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Abstract

The study presents the results of the analyses of heat flow for geothermal energy exploration on a reconnaissance basis within the Bornu
Basin and its environs using an airborne magnetic and radiometric data set. The study area is bounded with latitude 11.00-13.00°N and
longitude 11.00-14.00°E with an estimated total area of 72,600 km?. The residual of the total magnetic field of the study area was
subdivided into seventy-one (71) overlapping spectral blocks of 55 x 55 and 110 x 110 km?* windows. Spectral analysis by fast Fourier
transform was performed on each overlapping block, and centroid depth and depth to the top of the magnetic source were obtained
from the plots of the log of energy against wave number. The results showed that the centroid depth for the two windows ranges from
6.28 to 17.70 km and 7.83 km to 23.50 km, respectively. Similarly, the depth to the top of the magnetic source for the two windows also
ranges from 1.66 to 6.12 km and 2.27 km to 6.37 km. The Curie point depth obtained for the two windows ranges from 8.78 to
32.69 km and 10 km to 42 km, respectively. The heat flow obtained using an average thermal conductivity of 2.54 Wm '°C™" ranges
from 55.36 to 161.18 mWm ~ and 34.30 to 126 mWm > for the two windows, respectively. The maximum heat flow of 80 to 100
mWm  indicates that a geothermal potential source was found at the southeastern part of the study area corresponding to Gwoza and
Galdekore. The results of radiogenic heat flow (RHP) range from 0.80 to 2.47 uWm >. The maximum RHP of 2.2 to approximately
2.5 uWm * is considered as radiometric signatures signifying probable geothermal potential sources, which could be found at the
southeastern part of the study area corresponding to Gwoza and Galdekore. The agreement between the two heat flows obtained from
the analysis of airborne magnetic and radiometric data sets is an indicator that the southeastern part of the study area is a viable source
for potential geothermal energy exploration.
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Introduction

Geophysical techniques are mostly integrated to determine the
nature of the subsurface, investigate the subsurface layers and
structures of the earth which might support hydrocarbon ex-
ploration, determine the heat flow from the earth’s interior for
geothermal exploration, delineate minerals and other
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economic materials present in the earth, and provide an inte-
grated approach to some geological problems (Reynolds
2011). They are often used to complement the results from
other geophysical methods adopted for particular research be-
cause different geophysical methods are sensitive to different
physical properties of the subsurface media (rocks, sediment,
water, void) (Reynolds 2011). High-resolution airborne mag-
netic and radiometric methods have been widely used by sev-
eral scholars beyond geothermal exploration, such as mapping
of subsurface geological structures (Anderson and Nash 1997
Bassey and Barka 2015; Okpoli and Akingboye 2016; Ejepu
et al. 2018; Okeyode et al. 2019; Siagian et al. 2013; Ademila
et al. 2019), mineral exploration (Goossens 1993; Airo 2007,
Ercan et al. 2014; Appiah 2015; Adepelumi and Falade 2017,
Eze et al. 2017; Elkhateeb and Abdellatif 2018; Pereira et al.
2019; Lawal 2020), and environmental monitoring and geo-
logical mapping (Paoletti and Pinto 2005; Ademila 2018).
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The principal sources of heat flow from the earth’s interior
are derived from the cooling of the earth from its earlier hotter
state during earth formation and the decay of radioactive iso-
topes, mainly from potassium, thorium, and uranium (Pollack
and Chapman 1977; Benkhelil 1989; Vacquier 1998; Kearey
et al. 2002). The decay of naturally occurring radioactive iso-
topes comes with the release of heat energy, and most of this is
generated by the decay of “°K, >**U, and **Th (IAEA 2003).
Rocks (sedimentary rocks) with a high concentration of 40K
238U, and **>Th that produce radiogenic heat flow and regions
of shallow Curie point depths, high geothermal gradient, and
high heat flow are the targets for geothermal prospecting in an
area of investigation (Bansal et al. 2011; Alistair et al. 2014).

Previous heat flow studies carried out in the area of study
include the following: Nwankwo and Ekine (2009) used well
log data from fourteen oil wells in part of the Bornu Basin and
obtained an average thermal conductivity of 2.35 Wm '°C !,
and the heat flow results obtained ranged from 63.6 to 105.6
mWm ? with an average of 80.6 mWm 2. Kwaya et al. (2016)
also carried out a heat flow analysis using well data from
nineteen wells and obtained thermal conductivities ranging
from 0.58 Wm™'K™' to 4.207 Wm'K™" with an average of
1.626 Wm™ 'K and heat flow ranging from 45 to 90
mWm 2. Lawal and Nwankwo (2017), Akiishi et al. (2018),
and Dimgba et al. (2020) used spectral analysis of acromag-
netic data and obtained heat flow values ranging from 33.23 to
79.76 mWm 2, 89 to 117.80 mWm >, and 72.24 to 136.43
mWm 2, respectively.

The present study attempts to combine airborne magnetic
and radiometric methods to assess the heat flow over the
Bornu Basin and its environs and provide an implication for
geothermal exploration on a reconnaissance basis.

Location and the geologic settings
of the study area

The area of study falls within the southwestern part of the
Chad Basin, locally known as Bornu Basin, and its environs
bounded by longitudes 11.00 to 14.00°E and latitudes 11.00 to
13.00°N in northeastern Nigeria with an estimated total area of
72,600 km? (Fig. 1). The study area is bordered by the
Republic of Niger, Chad, and Cameroon to the north, north-
east, and east, respectively.

The geology of the Bornu Basin has been discussed by
different scholars, such as Okosun (1992 & 1995);
Olugbemiro et al. (1997); Obaje (2009); and Olabode
Solomon et al. (2015). The Bornu Basin falls in the southern
part of the Chad Basin, which is one-tenth of the whole Chad
Basin, which extends to the Niger Republic, Chad, and
Cameroon. It forms part of the West-Central African rift sys-
tem (WCAS) and was formed as a result of the mechanical
division of the African crustal blocks in the Cretaceous (Genik
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1992). The basin belongs to the West African rift system
(WARS) component as WCAS (Okosun 1995). The Bornu
Basin (study area) lies between latitudes 11.00 and 13.00°N
and longitude 11.00 and 14.00°E, covering Borno State, part
of Yobe State of Nigeria (Fig. 2).

Geologically, the Bornu Basin has been explained as a
broad sediment-filled depression overlapping northeastern
Nigeria and adjoining parts of the Republic of Chad (Obaje
2009). The sedimentary rocks of the area have a cumulative
thickness of over 3.6 km, and the rocks consist of a thick basal
continental sequence overlaid by transitional beds followed by
a thick succession of Quaternary limnic, fluviatile, and eolian
sands and clays.

The study area is made up of different formations (litho-
logical units). The Chad formation, which is predominant in
the area, occupies the northern and the eastern parts of the
study area overlying other formations, the Keri-Keri forma-
tion at the southern and southwestern part overlying the Yolde
formation at the southern part, the Pindiga formation at the
southwestern part of the study area, the Gombe formation at
the southwestern part overlain by the Chad formation, the
Pindiga formation at the southern part intruded into the
Chad formation, the Yolde at the extreme southern part, and
the Bima formation overlain by the Keri-Keri formation at the
southern part of the study area (Fig. 2).

Materials and methods
Data source

Twenty-four (24) half degrees by half degree airborne mag-
netic and radiometric data were acquired from the Nigerian
Geological Survey Agency (NGSA) Abuja. The aero-
radiometric and aeromagnetic data set were obtained as part
of the airborne survey carried out between 2005 and 2009 by
Fugro on behalf of the Nigerian Geological Survey Agency
(NGSA 2005). The data were obtained at an altitude of 100 m
along a flight line spacing of 500 m oriented in NW-SE and a
tie line spacing of 2000 m. The maps are on a scale of
1:100,000 and half-degree sheets. The geomagnetic gradient
was removed from the aeromagnetic data using the
International Geomagnetic Reference Field (IGRF) of 2010.

Methods

The following steps were employed to achieve the aim and
objectives of this study:

i. Assembling and knitting of the twenty-four acromagnetic
and aero-radiometric datasheets covering the study area to
produce the total magnetic intensity (TMI) and the equiv-
alent concentration maps of potassium (K), thorium (eTh),
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Fig. 1 Location map of the study area

and uranium (eU), respectively, using Oasis montaj
software.
ii. Reduce the TMI map to the pole to get the exact position
of the anomalies observed in the area over their causative
bodies.
Estimate the Curie point depth, geothermal gradient, and
heat flow using a spectral analysis method.
iv. Determine radiogenic heat flow from the concentrations
of potassium (K), uranium (eU), and thorium (eTh).
v. Using (iii) and (iv) to determine potential regions within
the study area for geothermal prospecting.

iii.

Curie point depth, geothermal gradient, and heat
flow from spectral method

The Curie point depth, geothermal gradient, and heat flow
can be determined from the spectral analysis of the aero-
magnetic data. The use of aeromagnetic data in determining

CPD has widely been used by several authors (Mayhew
1982, 1985; Okubo et al. 1985, 1989, 1991, Okubo and
Matsunaga 1994, Okubo et al. 2003; Blakeley 1988;
Tsokas et al. 1998; Salem et al. 2000, 2014; Bansal and
Dimri 2010, Bansal et al. 2011; Abraham et al. 2014;
Nwankwo and Shehu 2015; Irumhe et al. 2019; Dimgba
et al. 2020). Spector and Grant (1970) explained the spec-
tral analysis method which was used to determine the depth
to the top of a magnetic four-sided prism (Z,) from the
gradient of the log of the power spectrum. The depth to
centroid of the magnetized source rock (Z,) was calculated
by Bhattacharyya and Leu (1975, 1977) from the idea of
Spector and Grant (1970). Okubo et al. (1985) combined
and expanded the idea from Spector and Grant (1970) and
Bhattacharyya and Leu (1977) to develop the method to
determine the bottom depth of magnetized bodies (Z,). If
the degree at which a magnetic body of a 2D body is
random and uncorrelated, the circular average of the power
density spectra of the total field anomaly, p(k), could be
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Fig. 2 Geological map of the study area

expressed as follows (Blakely 1995; Stampolidis et al.
2005; Bansal and Dimri 2010, Bansal et al. 2011; Salem
et al. 2014):

P(k) = A| 0% (1_|*Ik\(zlrz,)2) "

where A is considered to be a constant; Z; and Z;, denote the
depths to the top and bottom of the magnetic body, respec-
tively; and k indicates the wave number of the magnetic field.

According to Okubo et al. (1985), depth to the bottom of
magnetic bodies (Z;,) can be achieved in two stages. Firstly,
the centroid depth (Z,) of the deepest magnetic source is eval-
uated from the gradient of the longest wavelength part of the
spectrum divided by the wave number using the following
equation (Bansal et al. 2011; Nwankwo and Shehu 2015):

In <P W) = B-|k|Zo 2)

k

where P is the power spectral density, B is a constant quan-
tity, and Z, is the centroid depth.

@ Springer

Secondly, the uppermost depth to the magnetic body is also
derived from the gradient of the high wave number portion of
the power spectrum as follows:

In (P(k)%) — 2Kz, (3)

where P is the power spectral density, C is a constant quan-
tity, and Z, is the depth to top of the basement.

The depth to the bottom of magnetized body is therefore
then obtained as follows:

Zy = 2202, (4)

where Z, is the depth to the bottom of the magnetized body,
Z, is the centroid depth, and Z; is the depth to the top of
magnetized body.

As ecarlier discussed, depth to the bottom of magnetic
bodies was calculated in three phases: (i) dividing the
residual map of the TMI map into overlapping blocks;
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(i) computing the logarithm of the power spectrum for
each block, the centroid depth, and depth to the top of
the magnetized body is obtained; and (iii) using Zj, =
27, — Zi, the basal depth is calculated.

Having calculated the DBMS, the heat flow is therefore
calculated from the equation as follows:

g=k2 (5)

oz

where q is the heat flow, k is the thermal conductivity, and
dT/dZ is the thermal gradient.

According to Tanaka et al. (1999); Stampolidis et al.
(2005); and Maden (2010), the DBMS is related with the
Curie temperature (580°C), and the vertical direction of tem-
perature variation and the constant thermal gradient were as-
sumed. The geothermal gradient (dT/dz) between the earth’s
surface and the Curie point depth (Zb) is defined using the
relation as follows:

ar
p— 4 6
="tz (©)

dT/dZ is the thermal gradient, Oc(580°) is the Curie temper-
ature, and Z,, is the Curie depth.

Application to aeromagnetic data

The spectral analysis was carried out on the residual field of
the aeromagnetic anomaly data of the study area. The residual
anomaly map was divided into seventy one (71) spectral over-
lapping square cells/blocks comprised of 44 blocks of 55 x 55
km? and 27 blocks of 110 x 110 km? for the spectral analysis.
Of the spectral blocks, 50% overlapping was ensured in this
study, and the choice of having the block division in two
windows (55 x 55 km? and 110 x 110 km?) was to avoid error
in the interpretation of depth (Nwankwo and Shehu 2015). It
is a tradition to subdivide the magnetic anomaly map into
blocks/cell of choice dimension when performing spectral
analysis. This has widely been done by several workers, for
example. Connard et al. (1983) subdivided a total field mag-
netic anomaly map into overlapping blocks of 77 x 77 km? to
determine the radially averaged power spectrum for each
cell/block, Bektas et al. (2007) divided residuals of the aero-
magnetic anomaly map into 78 overlapping blocks of 150 x
150 km?, and Shirani et al. (2020) also divided reduced to
magnetic pole (RTP) of an aecromagnetic anomaly map into
55 overlapping blocks of 80 x 80 km® and determined the
radially average power spectrum of each cell. Division of
aeromagnetic anomaly maps into overlapping blocks of dif-
ferent dimensions is a choice of the interpreter of the acromag-
netic anomaly data. It is worth mentioning that Nwankwo and
Shehu (2015) acknowledged the fact that the use of a small
window size for the spectral analysis of aeromagnetic data

might be a fundamental error in the interpretation of aeromag-
netic anomaly map for depth to the top of the magnetic
basement.

In this study, the spectral analysis by FFT was performed
on each overlapping block, and the plots of the logarithm of
spectral energy In(E) against the wave number (cycle/km)
were produced using a Matlab program specifically designed
to obtain the gradients for deepest depth (centroid depth) and
depth to the top of a magnetic source.

Radiogenic heat production

Joly (1909) recognized the relationship between the observed
heat flow and the heat generated by radioactive isotopes in
local rocks. When a radioactive isotope decays, it emits ener-
getic particles and gamma rays. The two particles that are
important in radiogenic heat generation are alpha particles
and beta particles. The alpha particles are equivalent to helium
nuclei and are positively charged, while beta particles are
electrons. To be a significant source of heat, a radioactive
isotope must have a half-life comparable to the age of the
earth, the energy of its decay must be fully converted to heat,
and the isotope must be sufficiently abundant. All naturally
occurring radioactive elements (NOREs) produce heat to a
certain extent, but only the contributions of the decay series
of 238U, 2%%U, 2*Th, and *°K are geologically relevant (Vila
et al. 2010). The naturally occurring radioactive isotopes that
produce heat, mainly 238U, 234U, 232Th, and 4OK, are present
in different concentrations in sedimentary rocks, and the heat
production varies widely with lithology due to variations in
the concentration of U, Th, and K (Haack 1982; Cermak and
Rybach 1982). In natural uranium, the proportion of ***U is
99.28%, **U is about 0.71%, and the rest is 234U. The abun-
dance of the radioactive isotope *’K in natural potassium is
only 0.01167%, but potassium is a very common element and
its heat production is not negligible. The amounts of heat
generated per second by these elements (in pWkg ') are ura-
nium, 95.2; thorium, 25.6; and natural potassium, 0.00348
(Rybach 1988). The radioactive heat production (A in
1wWm ) by radioactivity in a rock that has concentrations
Cy (ppm), Ctp, (ppm), and Cy (%) for uranium, thorium,
and potassium, respectively, is given as:

RHO = 107p(9.52C,, + 2.56Cp;, + 3.48C}) (7)

where RPH is the radioactive heat production in uWm > ,p
is the density of rocks, and Cy;, Cty,, and Cy are concentrations
for uranium, thorium, and potassium, respectively.

The radioactive heat contribution from the study area will
be calculated from the concentration maps of uranium Cy,
thorium Cry, and potassium Cg using Eq. 7. The result ob-
tained from this will be compared with the heat flow calculat-
ed from the spectral analysis of aeromagnetic data to ascertain

@ Springer
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the source of heat within the area with implications on the
geothermal resources within the study area.

Results and discussion

The TMI (Fig. 3) of the study area was subjected to
regional/residual separation using polynomial fitting to
remove the effects of the long-wavelength anomalies that
might overshadow anomalies of interest. The residual map
of the study area (Fig. 4) is characterized by high
(positive) and low (negative) magnetic anomalies with
the magnetic values ranging from —132.1 to 159.2 nT.
The sum of 33,000 nT removed from the total magnetic
field for the purpose of handling must be added to it to get
the actual value of the total magnetic field at any point.
Variations of magnetic signature in the earth’s magnetic
field are produced from three major sources: variation in
the lithologic units, basement structures, and authigenic
minerals in sedimentary rocks (Bird 1997). Dominant
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structures delineated on the map trend NE-SW which is
related to the Pan African trend (Okosun 1995; Aderoju
et al. 2016). Other structures identified on the map trend
E-W and NW-SE.

This map was used for the spectral analysis to estimate the
Curie depth, geothermal gradient, and heat flow for potential
geothermal prospecting sites within the study area.

Interpretation of Curie point depth, geothermal
gradient, and heat flow maps

The depth to the bottom of the magnetic source (Curie point
depth) was determined from the centroid depth (Z,) and depth
to top of the magnetic basement (Z,) using Eq. 4 (Z,, =
2Z,Z,). The Z, and the Z; were obtained from the plots of
the logarithm of spectral power density (InP) against the wave
number (Fig. 5a, b, ¢, d). Table 1 presents the calculated cen-
troid depth and depth to top of basement obtained from blocks
55 x 55 km? range from 7.83 to 23.5 km and 2.44 to 6.37 km,
respectively. Table 2 presents the results of centroid depth and
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Table 1 Spectral results of the

estimation of the CPD, Block  Longitude  Latitude  Centroid Depth to CPD Geothermal Heat flow

geothermal gradient, and heat nos ©) ©) depth (km) top (km) (km) Gradient (C/km) — (mW/m?)

flow of the study area (blocks 55

x 55 km?) 1 11.25 12.75 6.32 2.84 9.8 59.18 150.32
2 11.50 12.75 17.70 2.71 3269 1774 45.06
3 11.75 12.75 8.10 5.55 10.65  54.46 13832
4 12.00 12.75 9.76 241 17.11  33.898 86.10
5 12.25 12.75 7.90 2.00 13.8 42.02 106.75
6 12.50 12.75 7.67 3.19 12.15 4773 121.25
7 12.75 12.75 7.34 2.93 11.75 4936 12537
8 13.00 12.75 6.90 3.85 995 5829 148.06
9 13.25 12.75 8.04 3.59 1249 4643 117.95
10 13.50 12.75 10.30 3.07 17.53  33.08 84.03
11 13.75 12.75 7.25 5.30 9.2 63.04 160.130
12 11.25 12.25 8.18 2.52 13.84  41.90 106.44
13 11.50 12.25 8.77 3.40 14.14  41.01 104.18
14 11.75 12.25 8.07 2.72 1342 4321 109.77
15 12.00 12.25 9.06 2.06 16.06  36.11 91.73
16 12.25 12.25 6.87 3.50 1024 56.64 143.86
17 12.50 12.25 10.10 4.49 1571 3691 93.77
18 12.75 12.25 11.70 3.83 19.57  29.63 75.27
19 13.00 12.25 16.20 5.32 27.08 2141 54.40
20 13.25 12.25 10.00 5.63 1437 4036 102.51
21 13.50 12.25 14.50 5.32 23.68 2449 6221
22 13.75 12.25 6.28 3.78 8.78  66.05 167.79
23 11.25 11.75 6.90 2.49 11.31  51.28 130.25
24 11.50 11.75 10.30 4.14 1646 3523 89.50
25 11.75 11.75 791 2.75 13.07 4437 112.71
26 12.00 11.75 7.97 2.63 13.31 4357 110.68
27 12.25 11.75 8.88 1.66 16.1 36.02 91.50
28 12.50 11.75 11.20 1.93 2047 2833 71.96
29 12.75 11.75 10.40 3.65 17.15  33.81 85.90
30 13.00 11.75 14.60 3.15 26.05  22.26 56.55
31 13.25 11.75 10.10 427 1593 36.40 9247
32 13.50 11.75 14.60 2.59 26.61  21.79 55.36
33 13.75 11.75 13.10 1.72 2448  23.69 60.17
34 11.25 11.25 9.06 3.6 1452 39.94 101.46
35 11.50 11.25 7.17 3.51 10.83 5355 136.02
36 11.75 11.25 13.80 6.12 21.48  27.00 68.58
37 12.00 11.25 7.80 2.62 1298  44.68 113.49
38 12.25 11.25 11.10 3.01 19.19 3022 76.76
39 12.50 11.25 11.40 3.58 19.22  30.17 76.64
40 12.75 11.25 10.30 424 1636 3545 90.04
41 13.00 11.25 11.20 4.69 17.71  32.74 83.18
42 13.25 11.25 7.05 4.96 9.14 6345 161.18
43 13.50 11.25 8.56 243 14.69  39.48 100.28
44 13.75 11.25 6.40 2.14 10.66  54.40 138.19

depth to top of basement blocks 110 x 110 km? ranging from 55 km? ranges from 8.78 to 32.69 km. The contour map of the
6.28 to 17.7 km and 1.66 to 6.12 km, respectively. The Curie ~ CPD of spectral blocks of 55 x 55 km? (Fig. 6a) shows that the
point depth (CPD) determined from the spectral blocks of 55 x maximum CPD is located at the northwestern and central to
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Table 2 Spectral results of the

estimation of the CPD, Block  Longitude  Latitude  Centroid Depth to CPD Geothermal Heat flow

geothermal gradient, and heat nos ©) ©) depth (km) top (km) (km) gradient (°C/km)  (mW/m?)

flow of'the study area (blocks 110

x110 km?) 1 11.50 12.50 10.70 3.54 17.86 3247 82.48
2 11.75 12.50 12.50 4.20 20.8 27.88 70.82
3 12.00 12.50 14.10 4.01 24.19 2397 60.90
4 12.25 12.50 16.80 3.79 29.81 19.45 49.41
5 12.50 12.50 12.80 3.93 21.67  26.76 67.98
6 12.75 12.50 19.00 4.07 3393 17.09 4341
7 13.00 12.50 18.80 5.58 3202 1811 46.00
8 13.25 12.50 18.40 5.78 31.02  18.69 47.49
9 13.50 12.50 20.50 5.09 3591 16.15 41.02
10 11.50 12.00 14.80 2.44 27.16 2135 54.24
11 11.75 12.00 22.60 2.49 4271 1357 34.49
12 12.00 12.00 20.40 2.81 3799 1526 38.77
13 12.25 12.00 19.30 2.76 3584  16.18 41.10
14 12.50 12.00 13.30 3.19 2341 2477 62.93
15 12.75 12.00 20.50 5.32 3568 1625 41.28
16 13.00 12.00 13.90 6.37 2143 27.06 68.74
17 13.25 12.00 21.50 4.79 3821 1517 38.55
18 13.50 12.00 13.60 4.80 224 25.89 65.76
19 11.50 11.50 13.40 331 2349  24.69 62.71
20 11.75 11.50 22.90 2.85 4295 1350 34.30
21 12.00 11.50 8.18 227 1409  41.16 104.55
22 12.25 11.50 18.60 297 3423 1694 43.03
23 12.50 11.50 8.06 2.70 1342 4321 109.77
24 12.75 11.50 23.20 4.90 41.5 13.97 35.49
25 13.00 11.50 10.10 3.38 16.82 3448 87.58
26 13.25 11.50 23.50 5.18 41.82  13.86 3522
27 13.50 11.50 7.83 4.01 11.65  49.78 126.45

the eastern part of the study area corresponding to Guba,
Buruta, Shettimari; Kilborani, Kesangala, Zunfur, Maiba,
Gabchari, and Galtaru and Marte, Alla, Kariari, and Dikwa, re-
spectively. The minimum CPD value was found at the SE, NE,
extreme NW, and northern part of the study area corresponding
to Jongo, Ngrabawa, Galdekore, Nugurosoye, and Bama;
Mintur, Ngelewa, and Kukawa; Gazabure; and Garunda, respec-
tively. The contour map of the CPD obtained from the spectral
blocks of 110 x 110 km? (Fig. 6b) reveals CPD values ranging
from 10 to 42 km with maximum values found at the central
western part corresponding to Shegau, Babban Gida, Dabalam,
Biri, and Masho; at central SW part corresponding to Ngelzarma,
Garin Basam, Bolkolo, Gujba, and N. Fulani; at the central-
eastern part corresponding to Bolori, Gongolon, Ayaba, and
Masu; and at the NE part corresponding to Mintur, Ngelewa,
and Karba. The minimum values were found at the NW corre-
sponding to Gashua; at the extreme western part corresponding
to Nasari; at the extreme SW part corresponding to Kadi; at the
SE part corresponding to Bama, Shigabaja, Galdekore,
Nugurosoye, and Gwoza.

Curie point depths vary with geological situations (Ross
etal. 2006). Tanaka et al. (1999) established that CPD ranging
below 10 km is attributable to volcanic and geothermal re-
gions, 10 to 15 km is attributable to island arch and ridges,
20 km and above is attributable to plateaus, and 30 km and
above is attributable to trenches.

The geothermal gradient of the study area was produced
and presented by Fig. 6¢ and Fig. 6d for each spectral block of
55 x 55 km?and 110 x 110 kmz, respectively, using a Curie
temperature of 580°C. The geothermal gradient ranges from
20 to 68 °C.km " and 12 to 50 °C.km ™" for the spectral blocks
of 55 x 55 km* and 110 x 110 km?, respectively.

The heat flow was produced for the each of the spectral
blocks of 55 x 55 km* and 110 x 110 km? using an average
thermal conductivity of 2.54 W/m°C obtained from the study
area by Dieokuma et al. (2013). Figure 6e and Fig. 6f show
that the heat flow obtained for each spectral block of 55 x 55
km? and 110 x 110 km? ranges from 55.36 to 161.18 mWm >
and 34.30 to 126 mWm 2, respectively. The results of the heat
flow are inversely proportional to that of CPDs, with the
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Fig. 7 a Potassium concentration (K %) map of the study area. b Equivalent thorium (eTh) concentration map of the study area. ¢ Equivalent uranium

(eU) concentration map of the study area

region of high heat flow corresponding to regions of shallow
CPD. An average of heat flow in the terrestrial continental
crust was between 65 and 48 mWm > (Abraham et al.
2014). The heat flow value between 80 and 100mWm 2 has
been established to indicate geothermal anomalous conditions
in an area for geothermal prospecting (Jessop et al. 1984). It
can therefore be deduced from this study that there are good
spots for geothermal energy resources such as the NW, south-
e, SE, central, eastern, and NE part of the study area. It is
worth noting that the blocks in 110 x 110 km® yield a better
result for the CPD and the heat flow vis-a-vis the ones of 55 x
55 km?. This result agreed with the previous work in the study
area (Nwankwo et al. 2009; Kwaya et al. 2016; Akiishi et al.
2018; Dimgba et al. 2020).

Interpretation of uranium (eU), thorium (eTh), and
potassium (K) concentration maps

Figure 7a, b, and c are the gamma-ray spectrometric maps
that emphasize the nature of the radioelement distribution
and are thus suited to the recognition of the geological
features within the study area. These maps (K, e¢Th, and

@ Springer

eU) are characterized by high, intermediate, and low con-
centrations and also reveal a general relation to the rock
units in the study area. Figure 7a shows a high concentra-
tion of potassium at the southeastern part, southern part,
and the eastern part corresponding to Bama, Mutube, and
Damboa; Nafada; and Dikwa, Mafa, and Ayaba, respec-
tively. It also shows that the intermediate concentration
could be found at the central, western, and northwestern
part corresponding to Chungul Bu, Karaga, and
Benisheikh; Nasari, Potiskum, Badejo, and Alaraba; and
Gashua, Nasari, Dapchi, and Bornu Kiji, respectively. The
low concentration occurred in the northern part and north-
eastern part corresponding to Gazabure and Monguno,
respectively. The concentration value of potassium ranges
from 0.12 to 2.70%. Figure 7b and c are the equivalent
thorium and uranium concentration maps, respectively.
The equivalent thorium and uranium concentration values
ranged from 2.60 to 22.32 ppm and 0.53 to 4.68 ppm,
respectively. A close inspection of these maps shows that
the regions of high, intermediate, and low concentrations
correlate with Fig. 7a. This shows that the three radioele-
ments have the same distribution in the study area.
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Table 3  The summary of the mean concentration of eU (ppm), eTh (ppm), K (%), TC, and the RHP (quﬂ)

Profile no Long. (°E) Lat. (°N) Mean Mean Mean Mean RHP (qu_3)
Cy (ppm) Crn (ppm) Ci (%) Total count

N-S01 11.07 12.00 2.70 11.10 0.60 14.40 1.46
N-S02 11.18 12.00 2.60 10.90 0.60 14.10 1.42
N-S03 11.28 12.00 2.80 11.40 0.60 14.80 1.50
N-S04 11.41 12.00 2.50 10.50 0.70 13.70 1.38
N-S05 11.55 12.00 2.60 11.50 0.90 150 1.49
N-S06 11.71 12.00 2.60 11.60 0.70 14.90 1.47
N-S07 11.99 12.00 2.50 10.70 0.80 140 1.40
N-S08 12.11 12.00 2.50 11.20 0.90 14.60 1.44
N-S09 12.32 12.00 2.30 10.60 0.90 13.80 1.35
N-S10 12.52 12.00 2.20 9.70 0.90 12.80 1.27
N-S11 12.72 12.00 2.20 9.90 0.90 130 1.28
N-S12 12.93 12.00 2.20 9.90 1.00 13.10 1.29
N-S13 13.08 12.00 2.20 10.10 0.90 13.20 1.29
N-S14 13.35 12.00 2.40 12.90 1.20 16.50 1.56
N-S15 13.58 12.00 2.60 13.30 1.40 17.30 1.65
N-S16 13.70 12.00 2.50 12.40 1.40 16.30 1.5
N-S17 13.75 12.02 2.50 13.60 1.40 17.50 1.65
N-S18 13.8 12.07 2.50 13.60 1.40 17.50 1.65
N-S19 13.87 12.12 2.50 13.30 1.20 17.00 1.61
N-S20 13.95 12.19 2.30 12.30 0.80 15.40 1.46
E-WO01 12.49 12.93 1.60 6.40 0.30 8.30 0.84
E-W02 12.49 12.74 1.50 6.10 0.30 7.90 0.80
E-W03 12.49 12.58 1.60 6.40 0.30 8.30 0.84
E-W04 12.47 1243 1.80 7.90 0.30 1.00 0.99
E-WO05 12.49 12.27 2.10 9.30 0.20 11.60 1.15
E-W06 12.48 12.09 2.30 10.80 0.30 13.40 1.31
E-W07 12.49 11.99 2.50 11.70 0.50 14.70 1.44
E-W08 12.50 11.81 2.60 12.40 0.60 15.60 1.52
E-W09 12.51 11.64 3.10 14.20 0.60 17.90 1.76
E-W10 12.49 11.53 3.10 14.80 0.70 18.60 1.81
E-WI11 12.49 11.39 3.30 16.10 0.80 20.20 1.96
E-W12 12.45 11.35 3.40 16.20 0.80 20.40 1.99
E-W13 12.44 11.24 3.00 15.40 0.70 19.10 1.83
E-W14 12.4 11.18 3.20 15.70 0.70 19.60 1.90
E-W15 12.36 11.09 3.60 17.40 0.70 21.70 2.11
NE-SWO01 11.09 12.87 2.80 11.30 0.80 14.90 1.51
NE-SW02 11.25 12.63 2.30 9.80 0.60 12.70 1.27
NE-SWO03 11.42 12.39 2.20 9.30 0.60 12.10 1.21
NE-SW04 11.63 12.19 2.60 10.70 0.60 13.90 1.41
NE-SWO05 11.8 12.15 2.40 9.60 0.60 12.60 1.28
NE-SW06 11.93 12.12 2.30 9.20 0.50 12.00 1.22
NE-SW07 12.07 12.04 2.10 8.30 0.50 10.90 1.11
NE-SW08 12.23 12.02 2.10 8.40 0.50 11.00 1.12
NE-SW09 12.42 12.02 1.90 8.30 0.60 10.80 1.07
NE-SW10 12.56 12.00 2.10 9.10 0.70 11.90 1.18
NE-SW11 12.77 11.99 2.00 9.00 0.80 11.80 1.16
NE-SW12 13.03 11.81 2.70 13.00 1.20 16.90 1.64
NE-SW13 13.33 11.65 3.10 15.90 1.40 20.40 1.95
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Table 3 (continued)
Profile no Long. (°E) Lat. (°N) Mean Mean Mean Mean RHP (qu73 )
Cy (ppm) Crn (ppm) Cx (%) Total count
NE-SW14 13.45 11.53 3.80 20.20 2.10 26.10 247
NE-SW15 13.72 11.44 3.40 18.60 2.20 24.20 2.27

Interpretation of estimated radiogenic heat
production from the mean concentration of U, Th,
and K

The radiogenic heat production (RHP) was calculated from
the mean concentration of naturally occurring radioactive iso-
topes (U, Th, and K) of the study area using Eq. 7 (Rybach
1986). Fifty profiles were drawn (in N-S, E-W, and NE-SW
direction) on the concentration maps (Fig. 7a, b, ¢) of the three
naturally occurring radioactive elements (U, Th, and K) to
obtain the mean values of each element for the calculation of
the radiogenic heat production. Table 3 presents the summary
of the mean values of the concentrations for uranium, thorium,
potassium, total count, and the estimated radiogenic heat pro-
duction obtained from the study area. The mean concentration
for U, Th, and K ranges from 1.50 to 3.80 ppm, 6.10 to 17.40

ppm, and 0.20 to 2.20%, respectively. The estimated RHP
ranged from 0.80 to 2.47 uWm . The contour map (Fig. 8)
of the RHP shows that the maximum RHP of 2.2 to approx-
imately 2.5 uWm is found at the southeastern part of the
study area, corresponding to Gwoza and Galdekore.

A previous study such as Rybach and Buntebarth
(1981) has recorded the mean of radiogenic heat flow
as 2.25 pWm > for younger sedimentary and granitic
rocks. Higher values are considered as radiometric sig-
natures signifying probable geothermal potential sources
that are only crustal in origin without contribution from
the mantle. Radiogenic heat production in sediments de-
pends on significant conditions that affect their thermal
history and the heat flow in the basin (Rybach 1986). It
can therefore be inferred from the results obtained that
the southeastern part of the study area corresponding to
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Fig. 8 Contour map of the estimated radiogenic heat flow of the study area
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Gwoza and Galdekore has the potential for geothermal
exploration.

Integration of aeromagnetic and aeroradiometric
data set for potential geothermal exploration

The results from the analysis and interpretation of the
airborne magnetic and radiometric data set of Bornu
Basin and its environs have revealed the presence of
potential geothermal energy within the study area. A
close inspection of the heat flow map (Fig. 6f) and
radiogenic heat flow (Fig. 7d) shows a very good
correlation. The region of maximum heat flow obtain-
ed from spectral analysis of aeromagnetic data rang-
ing from 80 to 100 mWm * agreed with the region of
maximum radiogenic heat flow ranging from 2.2 to
approximately 2.5 pWm °, indicating probable geo-
thermal energy within the study area. This agreement
between the two heat flows shows that the southeast-
ern part of the study area is a viable source for geo-
thermal exploration within the study area. Just as
CPD varies with the geological conditions within the
areas of investigation (Ross et al. 2006), so also RHP
varies widely with lithology due to variations in the
concentration of U, Th, and K (Haack 1982; Cermak
and Rybach 1982). The temperature distribution in a
sedimentary basin is mainly determined by its forma-
tion and evolution processes including the heat flow
in its basement (Roque and Ribeiro 1997).

Conclusion

The analysis and interpretation of airborne magnetic and
radiometric data of Bornu Basin and its environs have
been successfully carried out to assess the heat flow for
potential geothermal exploration within the study area
on a reconnaissance basis. The combination of the two
methods was employed so as to better delineate poten-
tial sources for geothermal exploration within the study
area.

Results from this study showed that the region of maxi-
mum heat flow obtained from spectral analysis of aeromag-
netic data ranging from 80 to 100 mWm 2 agreed with the
region of maximum radiogenic heat flow ranging from 2.2 to
approximately 2.5 uWm >, indicating probable geothermal
energy within the study area. The agreement between the
two heat flows shows that the southeastern part of the study
area is a viable source for geothermal exploration within the
study area. It can therefore be stated from this study that inte-
gration of airborne magnetic and radiometric methods plays a
useful role in geothermal exploration on a reconnaissance ba-
sis. The southeastern part of the study area can further be

explored using sophisticated methods for geothermal re-
sources for social-economic development within the study
area.
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