in Cartesian coordinate as followed (Blakely, 1995)

oM | oM
AX, 2)=——+ i~ (3.4)

where Z—IZ and ‘;—f are Hilbert transform pair. The amplitude for the 2D signal is giving

by

Ak DI= ((2)2 +(2)° @5

For the 3-D case, the analytic signal is given by

_om  om oM
A(X, 2)= P 3y i (3.6)

The amplitude of the analytic signal in the 3-D case given by:
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me2l= (5 (5)+ (5)° @

where M = magnetic field

3.8 First Vertical Derivatives

Spatial resolution can also be achieved using the vertical derivative filter. The first
vertical derivative filter computes the vertical rate change in the magnetic field. A first
derivative tends to sharpen the edges of anomalies and enhance shallow features. The
vertical derivative map is much more responsive to local influence than to broad or
regional effect and therefore tends to give sharper picture than the map of the total

field.

Vertical derivative

L@)=r" (3.8)
where n is the order of differentiation. And r is the wave number (radians/ground unit) Note: r =

2mk where k is cycles/ground unit.
3.9  Spectral Depth Theory

The mathematical models of the centroid method are based on the examination of the
shape of isolated magnetic anomalies introduced by Bhattacharyya and Leu (1975,

1977) and the study of the statistical properties of magnetic ensembles by Spector and
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Grant (1970). Blakely (1995) subsequently introduced power spectral density of total
magnetic field, AT (k,, k,, )as:

GAT (ke k) = bua (K Ky ). 4T2C1, 210y 216|262 KIZe (1 — e=2MIZs-20)" (3,9
where k, and k, are wave numbers in x and y direction, ¢>M(kx, ky) is the power

spectra of the magnetization, C,, is a constant, ©,, and 6are factors for magnetization
direction and geomagnetic field direction, and Z, and Z, are depths to bottom and top of
magnetic layer respectively.

If the layer’s magnetization, M(x,y)is a random function ofx,y , y implies that
¢>M(kx, ky) is a constant, and therefore the azimuthally averaged power spectrum,

¢ (|k|)would be given as

d(|k]) = Ae=2KIZe(1 — e—2|k|(zb_zt)2 (3.10)

3.9.1 Depth to the Top (Zt), Centroid (Zo) and Bottom (Z,) of Magnetic sources
The depth to the top of the magnetic source is therefore derived from the slope of the

high-wave-number portion of the power spectrum as:
In(P (1)) = A~ [kIn (3.11)

where P(k) the azimuthally averaged power spectrum, k is the wave number

(2w km™1), A is a constant, and Z, is the depth to the top of magnetic sources.
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The centroid depth of magnetic sources can also be calculated from the low-wave-
number portion of the wave-number- scaled power spectrum as (Tanaka et al., 1999)

1
In(P ((k)i/k) = B — |k|n (kK)¥2/k=B-|k|Zo (3.12)
where B is a constant and Zo is the centroid depth of magnetic sources.
The depth to the bottom of the magnetic source (Z,) can subsequently be obtained from

the relation (Okubo et al., 1985)

3.9.2 Geothermal gradient and heat flow
Using the depth to the bottom of magnetic sources (Z,), the geothermal gradient
(d—T)can be estimated as

az

dar 6.
(%) =) (3.14)
where O, is the Curie temperature

Next, using Zband%, the heat flow (q,) can similarly be estimated as (Okubo et al.,
1985)

0= —o(3) = o () (315)

where o is Thermal Conductivity . Thermal Conductivity of 2.5W/m/°C as the average
for igneous rocks and a Curie temperature of 580 °C (Stacey, 1977; Trifonova et al.,

2009) are used as standard.

3.10 Airborne Radiometric Data
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The date set of each element (U, «Th, “°K) were converted to an image file with a set if
floating density numbers. Each element was converted to image map file ranging from
0-255 (integer one byte). Merging was later made on each of the elements image files to
make one multiband image that can be processed as an ordinary file, after which
resampling was done (El-Sadek and Mousa, 2010). This data gotten was used in
mapping the lithology of the different rocks found. Some enhancing techniques used
with the aim of identifying and interpreting signatures related to the source rocks

including potassium, thorium and uranium maps of the study area (Appaih, 2015)

3.10.1 Total Count (TC), Potassium (K), Thorium (Th) and Uranium (U) channels

The airborne radiometric data was gridded and afterwards each grid was micro-leveled
using a routine developed by Blum (1999). The micro-leveling algorithm filtered out
some of the apparent residual error remaining after the application of the standard
survey grid techniques, and also corrected small discrepancies and spatially
homogenizes the data making it possible to generate a better image for analysis (Elton et
al, 2003). The grid image tool of Geosoft oasis Montaj software was used to create total
count images which were generated using mini-curvature gridding. Histogram
equalization was then used to enhance the contrast of the individual histograms of K, Th
and U to give the best colour variation. These maps were then correlated with pattern

and trends from the geological map (Appaih, 2015, Boadi et al, 2013)

3.10.2 Composite images
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Ternary radioelements map is a colour composite map generated by combining the
Potassium (K), Thorium (Th), Uranium (U) and Total Count maps. Colour codes of
Red, Green and Blue were assigned to the individual radioactive elements; Potassium,
Thorium and Uranium respectively. The result gave a superior image of the geology of
the study area. In other words, ternary image generated showed the best visual
description of the radiometric intensity which correlated well with the geological

features in the area.
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CHAPTER FOUR

4.0 RESULTS AND DISCUSSION

4.1  Total Magnetic Intensity (TMI) Map

The total magnetic intensity of the study area was produced by gridding two data sheets
namely; Geshere (145) and Kajuru (146) respectively bounded by latitude 10°00" to
10°30'N and Longitude 7°30" to 8°30" E. The total magnetic intensity map of the study
area as shown in Figure (4.1) was gridded into colour aggregate using Geosoft Oasis
Montaj software. The map comprises of both positive and negative anomalies ranges

from -145.062 nT to 47.293 nT.

The TMI Map reveals high magnetic anomalies at North, South western and Upper
North Eastern part of the study area while the low magnetic anomalies are formed at the
South Eastern part of the study area. The TMI grid of the study area was transformed
into reduction to the pole (RTP) grid using Geosoft software to make easy the

interpretation of the magnetic data set.

Spectral analysis technique was applied to the aeromagnetic data of the study area to
divide it into 10 square overlapping blocks as shown in the RTP Map in Figure 4.2.
Figure 4.3 shows some sample graphs of the logarithms of spectral energies for the
plots BIk3 and Blk4. The slopes of the sample graphs are used to determine their
centroid depth (Zo) and the depth to the top of the magnetic source (Z:). The determined
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values of the depth to the bottom of magnetic source (Zy), for Blk3 and Blk4 using their

determined Z, and Z; values in equation 3.13 are 29.76 m and 51.68 m respectively.

The result of the determined values of Z,, Z; and Zy, for the ten blocks is shown in Table
4.1. The curie point depth ranges from 12 km to 56 km with an average value of
30.46Km, geothermal gradient ranges from 8 °C/km to 50 °C/km with an average of
29.19 °C/km and heat flow ranges from 30 mW/m? to 160 mW/m? with an average of

80.60 mW/m?2.
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Figure 4.1: TMI map of the study area with IGRF of 33,000 nT
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Figure 4.2: RTP map showing 10 windowed blocks of study area
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Table 4.1 Estimated values of geothermal parameters

Depthto  Depthto  Curie Geothermal Heat
LON(°E LAT Centroid Top (Z:) Point(Km gradient Flow(mW/m?

Blk ) CN) (Z)(Km)  (Km) ) (°C/Km) )

1 7.75 10.25 14.60 17.20 12.00 48.333 154.667
2 8.25 10.25 18.90 16.80 21.00 27.619 88.381
3 8.00 10.25 19.60 9.44 29.76 19.489 62.366
4 7.75 10.38 29.20 6.72 51.68 11.223 35.913
5 8.25 10.38 23.60 8.04 39.16 14.811 47.395
6 7.75 10.13 12.90 8.46 17.34 33.449 107.036
7 8.25 10.13 32.10 8.80 55.40 10.469 33.502
8 8.00 10.38 8.44 5.35 11.53 50.304 160.971
9 8.00 10.13 22.50 5.00 40.00 14.500 46.400
10 8.00 10.25 16.80 6.83 26.77 21.666 69.331

29



4.2 Total Magnetic Intensity (TMI) Reduced to Pole (RTP)

The reduction to pole magnetic anomaly image (Figure 4.4) depicts both low and high
frequencies coming from the magnetized rocks in the region. To place the anomalies from
the residual magnetic field directly over the magnetic field resulting from causative rocks
that bring about these anomalies, the TMI grid was transformed into reduction to the pole
(RTP) grid using Geosoft software to make easy the interpretation of the magnetic data set.
This map of RTP sharpens the contacts between the magnetic high and low patterns and
also emphasized on anomalously magnetic susceptible zones possibly coming from deeper
sources. Both TMI (Figure 4.1) and the reduction to the pole RTP image (Figure 4.4)
display similar magnetic features, but in the RTP image the highs (pink colour) of the RMI

are seen as lows (blue colour).

4.3 Horizontal Derivatives (DX, DY and DZ)

The horizontal derivative (Dx, Dy and Dz) Figure 4.5 (a, b, c) respectively reveals that
the regional source structures that are deeper source have generally disappeared leaving
behind surface features that are mostly of short wavelength and high in frequency of
occurrence. The horizontal derivative map (DX) depicts a mixture of high and low
magnetic susceptibility in the North East and South Eastern part of the study area

respectively corresponding to New Kwasam town and Rigwallo. The DX magnetic
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structures are aligned approximately in Y-direction while horizontal derivative map
(DY) revealed structures lying in x-direction. (Dz) reveals magnetic structures in both x

and y directions. This signifies the deformation of the basement rocks.
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Figure 4.4: Total magnetic intensity (TMI) reduced to pole map (RTP)
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Figure 4.5a: Horizontal derivative map (DX)
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Figure 4.5b: Horizontal derivative map (DY)
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Figure 4.5c: Horizontal derivative map (DZ)
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4.4  Analytical Signal

The Analytical Signal map shown in Figure (4.6) reveals the amplitude response ranging
from 0.103 to 0.1076 nT/m which represents region of outcrops of magnetic rocks.
Amplitude response ranges from 0.04 to 0.096 nT/m are regions with magnetic rock
intruding into the sediment while the amplitude of 0.003 to 0.03 nT/m are regions of thick
sediment. It is observed that region with very low amplitude are where the maximum depth

to magnetic rocks were found.

4.5  First Vertical Derivative (1VD)

Figure 4.7(a) and (b) were obtained after the application of First Vertical Derivative
filtering method to reduce to pole and its gives a good representation of geological features
close to the surface such as Faults and Lineaments represented by pink and blue colorations
on a grey scale map Figure 4.7(b) which could serve as host for solid minerals. The
Lineaments trends toward NW-SE of the study area.

In this method, the process of filtration of data helps to enhance high frequency magnetic
anomalies so as to reveal the shallower source at the expense of the low frequency
magnetic anomalies. The high frequency magnetic anomalies (HF) dominate the North, the
South Eastern part of the study area which reveal shallow depth to causative source
corresponding to New Kwasam town while the low frequency magnetic anomalies (LF)
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which dominate almost part of the study area is observed in towns Kajuma, Kafani, Kajuru

and Idon.
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Figure 4.6: Analytical signal map of study area
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Figure 4.7a: First vertical derivative map of study area
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Figure 4.7b: First vertical derivative gray scale map of study area
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4.6  Curie Point Depth Contour Map of the Study Area.

The Curie point depth map of the study area shown in the Figure 4.8 depicts depth variation
from 12 km to 56 km across the study area with an average value of 30.46 km. The North-
Central regions surrounded by Wugana, Kajuru, Kasuwan, Magani, New Kwasam and the
south-western portion of the study area portrays the shallowest curie depths ranging from
12 to 22 km. High curie depth occurrence ranging from 42 to 56 km is observed around the
North-Western edge and South-Eastern part of the study area corresponding to Kajuma and
Unguwar Doka respectively

The regions delineated to host low Curie point depths also corresponds to regions on the
geology map, Figure (2.1) dominated by fine grained Biotite granite, medium to coarse

grained Biotite granite and granite gneiss and porphyritic granite.

4.7  Geothermal Gradients Contour Map of the Study Area.

The geothermal gradient, Figure (4.9) was observed to have values distributed across the
study area ranging from 8 to 50 °C/km with an average value of 25.19 °C/km. The highest
geothermal gradients values between 38 to 50 °C/km were observed precisely at the region
surrounded by major towns such as Wugana, Kajuru, New Kwasam and South-Western
portion of the study area. The lowest geothermal gradients were observed at the South-

Eastern edge corresponding to Unguwar Doka area. Medium Values ranging from 22 to 36
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°C/km were recorded at regions around North-West, South-west and at regions close to

New Kwasam of the study area.

4.8  Heat Flow Contour Map of the Study Area

Heat Flow map of study area, Figure (4.10) revealed the value ranges from 30 to 160
mW/m? with an average value of 80.60 mW/m?. The North-Central regions surrounded by
Wugana, Kajuru, New Kwasam and the Western edge of the study area recorded high and
anomalous values of heat flow, a range of 105 to 160 mW/m?. Relatively high values of 80
to 100 mW/m? were observed at the Kaguru, North-East and South-West regions of study
area. Regions of relatively high and anomalous heat flow values also coincide with regions
on the geology map, Figure (2.1) characterised by basement rocks that are radioactive in

nature.
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Figure 4.8: Curie point depth contour map of study area
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Figure 4.9: Geothermal gradient contour map of study area
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Figure 4.10: Heat flow contour map of study area
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4.9  Potassium (K), Thorium (Th), and Uranium (U) Channels

Three gamma decay data where considered for analysis which are potassium, Thorium and
Uranium as seen in Figure 4.11(a, b, c) respectively. Radiation for potassium originates
from potassium feldspar predominantly mica including biotite (Boadi et al., 2013). These
regions which depict high anomalies signals are observed at Kajuru and in between Kajuru
and Geshere and it is as a result of intrusion of variation of Granitic rock that serves as
source of radioactive nuclei within the study area. The low anomaly signal was observed at
the lower South-Eastern part of Kajuru. The Thorium and Uranium concentration map
revealed high anomalies signals in between Geshere and Kajuru as a fined grained biotite
granite and low anomalies signal was observed at Kajuru and lower part of Geshere within

the study area.

410 Ternary map

The Ternary map is the combination of the three elements namely: Potassium, Thorium and
Uranium with Red, Blue and Green colorations respectively as shown in the map in figure
4.12. This map was produced to represent individual concentrations of the gamma radiation
and corresponds to slight variations in their relative concentrations. The map shows a sharp
contact between the lithology formations identified within the study area through the
geology map. The high relationship area are due to the fact that the formations such as

undifferentiated porphyritic Granite have potassium content.
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The Red region in the composite map are indication of strong content in potassium
concentration while the Blue indicate the area of strong content of Uranium with weak
content of Thorium and Potassium. The white region in the composite map are strong
indication of content in Potassium, Thorium and Uranium corresponding to Kaduna and
Idon regions while Cyanide indicate area of strong Thorium and Uranium content but weak

Potassium content.

The regions containing the migmatite shows dark blue as a result of neighboring formations

indicating weak content in potassium and Thorium but strong content in Uranium.

In this research, the region with strong content of potassium, Thorium and Uranium
concentration is related to the most favourable region for geothermal exploration. These
regions include Wugana, Kafani, Kasuwan magani, Idon, Kajuru Kaduna and New
Kwasam which also corresponds to the area where the high geothermal gradient and heat

flow was observed.
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Figure 4.11a: Potassium concentration map of study area
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Figure 4.11b: Thorium concentration map of study area
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Figure 4.11c: Uranium concentration map of study area
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Figure 4.12: Ternary map of study area
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411 Discussion of Results

The qualitative and quantitative analysis of the high resolution aeromagnetic data was
carried out using spectral depth analysis with the aim of determining the depth to bottom of
magnetic sources. The depths to magnetic sources in the study area were estimated using
spectral analysis of Aeromagnetic data. The results show that depth to the top of magnetic
sources varied from 5 km to 17.20 km with an average value of 9.26 km and the depth to
centroid varied from 8.44 km to 32.10 km with an average value of 19.86 km. The Curie
point depth obtained ranges from 12 km to 56 km with an average value of 30.46 km. The
Curie point depths are shallow at Kafani, Kasuwan magani, New Kwasam and at western
edge of the study area. The shallowest Curie point depths in the range of 12 to 22 km
occurred mid-portion of Northern region of study area. The average distribution of heat
flow across study area was 80.60 mW/m?. Anomalous heat flow values of 105 to 160
mW/m? were observed at the mid-portion of Northern part and western edge of study area.
Regions of Least Curie point depths did correspond to regions of highest geothermal

gradients and anomalous heat flow.

Concentration maps of the three radiogenic elements (K, Th and U) and Ternary image
were produced to help understand their effect on varying geothermal parameters of study

area. From the Ternary map, the three elements are combined together. The Red, Green and
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Blue colourations represent Potassium, Thorium and Uranium respectively. The Red area
in the composite map are indication of strong content in potassium concentration while the
Green indicate area of strong content of Thorium with weak content of Potassium and
Uranium and the white region is an indication of strong content of the three elements

concentration which correspond to New Kwasam, Kaduna, Idon and Kasuwan, Magani.

In this study, the region of strong content of the three radiogenic elements is related to the
most viable regions for geothermal exploration where the high geothermal and heat flow

was observed.
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CHAPTER FIVE
5.0 CONCLUSION AND RECOMMENDATION

5.1 Conclusion

The correlation of geothermal parameters in the study area delineates regions most viable
for geothermal energy exploration. According to Manea and Manea (2011), an estimate of
the bottom of magnetized crust represents a direct indicator of the Curie isotherm, and
variations in the thickness of the magnetized crust can be explained as variations in
temperature, hence shallow curie depth in a region makes it more viable for harnessing
geothermal energy. In thermally normal continental regions, the average heat flow is about

60 mWm?. Values between 80-100 mWm? are good geothermal source, while values
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greater than 100 mWm? indicate anomalous conditions (Cull and Conley, 1983; Jessop et

al., 1976).

Peak values of heat flow considered to be anomalous were recorded in the study area at the
mid portion of Northern region. Values of heat flow ranging from 105 to 160 mWm? at this
region also correspond to the shallowest curie point depths range of 12 to22 km. The
immediate areas surrounding this region of peak values includes Wugana, Kafani, Kasuwan
magani, Idon, Kajuru Kaduna and New Kwasam recorded heat flows values of 80 to 100

mWm? which are considered moderate for geothermal energy exploration.

Also, the concentration and ternary maps revealed both the individual and composite
concentration of the three radionuclides in the study area. Regions of study area which
recorded high and anomalous heat flow also recorded high concentration of radioelements
(K, Th and U). The region encompassed by Wugana,Kafani, Kasuwan magani, ldon,
Kaduna and New Kwasam were observed to have moderate to anomalous heat flow which
also corresponds to intense radioactivity in area as indicated by a composite high
concentration of the three radiogenic elements on the ternary map. These regions are also
revealed on the geology map to host rock types such as fine grained Biotite granite, medium
to coarse grained Biotite granite and granite gneiss which are known to exhibit radioactivity

and consequently generate heat in the subsurface. Hence it can be inferred that occurrence
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of the mentioned radioactive rock types at certain regions of study area is associated with

the amount of high heat flow recorded at the affected regions.

5.2 Recommendations

In this research, the interpretation of Aeromagnetic data using spectral analysis method and
analysis of radiometric data of study area highlighted regions with favourable geothermal
parameters accompanied with high concentration of the three radioactive elements in the

affected regions. Therefore, the following recommendations are suggested:

1. The exploration of geothermal energy should be looked into for the generation of
alternative source of electricity at the regions that recorded moderate to relatively
high heat flow values. These regions correspond to the mid-portion of northern
region and the areas surrounding it which recorded a high heat flow values ranging
from of 80 to 105 mWm?. The exploitation of this renewable alternative energy

resource will bring about economic viability of the region and its environs.

2. (i) Based on the radioactive elements distribution map, elements like Uranium and
Thorium must have found their way as a result of erosion into groundwater.
Therefore, water quality analysis should be done within the affected regions of the

study area before consumption.
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