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ABSTRACT

Nigeria, despite its continued population growth, does not generate
enough power for the country's overall usage. The need for
renewable and alternative sources of energy necessitates the need
for this research work. The spectral analysis of aeromagnetic data
was carried out with the purpose of evaluating geothermal energy
resource potential in northeastern Nigeria. The study area is
bounded by latitudes 9°3000”" N — 14°0’00"” N and longitudes
9°0'00"" E - 14°30'00" E. Separation of regional and residual was
carried out on the total magnetic field intensity (TMI) using the fitting
method of order one. For the spectral analysis, a radial power
spectrum was applied to the residual data, which was divided into
eighty-five (85) square blocks (each block representing each
sheet), and each block was analyzed by plotting the log of the
power spectrum against the wavenumber to obtain depths to the
top (Z;) and centroid (Z,) of the magnetic anomalous body
(source). These depths were used to evaluate the Curie-point
depth (CPD), geothermal gradient (GTG), and near-surface heat
flow (HF) in the study area. The results revealed that the values of
curie point depth (Zy,) range from 10.28 km to 50.61 km with a
mean of 34.02 km, geothermal gradient values range from 11.45
°Ckm™! to 56.41 °Ckm™! with a mean of 18.14 °Ckm™! and
heat flow values range from 28.65 mWm™2) to 141.03 m
mWm™2 with a mean value of 45.36 mWm™2. The heat flow has
its maximum values around the southwestern portion of the study
area. This portion and the entire study area with low values of CPD
and high values of heat flow might probably be good geothermal
sources and thereby further recommended for detailed geothermal
exploration.

Keywords: Aeromagnetic Data, Geothermal, Curie Point Depth,
Geothermal Gradient, Heat Flow

INTRODUCTION

The need for development can be achieved through the availability
of sufficient energy or energy source (Cole, 2014). Energy can also
be generated from earth’s subsurface in form of geothermal (Lawal
etal., 2018). Geothermal energy is a clean energy source (Sunday,
2015) and has been exploited by several developed countries like
United States of America, Indonesia, Philippines, Turkey, New
Zealand etc.

Nigeria does not generate enough energy for the country's overall
consumption despite the country's continued population growth
and the need for more power for both residential and industrial use.
Although geothermal energy has been gradually incorporated into
some African and global countries, Nigeria cannot be completely

excluded from the possibility of investigating geothermal energy
(Ewa and Kryrowska, 2010). There has ever been a more pressing
need to investigate the generation of electric power from other
sources to complement the ones being used. According to Lawal
et al. (2018), geothermal energy is the utilization of heat energy
within the earth, whereby the earth's heat engine is powered by the
cooling of the crust and the heating of the lower crust and mantle
by thermal decay of radioactive isotopes. As a result, the
temperature rises with depth below the surface. Because energy is
essential for socioeconomic development and the eradication of
poverty, access to clean energy services is a significant challenge
facing the African continent (Oyedepo, 2012). It has been reported
by many researchers that geothermal energy is a clean and
sustainable energy source, contained in intense heat, that
continually flows outward from deep within the earth’s core (Hulen
and Wright, 2001; Nemzer et al., 2004; Nemzer et al., 2009;
Obande et al., 2014; Sunday, 2015). It utilizes the earth's natural
heat by sourcing superheated water found in joints and fractures in
the earth's crust (Abraham, 2011). According to Nemzer et al.
(2009), GEA (2012), and GRC (2017), the geothermal energy
resource is greater than the combined resources for coal,
petroleum, natural gas and Uranium. Geothermal energy is useful
in heat pumps, geothermal direct heating, and power generation
(Bowyer et al., 2011; Renewable Energy World, 2019).

The thermal energy extracted for geothermal power generation
represents only a negligible fraction of the Earth's total heat
content; thus, geothermal energy is generally classified as
renewable and sustainable (Fridleifsson et al., 2008). Furthermore,
geothermal energy is seen to offer significant potential for
mitigating global warming due to its minimal emissions (Turcotte
and Schubert, 2002). According to the World Energy Council
website, Nigeria produces 4.39 megatons of gas and 120 million
tons of oil annually (World Energy Council, 2014). It is therefore
necessary to counter the effects of greenhouse gases produced in
the country, which are dangerously high due to the high production
of million/mega tons of oil and gas and the high consumption of
these because of insufficient electricity supply. Since the
technology and equipment used in the production of geothermal
energy are quite like those used in the oil and gas industries, the
idea of using renewable energy should be strongly supported
throughout the nation. Therefore, developing its geothermal
resources will be extremely advantageous for Nigeria, an oil-rich
region (Cole, 2014).

In this investigation, the depth to the bottom of magnetic sources
was estimated using spectral analysis, often known as the centroid
approach. The centroid approach is one of the most often utilized
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techniques because, in comparison to other methods, it provides
better estimates with fewer depth mistakes (Ravat et al., 2007). The
technique of determining and analyzing the potential field data's
spectrum is known as spectral analysis. Based on the idea that a
magnetic field measured at the surface can be regarded as an
integral of a magnetic signature from any depth, the spectral depth
approach was developed (Rabeh et al., 2008). To assess the
potential for geothermal energy resources in northeastern Nigeria,
this study entails a quantitative estimate of subsurface heat flow
(HF) anomalies, geothermal gradients (GTG), and Curie-point
depths (CPD). Numerous studies have revealed that magnetic data
can be widely applied to ascertain the thermal structure of the crust
of the earth in a variety of geologic settings (Mohammed et al.,
2019).

Description of Study Area and Geothermal Implications

The study area (Figures 1a&b) is bounded by latitudes 9°30"00" N
—14°0'00" N and longitudes 9°0'00" E — 14°30°00" E and comprises
Adamawa, Bauchi, Borno, Gombe, Taraba, and Yobe states and
part of north central states in the northern part of Nigeria. The area
comprises three major groups of rocks, namely the Precambrian
Basement Complex, Cretaceous Sediments, and
Tertiary/Quaternary volcanic rocks of the Biu Plateau (Jalo, 2015).
In the late 1980s through 1990s, the Basement Complex of
northeastern Nigeria and, to some extent, the Cretaceous sediment
in the region were studied concerning the favorability, structural
settings, and geochemistry of uranium (U) mineralization (Funtua
et al, 1999; Jalo, 2015). Numerous low-grade uranium
mineralizations occur within the Gubrunde horst (basement
complex) and in the sedimentary rocks adjacent to the Peta
syncline. Other U mineralization include those of Ghumchi and
Mika (Dada and Suh, 2006). The mineralization commonly occurs
in fractured, sheared or brecciated zones of granites which are
sometime in association with later rhyolites. (Islam and Baba,
1990). The presence of hot springs and basins, the Tertiary and
Quaternary volcanic rocks, and U mineralization in north-eastern
Nigeria are all good geological evidence of potential geothermal

energy.
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Figure 1(a): Geological map of Nigeria showing the Proposed
Study Area (digitized)
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Figure 1(b): Geological Map of the Study Area (Adapted From
NGSA, 2011).

MATERIALS AND METHODS

The data used in this study comes from an aeromagnetic survey
that Fugro conducted in 2005-2007 on behalf of the Nigeria
Geological Survey Agency. The data has a terrain clearance of 80
meters and flight height of about 500 meters above the ground and
tie line spacings 2 kilometers, in the NW-SE and NE-SW directions
(Sunday et al., 2022). The data acquired by Fugro was so arranged
and save such that the X column represent longitude/easting, Y
column represent latitude/northing, and the Z column represents
the total magnetic intensity. The Total Magnetic Field Intensity
value (Z) was stripped of 33,000 nT for ease of processing.
Therefore, a simple arithmetic addition of 33,000 nT to each value
of Z column was done after the purchase of the data from NGSA to
yield the Z Total before any further processing could be deemed
valid. The X and Y columns were georeferenced in the Universal
Transverse Mercator (UTM) projection system and then set as the
preferred columns.

Eighty-five (85) sheets of aeromagnetic data occupying the study
area were acquired from the Nigerian Geological Survey Agency
(NGSA). Each sheet is 55 by 55 km, and the study's total covered
area is roughly 257,125 sq. km. The Total Magnetic Intensity (TMI)
grid occupying the study area was obtained and processed to
produce the TMI map using Oasis Montaj software. The separation
of residual and regional grids to create residual and regional maps
of the study area came after this. The residual grid was subjected
to a single block window (SBW) approach to produce eighty-five
(85) equal square blocks, and the radial power spectrum algorithm
was used to calculate the spectral of each block.

Estimating Curie Point Depth

Curie Point Depth (CPD) is the depth at which a ferromagnetic
material loses its magnetism and the temperature at that depth is
known as the Curie Temperature or Curie Point (T;). To estimate
the Curie Point (basal) Depth, Zy,, of the magnetic source, Tanaka
et al., (1999) assumed that the layer of the magnetic source
extends infinitely in all horizontal direction and that the depth to a
magnet source's horizontal scale, and the magnetization M(x,y) is
arandom function of x and y. Blakely (1995) showed that the power
density Spectra of the total field anomaly P;

P(Ky, ky) = Py, ky) X F(ky, ky) (Blakely,1995) 1

F(kx: ky) = 4_1.[2Cm2|em|2|ef|2e—2|k|zt[1 - e_lkl(zb_zt)]z
(Blakely, 1995) 2

Where Py is the power density spectrum of the Magnetization, C,,,
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is proportionality constant, 6, and ©; are factors for the
Magnetization and geomagnetic field direction respectively. Z, and
Z; are the depths to the bottom and top of the magnetic source
respectively. The equation can be simplified by noting that all terms
except |8,,1% and|6¢|? are radially symmentric. Furthermore, the
radial averages of 8, and O¢are constant. If P(x,y) is completely
random and uncorrelated, P(ky, k) Is a constant. Hence, the
radial average of P is:

P(Ik[) = Ae~2IKlz[1 — -IKI(zn-20]? 3

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

1
InP|k|z = inB — |K|Z; 4

Where B is constant. The upper bound if magnetic source (Z;) can

be estimated from the slope (by fitting a straight line through the

high-wave number part) radially average power spectrum
1

[InP[k|z].

PIKz = CeMlzo (e IkIz—20) _ o=Ikl=20)

Where C is a constant, a long wavelength, equation (5) can be
rewritten as
Plk|z = Ce~ K120 (= IKI=) _ o=IkI®)) ~ CelKlzo2||s

6

Where 2s I'd the thickness of the magnetic source. From equation

(3.16), it can be concluded that

[PIk]z
K|

In { } = inD — [K|Z, 7

Where D is a constant, the centroid of the magnetic source Z, can
be estimated by fitting a straight line through the lower-wave
number part if the radially average frequency scale power spectrum
average power. Then the Basal Depth Z, assumed to be the CPD
(Okubo et al., 1994, Kasidi and Nur, 2014;) of the magnetic source
can be calculated from the equation, thus,

Iy = 27 — Zy 8

Where Z, is the depth to centroid of the magnetic source and Z, is
the depth to the top of the magnetic anomalous body (source). At
the basal depth, Z,,, ferromagnetic minerals are converted to
paramagnetic minerals due to a temperature of approximately 580
°C (853 K), at that depth.

Estimating Geothermal Gradient

Geothermal gradient (GTG) is the rate the earth’s temperature
increases with depth, indicating heat flowing from the earth’s
interior to the surface.

The basic relation for conductive heat transport is the Fourier's law.
Tanaka et al. (1995) showed that any given depth of a thermal
Isotherm is inversely proportional to the heat flow. In a one-
dimensional case under assumption that the direction of the

temperature variation is vertical and the temperature gradient j—; is
constant, Fourier's law takes the form

dT
q=k, 9

q is the heat flux measured in units of energy, with the Sl unit given
as W/m2. k is the coefficient of thermal conductivity which is a
measure of how easily heat flows through a material, the Sl unit for

k is Wm K" or Wm-1oC-1, j—; is the temperature gradient. The

thermal gradient is being calculated as follows
CLE 10
dz = 7y

Where Ts is the surface temperature. An average geothermal
gradient of the Earth approximately 30°Ckm! (Nemzer et al., 2009;
Barbier, 2002; Kersey, 2015).

Mohammed et al. (2019) claim that temperature affects the
strength and magnetic susceptibility of the crust's constituent
materials. When temperatures rise above the Curie point, induced
and remanent magnetization vanish, and magnetic ordering
becomes loose. However, when temperatures surpass 580°C,
ductile deformation starts to occur in certain materials. Then,

dT 580°C

— = 1

dz Zy

Estimating Heat Flow
The heat flow (HF) values are calculated using

dT

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 rocks units that are within
the study area. Consequently, the thermal conductivity of rock units
that are within the study area. Consequently, the thermal
conductivity of rock units within each HRAM data sheets were
average and used for computing the HF for each block and then for
the study area. Thermal values for this study range from 1.2 Wm-
1oC-1 to 3 WmoC-! and the average value is 2.5 Wm-'C-! for the
study area.

RESULTS AND DISCUSSION

The TMI data acquired was gridded to produce the total magnetic
intensity (TMI) grid map as shown in Figure 2 below. The earth
magnetic anomaly field is a combination of the effects of both
deeper, broader sources known as regional and local sources
which are consider as noise and as well as anomalies of interest
otherwise residual anomalies. The difference between the
observed field data (Y) and the regional field data (Y) gives the
residual field data. The residual and regional maps are presented
in Figures 3 (a&b) below.

Evaluation of Geothermal Energy Resource Potential in Northeastern Nigeria
Using Spectral Analysis of Aeromagnetic Data

124


https://dx.doi.org/10.4314/swj.v20i1.16
http://www.scienceworldjournal.org/

Science World Journal Vol. 20(No 1) 2025
www.scienceworldjournal.org

ISSN: 1597-6343 (Online), ISSN: 2756-391X (Print)
Published by Faculty of Science, Kaduna State University

https://dx.doi.org/10.4314/swj.v20i1.16

[TTTTTTTTITS

.

ELEERRE R L

00 bh s 10 00 D 4.0 e 4 N s O 100 O3 VA a2 Bae D) e 00 O 48

i

3
=)

os 0 o5 1
e —
wism

TMI MAGNETIC INTENSITY MAP OF THE STUDY AREA

Figure 2: Total Magnetic Intensity (TMI)I Map of the Study Area
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Figure 3(a): Residual Map of the Study Area

Figure 3(b): Regional Map of the Study Area

Blocks (sheets) 1 to 85 comprised the eighty-five (85) spectral
blocks that made up the residual map. The power spectrum
algorithm of the MAGMAP step-by-step filtering program was used
for the spectral analysis. The results of the radially average power
spectrum plots for blocks 1 and 2 are displayed in Figures 4 (a &
b). This was achieved for all the blocks. The results were imported
in excel to estimate the depth to top and depth to centroid of each
block. All spectral plots obtained from the radially average power

spectrum are shown in Figures 5 for only block 1 as samples, all
other plots are in Appendix A (to be available on request). The
estimated depth to top (Z;) and depth to centroid (Z,) for each
block is as displayed on the spectral plot. Table 1 below shows all
the results obtained for (Z;) and (Z,).

RADIALLY. FOWER SFECTRUM RANALLY AVERAGED POWER SPECTRUM
P i i 1
DEPTH ESTIMATE DEFPTH ESTIMATE
0 - g N : b
N I [ o ool 3 | o . N
a: Block 1. b: Block 2.
Figure 4: The Power Radial Energy Spectrum plots.
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Figure 5: Spectral Plots for Block (Sheet) 1

Table 1 below shows all the results obtained for depth to top (Z;),
depth to centroid (Z,), the longitude and latitude for each block,
and the estimated CPD (Zy,). The coordinates of each block and
CPD values were used to produce the CPD map (Figure 6). The
values of CPD estimated range between 10.3 Km and 50.6 Km with
a mean of 34.0 Km. The Geothermal Gradient (GTG) values for all
the blocks were computed using their respective CPD. The GTG
values as well as their respective coordinates were used to

10

Wave Number, k (rad/km)

produce the GTG map (Figure 7). The estimated values range from
11.5 °CKm~1 to 56.4 °CKm ™' with a mean of 18.1 °CKm™1.
Table 1 above showed all the CPG, GTG and HF results obtained
for all the blocks. The HF values as well as their respective
coordinates were used to produce the HF map of the study area
(figure 8). The estimated values range from 28.6 mWm™2 to
141.0 mWm™2 with a mean of 45.4 mWm™2.

Table 1: Results of estimated Z,, Z;, CPD (Zy,), GTG (Z—T) and HF (q) for all the blocks

LONG LAT z, z; zy ar oC q
BLOCK | () () (Km) (Km) (Km) = C/km) mWm™?
1 9.25 9.75 14,021 2.3451 256969  22.57082 56.42704
2 9.75 9.75 12.03 2.2002 218508  26.53272 66.33181
3 1025 975 16.809 1.9363 316817 18.3071 4576775
4 1075  9.75 6.0483 1815 102816 5641145 141.0286
5 1125 975 2097 1.8124 401276 14.45389 36.13473
6 175 975 16.038 2.2281 208479 19.43185 4857963
7 1225 975 17.689 24157 320623  17.50586 43.98965
8 1275 975 22,023 2.9277 411183 14.10564 35.2641
9 1325  9.75 18.799 3.2039 343941 16.86336 42.15839
10 9.25 1025  16.078 2.2043 208617 19.42087 4855718
11 9.75 1025 18334 2.2669 344011 16.85993 42.14981
12 1025 1025  14.36 2.38 26.34 2201974 55.04935
13 1075 1025  13.606 17522 254508  22.78101 56.95253
14 1125 1025  22.936 2.8706 430014 13.48793 33.71983
15 1175 1025  20.563 2.2763 38.8497  14.92933 37.32333
16 1225 1025  10.887 2.3884 19.3856 2991912 7479779
17 1275 1025  14.826 2.5789 270731 21.42348 53,5587
18 1325 1025  11.358 21816 205344 28.24529 7061321
19 9.25 1075  9.4039 2.31 164978  35.1562 87.89051
20 9.75 1075 20.703 2.3924 300136 14.86661 37.16653
21 1025 1075 15315 2.3988 282312 20.54465 51.36161
22 1075 1075  26.457 4.9554 479586 12.09376 30.23441
23 1125 1075  18.813 1.3967 362203  16.00914 40.02285
24 1175 1075 218 24176 411824 14.08369 3520022
25 1225 1075  15.031 2.3698 276922 20.94453 52.36131
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74 10.25 13.25 18.403 2.6394 34.1666 16.97564 42.43911
75 10.75 13.25 19.071 3.9723 34.1697 16.9741 42.43526
76 11.25 13.25 20.328 4.0702 36.5858 15.85315 39.63286
77 11.75 13.25 16.126 4.7204 27.5316 21.0667 52.66675
78 12.25 13.25 26.542 5.7009 47.3831 12.24065 30.60163
79 12.75 13.25 23.597 6.781 40.413 14.35182 35.87954
80 13.25 13.25 21.295 8.164 34.426 16.84773 42.11933
81 13.75 13.25 27.565 45153 50.6147 11.45912 28.6478
82 14.25 13.25 25.327 9.739 40.915 1417573 35.43933
83 12.75 13.75 20.378 6.4542 34.3018 16.90873 42.27183
84 13.25 13.75 23.439 7.5096 39.3684 14.73263 36.83157
85 13.75 13.75 21.047 7.3098 34.7842 16.67424 41.68559
Min 6.0483 1.3967 10.2816 11.45912 28.6478
Max 27.565 9.739 50.6147 56.41145 141.0286
Mean 18.90504 3.795072 34.015 18.14257 45.35641
Std Dev 4.171957 1.924367 7.366651 5.844095 14.61024
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The research area's total magnetic intensity map (TMI) (Figure 2)
. ‘ . demonstrates that the magnetic intensity of the study area is

13.51 | °CKm™! divided into regions of high and low magnetic signatures. The

O . map's pink coloration indicates a high magnetic signature, whereas

131 - the blue coloration indicates a low magnetic signature. The TMI

b O ° O Bl map of the research area clearly shows the high magnetic

= 42 signature region in the southern and some northeastern parts,

‘?,, 124 0 AL indicating the high magnetic signature trends southeast.

T 34 Differential magnetic susceptibilities, lithology, depth variations,

E 115 ‘fi} =EY and strike angles can all contribute to variations in magnetic

— q O | )% signatures. The research area's northwestern section exhibits a

] N " 22 less prominent high magnetic signature than the northern and

1051 /x,- L8 western sections, which are both characterized by a low magnetic
a/\ 1/\_) 1;‘ signature.

101 A G@ - In the regional map (Figure 3b), it was observed that the trend

95 10 105 11 115 12 125 13 135 14 pattern is NE-SW which is in conformity with most tectonic

structures. The values of the regional field of the aeromagnetic data

) Longitude OF , were increasing from NW to SE section.
Flgure 7: GTG Contour Map of the Study Area (Contour interval of The research area's residual magnetic intensity map (Figure 3a)
3°C/km) displays the magnetic intensity values, which vary from -210.0 to
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168.6 nT. The research area's southern, northwest, and northeast
regions are where the highest magnetic anomaly signatures are
primarily seen. Nonetheless, sporadic traces are also seen,
primarily in the study area's northern regions. Throughout the
middle region of the research area, low magnetic anomaly signs
are seen ftrending eastward. Low magnetic anomalies are
connected to the sedimentary region, but high magnetic anomalies
could be the consequence of basement intrusion into the strata
(Mohammed et al., 2019).

The research region's Curie point depth contour map (Figure 6)
shows that the southern portion of the area is covered in low
depths, while the northeastern and certain areas of the central
portion have high CPD. Tanaka et al. (1999) reported that different
geological contexts typically result in significant variations in the
CPDs, and compiled CPD results from multiple researchers
worldwide and concluded that CPDs shallower than 10 km are
found in volcanic, tectonic, and associated geodynamic
environments, while CPDs between 15 and 25 km are caused by
island arcs and ridges, and deeper than 25 km are found in
plateaus and trenches.

The GTG contour map (Figure 6) shows that high GTG above 30
°C/km is observed in the southern part, with very high values in
the southwest region of the study area. The computed HF values
range between 28.65 and 141.03 mWm™2, with an average of
45.36 mWm™2. The research area’s HF exhibits a SW trending
and increasing from the central portion towards the southwest. The
contour maps of the GTG and HF indicate that the GTG and the
HF are closely connected, and most regions with high HF also have
significant geothermal gradients. The heat flow anomalies are
found around the Kerri formation, tertiary to recent volcanic, and
metamorphic (Bima sandstone and Yolde formation) areas.
According to Mohammed et al. (2019), all current literature states
that CPD and HF greatly depend on geological conditions, whereas
HF is the primary observable parameter in geothermal exploration,
and generally high HF values correspond to volcanic and
metamorphic regions since the two units have high heat
conductivities. Additionally, tectonically active regions have a
significant impact on heat flow (Tanaka et al., 1999). Geothermal
energy does also occur in areas where basement rocks that have
relatively normal heat flow are covered by a thick blanket of
thermally insulated sediments (Mohammed et al., 2019).

In thermally normal continental regions, the average HF is about
60 mWm™2, values between 80 and 100 mWm™2 are good
geothermal sources, while values greater than 100 mWm™? are
an indication of anomalous geothermal conditions (Nwankwo and
Sunday, 2017). In view of this, areas with high HF values make the
study area favorable for geothermal potential.

According to Nwankwo and Sunday (2017), the average HF in
continental regions that are thermally typical is approximately 60
mWm™?; values in the range of 80 to 100 mWm™2indicate a
good geothermal source; values over 100 mWm™2 indicate
abnormal geothermal conditions (Mohammed et al., 2019). For this
reason, the research region has favorable geothermal potential in
locations with high HF values.

Conclusion

The research area’s estimated CPD results show that the CPD
varies inversely with HF, indicating a decrease in HF in the study
area as the CPD increases. With an average of 34.02 km, the
estimated Curie point depth values vary between 10.28 and 50.61
km. This indicates that Curie depths are a good indirect indicator of

the research area’s thermal structure. With an average of 18.14
°Clkm, the research area’s computed geothermal gradient values
range from 11.46 to 56.42 °C/km. With an average of 45.36
mWm~2, the HF values, obtained from the research area’s
geothermal gradient values, range from 28.65 to 141.03 mWm ™2,
The outcome is favorable as it can be applied to investigate
geothermal energy in the research region as a potential alternative
energy source, especially in regions with low values of CPD and
high HF values.
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