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Abstract

This study attempt to estimate 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?. We subjected the total magnetic intensity field of the study area to regional/residual
separation using polynomial fitting. We divided the residual map into sixteen overlapping spectral blocks. We
obtained centroid depths (Zo) and depth to top of basement (Zt)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. input parameter to calculate the curie depth (Z,). The CPD range from 10.88 km to 35.51 km
with an average value of 23.22km. The CPD is deeper at the centre of the southern and eastern part of the study area
which correspond to part of Pategi and part of Baro; and shallow at the northeastern and Northwestern part of the
study area correspond to part of Mokwa and part of Bida. The geothermal gradients for the sixteen blocks range from
16.33 °Ckm'* at the centre of the southern region of the area to 53.30 °Ckm at the northeastern and north western
region of the study area with an average of 28.98 °Ckm*. While the heat flow to range from 40.99 mWm-* to 133.80
mWm'! with an average value of 76.19 mWm. It can therefore be deduced from this study that the Southeastern,
southwestern, and the northwestern part of the study area might be a good indicator of geothermal energy potential
with minimum CPD, maximum geothermal gradient and heat flow since demagnetized rocks confirm a hot rock
quantity in the crust that can be harnessed for geothermal energy exploitation.
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INTRODUCTION

The high resolution aeromagnetic data over part of Bida Basin has been analyzed and interpreted
guantitatively with the aim of estimating the Curie point depth and the heat flow of the study area based on
a reconnaissance for geothermal energy. The Curie point (bottom of magnetic source) is the point in the
earth crust at about the temperature of 580 °C for magnetite under atmospheric pressure where magnetic
properties of rocks disappears and magnetic minerals show paramagnetic susceptibility (Khojamli et al.,
2016). The deepness at which temperature reaches the Curie point is assumed to be the bottom of the
magnetized bodies in the earth crust. Depending on the geology and rock mineral contents, Curie point
temperature varies from area to area. It is therefore normal to expect minimum Curie point depth (CPD) at
the regions which have geothermal potential, young volcanisms and a thin crust (Aydin & Oksum, 2010).
The assessment of the disparities in the CPD of a particular region can give a preliminary and appreciated
information about the area temperature distribution at depth and the geothermal energy potential of the
subsurface (Tselentis, 1991).

In some part of Nigeria, there are geological and geophysical evidences and presence of warm spring in the
southwest (lkogosi) and hot spring in the North central (Wikki) which have a good indicator for geothermal
potential energy. It is therefore a necessity for this present study to be carried out using the aeromagnetic
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data of part of Bida Basin based on a reconnaissance survey to assess the geothermal energy potential from
the result of CPD and heat flow got from the area.

Location and the Geological setting of the Study Area

The study area (Fig.1) is part of Bida Basin bounded by 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 Bida Basin is an intracratonic sedimentary basin
that trends NW-SE direction and spreads from Niger State to areas to some extent beyond Kogi State in the
southern part. It’s surrounded in the northeastern and southwestern by the crystalline rocks though it
combines with Anambra and Sokoto basins in sedimentary fill comprising post orogenic molasse facies and
a few thin unfolded marine sediments (Adeleye, 1974). The basin is a gently down warped trough whose
genesis may be closely connected with the Santonian orogenic movements of south-east Nigeria and the
Benue valley, nearby (Fig.2).

The Initial geophysical work carried out using gravity data of the Bida Basin give the deeper sedimentary
thickness of a about 3.5 km in the central region (Ojo, 1984). Even though the hydrocarbon potential of the
basin has evaluated with seismic and the basin remains undrilled, both ground and aeromagnetic studies by
several researchers have revealed the basin configuration (Adeniyi, 1985; Udensi & Osazuwa, 2004).
Recently, the depth analysis carried out in the basin discloses an average depth to top of basement rocks to
be 3.4 km with the thickness of sediments up to 4.7 km in the central and southern parts of the basin (Udensi
& Osazuwa, 2004). At large, thickness of sediment decreases smoothly from the central portion to the flanks
of the basin. Geophysically and geologically, the basin has witness little or no geothermal studies. This
necessitate this present work to have a good understanding and provide preliminary information of
geothermal energy potential of the area.

5°N

l:‘ Tertiary - Recent
sediments ”

z Jurassic Younger Grantes
- Tertiary volcanics @ o

l:l Precambrian Basement

Major (reference) town
Ar

=] Study Area

l:l Cretaceous
Benin Flank

Calabar Flank

Fig. 1. Geologic drawing of Nigeria displaying the position of the study area (Obaje, 2009).
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Fig. 2. Geological map of the Study Area (Nigeria Geological Survey Agency, 2009)

DATA & METHODOLOGY

Data

The aeromagnetic data used in this study was procured from Nigeria Geological Survey Agency. The data
was part of the high resolution aeromagnetic data got from the nationwide airborne survey carried between
the year 2004 -2009. Fugro Airborne Survey Limited carried this survey out for Nigeria Geological Survey
Agency (NGSA). They carried the survey out with the following details;

Terrain clearance = 80m
Line spacing = 500 m
Nominal tie-line spacing = 2 km.
The flight line and tie-line trends = 135 and 45°.

Methods

This study used the spectral analysis of the aeromagnetic data to determine the CPD of the study area.
Spector and Grant (1970) explained the spectral analysis method they used which to determine the depth to
top of magnetic four-sided prism (Z:) from the gradient of the log of power spectrum. Bhattacharyya and
Leu (1977); Bhattacharyya and Leu (1975) from the idea of Spector and Grant (1970) calculated the depth
to the centroid of the magnetized source rock (Zo). Okubo, Graf, Hansen, Ogawa, and Tsu (1985) combined
and expanded the idea from Spector and Grant (1970), Bhattacharyya and Leu (1975), and Bhattacharyya
and Leu (1977) to develop the method to determine the bottom depth of magnetized bodies (Zy). If the
degree at which a magnetic body of a sst of 2D bodies is absolutely random and uncorrelated, the circular
average of the power density spectra of the total field anomaly, p (k), could be expressed as follows
(Blakely, 1996; Stampolidis, Kane, Tsokas, & Tsourlos, 2005):

P(K) = Ae 2 fL—e M@ 20 f (1)

where A;is a constant and Z; and Z, denote the depths to the top and bottom of the magnetic body,
respectively. k indicates the wave number of the magnetic field.
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According to Okubo et al. (1985), CPD (Zp) can be achieved in two stages. First of all, the centroid depth
(Zo) of the inmost magnetic source is appraised from the gradient of the lengthiest wavelength part of the
spectrum divided by the wave number using the following equation (Nwankwo & Shehu, 2015):

%2
|n[P(':() J: AK(Z, @)

where P(k) is the power density spectrum, and A signifies a constant.

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

In(P(k)%J—B—\k\Z[ (3)

where B is a constant.
The depth to the bottom of the magnetized body is therefore then got as follows;
Zy=2Zo—Z 4)

Where Zj, is the depth to the bottom of magnetized body, Z, is the centroid depth and Z: is the depth to
top of the magnetized body.

As discussed in the methods above, CPD is calculated in three phases: (i) dividing the residual of the
TMI map into overlapping blocks, (ii) computing the logarithm of power spectrum for each blocks, the
centroid depth and depth to top of the magnetized body is got and (iii) using Z, = 2Zo— Z; the basal depth
is calculated.

Having calculated the CPD, the heat flow is therefore calculated from the equation as follow;

or
| oz ©

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

According to Tanaka, Okubo, and Matsubayashi (1999); Stampolidis et al. (2005), the Curie depth is related
with the Curie temperature (580°C), the vertical direction of temperature variation and the constant thermal
gradient were assumed. The geothermal gradient (dT/dz) between the Earth’s surface and the Curie point
depth (Zb) is defined using the relation as follow;

dT ¢
- =" 6

dz Z, ©)
dT/dZ is the thermal gradient, 6c¢(580°) is the Curie temperature and Zy is the Curie depth

DATA PROCESSING AND ANALYSIS

Six aeromagnetic data as discussed above were procured from NGSA in 1/2° by 1/2° (55 X 55 km) per
sheets. The data which were in separate sheets were assemble and knitted together to produce the composite
map (TMI) of the study area (Fig.3). The actual value of the data has been reduced by 33,000nT for the
purpose of handling. So in order to get the actual value at any point, a total value of 33,000nT must be
added back to the data. The data had been corrected based on the International Geomagnetic Reference
Field (IGRF) of epoch date January 1, 2005. The total magnetic intensity map was subjected to
regional/residual separation using polynomial fitting (order one) for further processing. The residual map
(Fig. 4) was divided into fourteen overlapping blocks for the spectral analysis. The blocks were in different
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sizes; block A —F in 55 x 55 km, block G — | in 55 x 110 km, block J — L in 165 x 37 km, block M —N in
82.5 x 110 km and block O —P in 165 x 110 km. It is generally admitted that the utilization of a small
window width may be a fundamental error in the application of spectral methods for aeromagnetic
interpretation (Nwankwo & Shehu, 2015). Spectral analysis was performed on each overlapping blocks.
The data got from the spectral in csv format were exported into Microsoft excel where the data for wave
number and log of energy spectrum were extracted for plotting. The data were plotted using a program
written in Matlab to deduce the centroid depth from the slope of the long wavelength (Zo) and the depth to
top of the magnetized body (Zt).
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Fig. 4. Residual of the total magnetic intensity Map

RESULT AND DISCUSSION

The depth to a centroid for the sixteen blocks (Fig. 5a—b) were calculated from the gradient of the lengthiest
wavelength part of the spectrum divided by the wave number using equation 2. The centroid depth ranges
from 6.61 km to 20.30 km (table 1). Figure 6a shows that the depth to centroid of the magnetized body is
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the minimum at the northeastern part of the study area which corresponds to part of Bida and maximum at
the southern part of the study area which also corresponds to part of Pategi. Using equation 3, the utmost
depth of magnetic source was estimated from the gradient of high wave number portion of the power
spectrum (Fig. 5¢ — d). Table 1 shows that the depth to top of magnetic source varies between 1.56 km and
6.38 km. The highest depth to top of magnetic source is pronounced at the extreme southern and extreme
northern part of the study area which corresponds to part of Pategi and part of Mokwa respectively (Fig.
6b). The maximum depth to top of the magnetized body of 4.5 km at the southern part of the study area
agrees with Udensi and Osazuwa (2004) and Okwokwo, Adetona, Adewumi, and Adeniran (2018).
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Fig. 5. (a) Azimuthally average power spectral plots for block C showing minimum Zo = 6.61 km; (b)
maximum Zo = 20.30 km for block L, (c) minimum Zt = 1.59 km for block K; and (d) maximum Zt = 6.28
km for block O.
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The depth to centroid (Zo) and utmost depth of magnetic boundary was used as an input parameter to
determine the bottommost depth of magnetic bodies (CPD) using equation 4. Table 1 reveals that the CPD
ranges from 10.88 km to 35.51 km with an average value of 23.22km. The CPD is deeper at the centre of
the southern and eastern part of the study area which correspond to part of Pategi and part of Baro
respectively; and shallow at the northeastern and Northwestern part of the study area agree to part of Mokwa
and part of Bida, respectively (Fig. 6¢).

Geothermal

Blocks Long Lat. Depj[h to Depthtotop  Curie Depth gradient. Heat flow.

(Deg.) (Deg.) Centroid (km) (km) (km) °C/Km mwm-

A 5.25 9.25 7.87 4.22 11.52 50.35 126.27
B 5.75 9.25 10.70 1.92 19.48 29.77 74.72
C 6.25 9.25 6.61 2.34 10.88 53.30 133.80
D 5.25 8.75 9.33 3.20 15.46 37.51 94.15
E 6.75 8.75 10.60 1.87 19.33 30.00 75.31
F 6.25 8.75 7.65 2.27 13.03 4451 111.72
G 5.25 9.00 12.50 2.61 22.39 25.90 65.02
H 5.75 9.00 11.70 411 19.29 30.06 75.46
I 6.25 9.00 11.90 1.80 22.00 26.36 66.17
J 5.75 9.33 20.00 4.49 35.51 16.33 40.99
K 5.75 8.99 15.40 1.59 29.21 19.85 49.83
L 5.75 8.66 20.30 511 35.49 16.34 41.02
M 5.37 9.00 10.50 1.90 19.1 30.36 76.21
N 6.12 9.00 18.20 1.56 34.84 16.64 41.78
0] 5.75 9.25 17.80 6.28 29.32 19.78 49.65
P 5.75 8.75 18.70 2.72 34.68 16.72 41.97

Table 1. Estimated CPD, geothermal gradients and heat flow depth for the 16 blocks in the study area

The Curie temperature approximately 580°c was divided by the estimated CPDs to give the geothermal
gradients for the sixteen blocks which range from16.33 °Ckm at the centre of the southern region of the
area to 53.30 °Ckm* at the northeastern and north western region of the study area with average of 28.98
°Ckm! (Fig. 6d). Table 1 gives the heat flow to range from 40.99 mWm-! to 133.80 mWm'* with an average
value of 76.19 mWm-2, The heat flow was estimated by multiplying the geothermal gradient estimated by
coefficient of thermal gradient of 2.51Wm™C™. The CPD, geothermal gradient and heat flow estimated
from this present study agrees with Nwankwo and Shehu (2015).
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Fig. 6: (a) is the contour map of the depth to centroid of the magnetized body in km (b) the contour map of
depth to top of magnetic boundary in km (c) the depth to bottom of magnetized body (CPD) in km (d) the
contour map of geothermal gradient in °Ckm™ and (e) the contour map of the heat flow of the study area in
mwm?2,

The CPD intensely differs according to the geological situations (Ross, Blakely, & Zoback, 2006). The
CPDs at volcanic and geothermal areas are shallower than 10 km (Obande, Lawal, & Ahmed, 2014). Jessop,
Hobart, and Sclater (1976) explained that heat flow of about 80-100 MW/m? indicates geothermal
anomalous conditions. Objectively, measurement of heat flow determine the quantity of heat energy being
vanished by naocess. High heat loss anomalies usually concur with the structural trend or areas with thermal
manifestations (Ochieng, 2014). In this present study, it can therefore be inferred that some part of the study
area such as; the southeastern, southwestern, and the northwestern part of the study area are good indicator
of geothermal energy potential with shallow CPD, high geothermal gradient and heat flow.

CONCLUSION

This study present the result of CPD, geothermal gradient and heat flow from the spectral analysis of high
resolution aeromagnetic data of part of Bida Basin, Nigeria. The CPD range from 10.88 km to 35.51 km
with an average value of 23.22km. The CPD is deeper at the centre of the southern and eastern part of the
study area which correspond to part of Pategi and part of Baro respectively; and shallow at the northeastern
and Northwestern part of the study area correspond to part of Mokwa and part of Bida respectively. The
geothermal gradients for the sixteen blocks range from 16.33 °Ckm* at the centre of the southern region of
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the area to 53.30 °Ckm at the northeastern and north western region of the study area with average of
28.98 °Ckm™. While the heat flow to range from 40.99 mWm to 133.80 mWm* with an average value of
76.19 mWm2. It can therefore deduced from this study that the southeastern, southwestern, and the
northwestern part of the study area might be a good indicator of geothermal energy potential with near
surface CPD, high geothermal gradient and heat flow since loss of magnetic properties in rocks confirm the
presence of a hot rock mass in the crust that can be harnessed for geothermal energy exploitation.
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