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ABSTRACT
The investigation of geothermal energy resources potential in this
study involves delineating targets areas of the earth’s crust where
geologic processes have raised temperatures near the surface,
such that the heat contained can be utilised. A high-resolution
aeromagnetic (HRAM) data of part of south-western Nigeria on
longitude 3.5° 𝑡𝑜 5.5° and latitude 7.0° 𝑡𝑜 9.0° consisting of 16
half degree sheet was used for this research work. Spectral
analysis was applied in processing HRAM data, which transforms
the spatial data into the frequency domain, and provides a
relationship between the two-dimensional spectrum of the
magnetic anomalies. Results indicates that the average Curie point
depth (CPD) within the study area is 8.5 km followed by the
average geothermal gradient of 42.5℃𝑘𝑚−1 and an average heat
flow 55 𝑚𝑊𝑚−2 . The equitable promising geological results
useful for geothermal exploitation is within longitude 4.2° 𝑡𝑜 4.6°
and latitude7.8° 𝑡𝑜 8.2°, where the lowest CPD (5.5km), highest
geothermal gradient (75℃𝑘𝑚−1 ) and highest heat flow
(190𝑚𝑊𝑚−2 ) bounded by Oshogbo and Ogbomosho as
indicated on the maps. The paper suggests that such an area can
be considered for geothermal energy exploitation since the
demagnetized of magnetic rocks confirms a hot rock who’s
temperature of about 580℃.
Keywords: Geothermal energy, resource potential, Curie
temperature, geothermal gradient, heat flow.
INTRODUCTION
The West African Rift System led to the formation of the Benue
Trough in Nigeria, creating sub-basins within the Trough (Abraham
& Itumoh, 2019). These basins were subjected to synsedimentary
tectonic deformations during Cretaceous to Neogene times and
were affected by magmatic—volcanic episodes leading to multiple
areas of geothermal anomalies within sedimentary basins that also
affected the entire south western Nigeria.
Geothermal energy resource differs from any other renewable
energy resource, so it has an edge over other renewables.
Geothermal energy is the energy contained in the intense heat of
the earth that continually flows outward from deep inside the earth.
It can be accessed and exploited by drilling hot water or steam as
the case may be in a process similar to drilling of oil and natural
gas. Geothermal energy when compared with other renewables is
an enormous, underuse heat and power resource that emits little
or no greenhouse gasses (Dipippo & Renner, 2014). The search
for geothermal resources focuses on those areas of the earth’s
crust where geologic processes have raised temperatures near the
surface such that the heat contained can be utilised. Such areas
are seen to include; Fractured and thinned crust which allow the

magma to rise to the surface as lava that comes because of the
volcanic events within the earth (Whitmarsh, 2001). Even though
the greatest part of the heat that accompanied the lava within the
earth does not get to the surface, but heats up the underlying rocks.
As rainwater flows down through the fissure fracture and joints, this
water gets heated up by the underlying rocks. The pressure within
the earth forces the hot water out to the surface as steam, source
of warm spring, fumaroles and the like. When these sources are
harnessed and trap in a permeable rock under an impermeable
rock it will form a geothermal reservoir that will later serve as a
source of geothermal energy. The mantle plume is an upwelling of
abnormally hot rock within the earth’s mantle. As the head of the
mantle plumes can partly melt when they reach shallow depths,
they are thought to be the cause of volcanic centres known as hot
spots and probably caused the flood of basalts.
The geothermal energy has its origin in proximity to the Mantle
plume, thermal uplift, pressure from sediments, radioactive decay
(radiogenic) of various minerals inside the Earth's core and the
residual heat produced in the planet’s formation millions of years
ago (Nemzer, 2009; GEA, 2012; Ned, 2012; Richter, 2017).
Wohletz & Heiken (1992) express that geothermal energy is an
important and promising alternative energy resource that has
shown continual growth throughout this century. Among the
renewables, geothermal energy can produce year-round constant
power, a significant differentiation from both solar and wind power,
which must wait for the sun to shine or the wind to blow,
respectively.
According to (DiPippo & Renner, 2014; Hamilton, 2014; Letcher,
2013), geothermal energy has the following advantages over other
sources of renewable energy: It is one of the cleanest forms of
energy now available in commercial quantities.

It avoids the problems of acid rain and greatly reduces
greenhouse gas emissions and other forms of air pollution.

Potentially hazardous elements produced in geothermal
brines are usually injected back into the producing reservoir.

Land use for geothermal wells, pipelines and power plants is
small compared to land use for other extractive energy
sources such as oil, gas, coal and nuclear.

Geothermal development projects often coexist with
agricultural land uses including crop production or grazing.

The low life-cycle land use of geothermal energy is many
times less than the energy sources based on mining, such as
coal and nuclear, that require enormous areas for mining and
processing before fuel reaches the power plant.

Hydroelectric projects with massive dams inundate and
occupy vastly more land than any type of geothermal plant
per installed megawatt.
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Low-temperature applications usually are no more intrusive
than water well.

Geothermal development serves the growing need for energy
sources with low atmospheric emissions.

In most geothermal systems, NCGs make up less than 5 %
by weight of the steam phase. For example, for each
megawatt-hour of geothermal electricity produced in flash
steam plants in the United States, the average emission of
CO2 is only about 5 % of that emitted when natural gas is
burned in a combustion turbine to produce electricity.
Because of how significant these advantages are it’s important to
investigate the geothermal resource potential of the study area.
Geology of the Area of Study
The study area occupies parts of South-Western Nigeria covering
16 standards 1:100,000 topographic sheets as shown in Figure 1
Major geologic components of the area include the Basement
Complex Rocks and parts of the Sedimentary Basins of the Bida
basin.
A. Basement Complex
The Nigerian basement complex forms a part of the Pan-African
mobile belt and lies between the West African and Congo Cratons
and south of the Tuareg Shield (Black, 1980). The basement
complex was affected by the 600 Ma Pan-African orogeny and
occupies the reactivated region which resulted from plate collision
between the passive continental margin of the West African craton
and the active Pharusian continental margin (Burke & Dewey,
1972; Dada, 2006). The basement rocks are believed to be the
results of at least four major orogenic cycles of deformation,
metamorphism and remobilization corresponding to the Liberian
(2,700 Ma), the Eburnean (2,000 Ma), the Kibaran (1,100 Ma), and
the Pan-African cycles (600 Ma). The first three cycles were
characterized by intense deformation and isoclinal folding
accompanied by regional metamorphism, which was further
followed by extensive migmatization. The Pan-African deformation
was accompanied by a regional metamorphism, migmatization,
extensive granitization and gneissification which produced
syntectonic granites and homogeneous gneisses (Abaa, 1985).
Late tectonic emplacement of granites and granodiorites and
associated contact metamorphism accompanied the end stages of
this last deformation. The end of the orogeny was marked by
faulting and fracturing (Gandu et al., 1986; Olayinka, 1992).

Explanation

Figure 1: Geological Map of the Study Area
Geothermal energy investigations
Nwankwo et al. (2011), investigate heat flow anomalies in Nupe
Basin, results showed that geothermal gradient varies between 10
℃𝐾𝑚−1 and 45 ℃𝐾𝑚−1 while ensuing heat flow varies between
20 𝑚𝑊𝑚−2 and 120 𝑚𝑊𝑚−2 in the SE and SW of their study
area. Megwara et al. (2013), also studies on parts of Southern Bida
Basin of Nigeria and the surrounding basement rocks used
aeromagnetic data and radioactive sources to obtain heat flow
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values of range 69.167 𝑚𝑊𝑚−2 to 124.821 𝑚𝑊𝑚−2 with an
average value of 90.959𝑚𝑊𝑚−2 . Heat flow were found to be less
than 60 𝑚𝑊𝑚−2 while flow more than 100 𝑚𝑊𝑚−2 are found in
NE, NW parts, based on the submission of Obande et al. (2014),
that average heat flow in thermally normal continental regions is
reputed to be above 60 𝑚𝑊𝑚−2 , values more than 80 𝑚𝑊𝑚−2
to 100 𝑚𝑊𝑚−2 , indicate anomalous geothermal conditions.
They observed anomalies of above 100 𝑚𝑊𝑚−2 and hence
called for further investigation. While Nwankwo & Sunday (2017),
estimated the Curie point depths, geothermal gradient and
subsurface crustal heat flow regionally, using aeromagnetic data of
Bida Basin on latitude 8.00oN to 10.50oN and longitude 4.50oE to
7.50oE. Results show that CPD varies between 15.57 and 29.62Km
and the geothermal gradient varies between 19.58 oCKm-1 and
37.25 oCKm-1 while the heat flow varies from 48.41and 93.12
mWm-2. Thus, areas with low CPDs and corresponding high heat
flow in their study area suggested anomalous geothermal
conditions. The world heat data collection in 1975 from Geological
Survey of Canada by Jessop et al., 1976) shows that values of heat
flow well above 100𝑚𝑊𝑚−2 are above the normal thermally
continental areas, which imply that there is an anomalous heat flow
MATERIALS AND METHOD
The study area is covered by a High Resolution Aeromagnetic
(HRAM) data. The survey was conducted by the Nigeria Geological
Survey agency in the year 2005 to 2010 and HRAM data were
obtained using a proton precession magnetometer with a resolution
of 0.01nT. Fugro Airborne Surveys carried out the airborne
geophysical work. The Aeromagnetic surveys were flown at a line
spacing of 500m and at terrain clearance of 80m, at a map scale of
1: 100,000 series. Each sheet has an area of 55km by 55km giving
a total area of 45375km2. A total of fifteen (15) sheets were
purchased from the Nigeria Geological Survey Agency (NGSA).
These include sheets 200 - 203, 221 - 224, 241 – 244 and 261 264 covering the entire study area. The total intensity aeromagnetic
data for the study area compiled by the Nigeria Geological Survey
Agency (NGSA) is shown in Figure 2.

The HRAM data Figure 2 are useful for geothermal resource
potential mapping at a variety of scales (Abu El –Ata et al., 2013).
It is used for the estimation of CPD, Heat Flow and Thermal
Gradient. To estimate the Curie point (basal) depth 𝑍𝑏 of the
magnetic source, Tanaka et al (1999) assumed that the layer of the
magnetic source extends infinitely in all horizontal directions, and
that the depth to a magnetic source’s horizontal scale, and the
magnetization M (x,y) is a random function of x and y. Blakely
(1995) showed that the power density spectra of the total field
anomaly 𝑃 is given by
𝑃(𝑘𝑥 , 𝑘𝑦 ) = 𝑃(𝑘𝑥 , 𝑘𝑦 ) × 𝐹(𝑘𝑥 , 𝑘𝑦 )
2

𝐹(𝑘𝑥 , 𝑘𝑦 ) = 4𝜋 2 𝐶𝑚 2 |𝜃𝑚 |2 |𝜃𝑓 | 𝑒 −2|𝑘|𝑍𝑡 [1
− 𝑒 −|𝑘|(𝑍𝑏 −𝑍𝑡 ) ]

2

(1)

Where 𝑃, is the power density spectrum of the Magnetization, 𝐶𝑚
is proportionality constant, 𝜃𝑚 and 𝜃𝑓 are factors for magnetization
and geomagnetic field direction respectively. 𝑍𝑏 𝑎𝑛𝑑 𝑍𝑡 are
depths to bottom and top of the magnetic source respectively. The
equation can be simplified by noting that all terms except
2
|𝜃𝑚 |2 𝑎𝑛𝑑 |𝜃𝑓 | are radially symmetric. Furthermore, the radial
averages of 𝜃𝑚 𝑎𝑛𝑑 𝜃𝑓 are constants. If 𝑃(𝑥, 𝑦) is completely
random and uncorrelated, 𝑃(𝑘𝑥 , 𝑘𝑦 ) is a constant. Hence, the
radial average of P is:
𝑃(|𝑘|) = 𝐴𝑒 −2|𝑘|𝑍𝑡 [1 − 𝑒 −|𝑘|(𝑍𝑜 −𝑍𝑡 ) ]

2

(2)

Where A is a constant and k is the wave number. For wavelengths
less than about twice the thickness of the layer Equation (2) can be
written as equation (3)
1

𝑙𝑛𝑃|𝑘|2 = 𝑙𝑛𝐵 − |𝑘|𝑍𝑡

(3)

Where B is a constant. The upper bound of magnetic source 𝑍𝑡
could be estimated by fitting a straight line through the high-wave
1

number part of a radially average power spectrum[𝑙𝑛𝑃|𝑘|2 ].
1

𝑃(|𝑘|)2 = 𝐶𝑒 −|𝑘|𝑍𝑜 (𝑒 −|𝑘|𝑍𝑡 −𝑍𝑜 − 𝑒 −|𝑘|𝑍𝑏 −𝑍𝑜 )

(4)

Where C is a constant, a long wavelength, equation (4) can be
rewritten as
1

𝑃(|𝑘|)2 = 𝐶𝑒 −|𝑘|𝑍𝑜 (𝑒 −|𝑘|(−𝑠) − 𝑒 −|𝑘|(𝑠) )
≈ 𝐶𝑒 −|𝑘|𝑍𝑜 2|𝑘|𝑠

(5)

Where 2 S is the thickness of the magnetic source. From equation
(5), it can be concluded that
1

[𝑃|𝑘|]2
ln{
} = 𝑙𝑛𝐷 − |𝑘|𝑍𝑜
|𝑘|

Figure 2: The HRAM Map

(6)

Where D is a constant. The centroid of the magnetic source 𝑍𝑜 can
be estimated by fitting a straight line through the lower-wave
number part of the radially average frequency scale power
spectrum average power
Then the Basal Depth 𝑍𝑏 of the magnetic source will be calculated
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from the equation
𝑍𝑏 = 2𝑍𝑜 − 𝑍𝑡

(7)

𝑍𝑂 is the centriod of the magnetic source 𝑍𝑡 is the depth to the
top of the magnetic source, while 𝑍𝑏 is the basal depth of the
magnetic sources assumed to be the Curie point depth
(Bhattacharyya and Lue, 1975; Okubo et al., 1985). At the basal
depth 𝑍𝑏 Ferromagnetic minerals are converted to Paramagnetic
minerals due to a temperature of approximately 580oC (853 K) at
that depth.
The basic relation for conductive heat transport is the Fourier’s law.
Tanaka et al. (1999) showed that any given depth of a thermal
Isotherm is inversely proportional to the heat flow. In a onedimensional case under assumptions, the direction of the
𝑑𝑇
temperature variation is vertical and the temperature gradient is
𝑑𝑍
constant, Fourier’s law takes the form
q = k

dT
dZ

(8)

q is the heat flux measured in units of energy, the SI unit being
W/m2. k is the coefficient of thermal conductivity which is a measure
of how easily heat flows through a material, the SI unit for k is
dT
𝑊𝑚−1 𝐾 −1 𝑜𝑟 𝑊𝑚−1 ℃−1 . is the temperature gradient. The
dZ
thermal gradient is being calculated as follows
dT Tc − 𝑇𝑠 580℃ − 𝑇𝑠
=
=
dZ
Zb
Zb

resource potential. The average value for the entire study area is
0.95 km, with a range of 0.5 km to 1.45 km. At depths of 0.5 km,
drilling will be easier than at depths of 1.45 km which implies that
accessibility of geothermal resource is cost effective at shallower
depths and capital intensive at greater depths considering the cost
of drilling. The area bounded by towns like; Ibadan, Oshogbo,
Ogbomosho and Ilorin fall within the least depth to top values which
are between 0.5 km to 0.7 km.
The Depth to Centroid Map, Figure 3 (c) of the study area also
showed varying depth with an average of 5.5 km, with 3 km as the
least and 8.0 km as the highest values. The highest depth to
centroid is found to dominate mid-south at depth 8.0 km, to southeastern part bounded by Ekiti at depth of 7.4 km of the study area
as indicated by the contour lines on the map. While the least
dominates the middle of the study area bounded by Oshogbo and
Ogbomosho at longitude 4.2°𝐸 𝑡𝑜 4.8°𝐸 and Latitude
7.8°𝑁 𝑡𝑜 8.2°𝑁 at depth of 3.0 km which is at the mid-point of the
study area. Followed by an area around Ibadan at longitude
3.6°𝐸 𝑡𝑜 4.0°𝐸 and latitude 7.2°𝑁 𝑡𝑜 7.8°𝑁 at a depth of 4.0
km south western part of the study area. The highest depth to
centroid 8.0 km is within longitude 4.2°𝐸 𝑡𝑜 4.8°𝐸 and latitude
7.2°𝑁 𝑡𝑜 7.8°𝑁 mid-south of the study area with an area of depth
to centroid 5.4 km south-west towards the extreme end of the study
area.
Table 1: Results for the Single Block window

(9)

Where 𝑇𝑠 the surface temperature.
The surface temperatures used in this work was extracted from the
map of surface temperature study of Shchoneich, (1998).
The Heat Flow values are calculated using equation (10)
dT
580℃ − 𝑇𝑠
q = k( ) = k
dZ
Zb

(10)

Where q is the heat flow and k the coefficient of thermal
conductivity. The k value differs within the study area; the variation
in this value is as result of the different rock units that are within the
study area.
RESULTS AND DISCUSSION
The first result obtained are those of the spectral plot shown in
figure 3 (a), just a sample because all the results for depth to top
(Zt) and depth to centroid (Zo) obtained from the plots have been
extracted and presented on tables 1 and 2 respectively. Followed
by the results for depth to bottom, geothermal gradient (GTG) and
Heat flow (HF) obtain from the use of equations 7, 8 and 9
respectively also presented on table 1 and 2 respectively.
The results presented on table 1 and 2 were harnessed and used
to processed the maps of depth to top, depth to centroid, depth to
bottom, geothermal gradient and heat flow shown in figure 3 (b) to
(f) respectively.
The depth to Top Map figure 3 (b) shows a variation in the depth
to top of the magnetic anomaly to be shallower at some points
represented in blue to purple and deepest at other points
represented in orange. The depth to top of the magnetic anomalous
hot bodies indicates accessible depths to geothermal energy

Table 2: Results for the Optimized Block Window
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(d): Map of Depth to Bottom

(a): A sample of the spectral Plot

(e): Map of Geothermal Gradient

(b) Map of Depth to Top

(f): Map of Heat Flow
Figure 3: Results of Spectral Plots (a), Depth to Top map (b),
depth to Centroid map (c) Curie point depth map (d), geothermal
Gradient (e) map and Heat Flow map (f)
(c): Map of Depth to Centroid
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The Curie Point Depth (CPD) Map figure 2 (d) indicate the depth
at which the magnetic anomaly loses its magnetism at Curie
temperature (𝑇𝑐 ). The average depth in the study area is 10.5 km
with 5.5 km and 15.5 km as the lowest and highest values
respectively. The highest CPD is found to dominate south at depth
15.5 km, to south-eastern part at depth of 13.3 km of the study area
as indicated by the map. While the least dominates the middle of
the study area bounded by Oshogbo and Ogbomosho at longitude
4.2°𝐸 𝑡𝑜 4.8°𝐸 and Latitude 7.8°𝑁 𝑡𝑜 8.2°𝑁 at depth of 5.5 km
which is almost at the mid-point of the study area. Followed by an
area around Ibadan at longitude 3.6°𝐸 𝑡𝑜 4.0°𝐸 and latitude
7.2°𝑁 𝑡𝑜 7.8°𝑁 at a depth of 7.5 km south western part of the
study area. Results of CPD obtained in this research agrees with
the CPD values obtained by (Abraham et al., 2014), obtain at
Ikogosi warm spring.
The Geothermal Gradient Map (Figure, 3e) ; indicate that the
geothermal gradient in (℃𝑘𝑚−1 ) show the rate of depth
dependent temperature growth. Figure 3 (e) showed this depth
dependent temperature growth range 10℃𝑘𝑚−1 to
75 ℃𝑘𝑚−1 with an average value of 42.5℃𝑘𝑚−1 . The high
geothermal gradient values fall within latitude7.8°𝑁 𝑡𝑜 8.2°𝑁 and
longitude 4.2°𝐸 𝑡𝑜 4.8°𝐸,
bounded by Oshogbo and
Ogbomosho. The lowest values are found to be in the mid-south
with 10℃𝑘𝑚−1 NW, NE and SE 25℃𝑘𝑚−1 parts of the study
area. It is interesting to note that the values of the geothermal
gradient shown in the NE and SE parts of this study agrees with
those of the previous researchers (Nwankwo et al. 2011; Megwara
et al. 2013; Nwankwo & Sunday, 2017) in parts of the study area.
The Heat Flow values are divided into three major sections as
indicated on the map Figure 3(f). The low values are of range 20
𝑚𝑊𝑚−2 to 60 𝑚𝑊𝑚−2 which is below the range of the normal
continental fields. Then the intermediate heat flow with values of
60 𝑚𝑊𝑚−2 to 110 𝑚𝑊𝑚−2 fall within the rage of heat flow
values in the normal geothermal continental fields. Also, the
intermediate crustal heat flow values agree with those of (Nwankwo
& Sunday, 2017) that worked in parts of Bida basin which is part of
the present study. While the range of the maximum (110 𝑚𝑊𝑚−2
to 190 𝑚𝑊𝑚−2 ) is above the range for the normal continental
fields, which can be said to be anomalous heat flow. This is an
indication that the heat flow could be sufficient if extracted to serve
as an additional energy source. The area with the high flow is within
the same location with that of the geothermal energy.
Conclusion
The study shows areas with prospects for geothermal energy
resource potential to be where the geothermal gradient is high (45
℃𝑘𝑚−1 to 75℃𝑘𝑚−1 ) and high heat flow (110 𝑚𝑊𝑚−2 to
190 𝑚𝑊𝑚−2 ) have high prospects for geothermal energy. These
areas are Oshogbo and Ogbomosho located within latitude
7.8°𝑁 𝑡𝑜 8.2°𝑁 𝑎𝑛𝑑 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 4.2°𝐸 𝑡𝑜 4.6°𝐸.
The geothermal energy resource potential result obtained in this
research, if exploited can serve as an alternative source of energy
that will reduce the effects global warming posed by fossil fuel and
other non-renewable energy resources.

Recommendation
The results of this research recommends that drilling being the
most accurate technique that can give the accurate result should
be carried out by the government agency concerned in the in the
protective zones identified after applying others like
magnetotellurics which allows detection of resistivity anomalies
associated with productive geothermal depths to ascertain the
result obtained in this research. So that if exploited can serve as an
alternative source of energy that will reduce the effects global
warming created by fossil fuel.
Contribution to knowledge: Results obtained in this research
work forms a basis for further investigation of geothermal energy
potential in the study area.
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