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Abstract

The Nupe Basin is a northwest—southeast (NW-SE) trending intracratonic sedimentary basin in the central part of Nigeria
with its coordinates defined by longitude 5°00" to 8°00" E and latitude 7° 00’ to 11° 00" N. Spectral inversion of the high-
resolution aeromagnetic data was carried out to estimate the Curie point depth (CPD), geothermal gradient and heat flow
regime of parts of the Nupe Basin, Nigeria. The estimate of regional temperature distribution and the identification of ther-
mally active regions within the study area were made from the spectral analysis of high-resolution aeromagnetic data which
were divided into 16 overlapping spectral blocks to obtain the top and centroid depths of the magnetic sources which were
later used to calculate the heat flow characteristics. The estimated Curie point depths range from 21.43-26.71 km with an
average CPD value of 24.54 km, while the geothermal gradient ranges between 21.72 °C km™~! and 27.07 °C km™! with an
average value of 24.39 °C km™". Similarly, the estimated heat flow regime of the study area ranges from 54.30 m Wm™2 to
67.67 m Wm~2 with an average value of 59.41 m Wm™2. The range of estimated geothermal parameters in the study area
is an indication that the area is not a volcanic or thermally active region and therefore has little potentials for geothermal
energy exploitation. The geothermal play of the area, therefore, was revealed to be of the conduction-dominated play type,
typically a combination of the basement and intracratonic basin geothermal play types.
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Introduction

Geothermal energy is the subsurface heat energy gener-
ated and stored within the earth, with the heat flow regime
maintained by the various heat processes, including geody-
namical, thermodynamical and radioactive decay processes
within the earth’s interior (Heicken 1982; Moeck 2014; Sol-
tani et al. 2019). The need for clean, low-carbon, renewable
energy resources targeted at the gradual but steady reduction
of the carbon footprint that will facilitate the mitigation of
the effects of climate change has led to increased interest in
the exploration and exploitation of geothermal reservoirs
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worldwide (IPCC 1990, 2014). Though significant growth
in electricity generation from geothermal energy has been
achieved worldwide in the last few decades, the high risk
and cost of exploratory drilling to confirm the existence
of viable geothermal resources remain the key challenges
facing the industry (Bertani 2010). Also, the understanding
and characterization of the geological controls of geothermal
plays/reservoirs has been the topic of several recent studies
(Heicken 1982; Moeck 2014; Soltani et al. 2019). These
studies have most often focused on different scales ranging
from plate tectonics (Muffler 1976; Heicken 1982), to local
tectonics/structural geology including basement kinematics
(Faulds et al. 2010; Opara et al. 2018), to the study of well
logs and cores from the drilling of geothermal wells (Leary
et al. 2013). A geothermal reservoir denotes the hot and
permeable part of a geothermal system that may be directly
exploited while a geothermal play is a conceptual model of
key geological factors that affects the generation of recov-
erable geothermal resource at a specific structural position
within a defined geologic setting (Moeck 2014).
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Nigeria is a third world country battling with grossly
insufficient power generation to satisfy its over 180 million
people. This huge energy deficit has necessitated the explo-
ration of alternative sources of clean and renewable energy
resources including solar energy, wind, biofuels, geothermal,
etc. Geothermal reservoirs and plays in Nigeria, in general,
are mainly of the conduction-dominated play type: typically
the basement and intracratonic basin geothermal play types
which are found at deeper intervals of the crust than the con-
vection-dominated types. The intracratonic basin geothermal
plays, therefore, incorporate a reservoir within a sedimentary
sequence laid down in an extensional graben or thermal sag
basin (Heicken 1982; Moeck 2014). The long geological
history of an intracratonic basin like the Nupe Basin usually
produces sediment fill several kilometers thick that spans
a wide range of depositional environments. Therefore, the
exploration of the countries geothermal energy resources as
an alternative power generation source has been prioritized
by the government since the current hydropower generation
from the Kanji Dam has not in any way met the required
energy capacity and demands of her citizens. Though, geo-
thermal energy as a major source of power has been known
for several decades despite not been fully appreciated,
explored, and exploited by most third world countries (Lawal
et al. 2018). Despite this limitation, Ewa and Kryrowska
(2010) posited that the exploration and exploitation of geo-
thermal energy using geoscientific techniques is indeed very
viable and possible.

Thermal properties of rocks (both brittle and ductile)
determine the depths and degree of deformation of such
rocks within the crust. Surficial estimates of these depths
may be made from the rock’s Curie point depth (CPD) and
the thermal structure through the analysis of aeromagnetic
data without necessarily carrying out in situ measurements
within the region (Okubo et al. 1989; Tanaka et al. 1999).
The Curie point depth (CPD) is the depth at which spon-
taneous magnetic dominant minerals lose their magnetiza-
tion and transit from having ferromagnetic properties to
the paramagnetic state as a result of increased tempera-
tures beyond the critical point known as Curie tempera-
ture (Nagata 1961; Khojamli et al. 2016). Therefore, Curie
temperature is usually estimated to be an approximate tem-
perature of 580 °C at standard atmospheric pressure for
magnetite-rich minerals (Khojamli et al. 2016). Tanaka
et al. (1999) and Salk et al. (2005) postulated that there is
usually a great spatial variation of CPD values due to con-
trast in geologic complexities and settings. Tanaka et al.
(1999) compiled CPD estimates from several regions of
the world and concluded that shallower CPD values of
less than 10 km are usually associated with geodynamic
environments and areas susceptible to tectonism and vol-
canic activities, whereas areas with CPD values between
15 km and 25 km are associated with ridges and island
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arcs. Similarly, other areas with deeper CPD values of
more than 25 km are generally associated with plateaus
and trenches. A lot of works have been done to determine
the CPD and thermal structure of various tectonic settings
within the crust, both globally and within various basins
in Nigeria, using high-resolution aeromagnetic data. Sev-
eral documented studies on the application of geophysical
methods in subsurface heat flow studies include the works
on the relationship between heat flow processes and tec-
tonics using magnetic and seismic data (Smith et al. 1974,
1977; Blakely 1988; Banerjee et al. 1998; Badalyan 2000),
determination of CPD using statistical/fractal analyses of
magnetic sources (Vacquier and Affleck 1941; Bhattacha-
ryya and Leu 1975; Bansal et al. 2011; Abraham et al.
2018; Lawal & Nwankwo 2017), estimates of CPD, geo-
thermal gradient and heat flow from aerogeophysical data
(Byerly and Stolt 1977; Feumoe and Ndougsa-Mbarga
2017; Nwankwo and Sunday 2017; Lawal et al. 2018), and
the application of CPD, geothermal gradient and heat flow
in the study of thermal structure and geothermal energy
exploration (Shuey et al. 1977; Blakely and Hassanza-
deh 1981; Connard et al. 1983; Okubo et al. 1985;1989;
Okubo and Matsunaga 1994; Hisarli 1996; Tanaka et al.
1999; Dolmaz et al. 2005; Khojamli et al. 2016; Bello
etal. 2017).

Curie point depth estimation based on spectral analysis
of magnetic data has widely been used in the estimation of
regional thermal structures (Bhattacharyya and Leu 1975;
Spector and Grant 1970). At Curie temperatures, a magnetic
substance loses its magnetic polarization. Consequently, it
may be possible to locate a point on the isothermal surface
by determining the depth to the bottom of a polarized rock
mass (Byerly and Stolt 1977). Curie point depth is therefore
the depth at which a rock mass loses its ferromagnetic prop-
erties due to increases in the temperature above the Curie
temperature, which is approximately 580 °C. It is the depth
at which a magnetic material passes from a ferromagnetic
state to a paramagnetic state under the effect of increasing
temperature (Abraham et al. 2015; Kasidi and Nur 2013;
Tanaka et al. 1999). Though the concept of Curie point
temperature may be controversial, Curie point depth (CPD)
has been described by many authors (Kasidi and Nur 2012,
2013; Nwankwo et al. 2011; Stampolidis and Tsokas 2002;
Stampolidis et al. 2005; Bertani 2010; Tanaka et al. 1999;
Okubo et al. 1985; Bhattacharyya and Leu 1975). CPD has
been applied over the years in the estimation of thermal
structure in various regions and is often classified into two
categories: (a) the determination and examination of the
shape of the isolated magnetic anomalies (Bhattacharyya
and Leu 1975) and (b) analysis of the statistical properties
of the patterns of the magnetic anomalies (Spector and Grant
1970). The first method provides the relationship between
the spectral characteristics of magnetic anomalies and the
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depth of the magnetic source by carrying out a Fourier syn-
thesis of the spatial data. The latter method is believed to be
more appropriate in the compilation of the depth to the mag-
netic anomalies (Kasidi and Nur 2013; Shuey et al. 1977).
Spectral inversion techniques have been very effective
in estimating the depths of magnetic sources because their
operations are usually carried out in the frequency domain
(Spector and Grant 1970). The technique has revealed that
when a statistical population of a potential field source exists
at a specific source depth, the expression of those sources on
a plot of the natural logarithm of energy against wavenumber
is a straight line having a slope of —4zh (Spector and Grant
1970). In heat flow estimation from aeromagnetic data, spec-
tral inversion is usually on the residual data to infer the top
depths of magnetic sources (Z,), and the centroid depths of
the magnetic source (Z,) for the estimation of Curie point
depths (CPDs). Several approaches have been used by sev-
eral authors to calculate the depths to anomalous magnetic
sources and centroid depths using the spectral inversion of
high-resolution aeromagnetic (HRAM) data (Abd-El-Nabi
2012; Sayed et al. 2013; Abraham et al. 2014, 2015; Obande
et al. 2014; Saleh et al. 2013; Lawal and Nwankwo 2017).
Using the spectral inversion technique, the CPD is sym-
bolically represented as Z,, which is the depth to the bot-
tom of magnetic sources (DBMS). It is described as such
because, at such depth, the dominant magnetic minerals in
the crust pass from the ferromagnetic state to a paramagnetic
state under the influence of increasing temperatures (Hsieh
et al. 2014). The centroid depths are the geometric cent-
ers (Okubo et al. 1985) of the vertical rectangular prismatic
bodies (Spector and Grant 1970). Bhattacharyya (1966) used
an expression for the power spectrum of the total magnetic
field intensity over a single rectangular block, which was
generalized by Spector and Grant (1970) by assuming that
the anomalies on an aeromagnetic map are due to an ensem-
ble of vertical prisms. Bhattacharyya and Leu (1975) and
Okubo et al. (1985) also described Z, as the basal depth of
the magnetic sources which is assumed to be the CPD of the
area hosting the magnetic sources. Several techniques, there-
fore, exists for the estimation of Curie point depths (Okubo
et al. 1989; Bansal et al. 2013; Tanaka et al. 1999). Spec-
tor and Grant (1970) examined the pattern of the anoma-
lies and provided the relationship between the spectrum of
the magnetic anomalies and the depth of a magnetic source
by carrying out a Fourier transform of the spatial data into
the frequency domain. Okubo et al. (1989) summarized the
methods of estimating the depth extent of magnetic sources
and further categorized the different techniques into two
groups: the group that examines the shapes of isolated mag-
netic anomalies (Bhattacharyya and Leu 1975) and the group
that examines statistical properties of the patterns of the
magnetic anomalies (Spector and Grant 1970). Both groups
provide the relationship between the spectrum of magnetic

anomalies and the depth of the magnetic source by trans-
forming the spatial data in the time domain to the frequency
domain through Fourier transform processes.

The high-resolution airborne magnetic data used in this
study are composed of four (4) high-resolution aeromag-
netic maps of the Nigeria Geologic Survey Agency (NGSA),
namely Bida, Agbaje, Pategi, and Baro with sheet numbers
183, 184, 204, and 205, respectively. This study was carried
out between January to April 2020 with the main objec-
tive of estimating the Curie point depth (CPD), geother-
mal gradient and heat flow through the spectral inversion of
high-resolution aeromagnetic data. The results of the present
study will therefore help to evaluate the geothermal poten-
tials of the study area.

Location and geology of the study area

The study area is located between latitudes 8° 00' N-9°
00' N and longitudes 6° 30’ E-7° 30" E and constitutes part
of the southern Mid-Niger Basin also known as the Nupe
Basin. The Nupe Basin is an NW-SE trending intracratonic
sedimentary basin extending from Kontagora within the
basement complex of Northern Nigeria to Lokoja and envi-
rons within the cretaceous sediments of the south (Adeleye
1974, Obaje 2009; Obaje et al. 2011, b). The Bida Basin,
also known as the Mid-Niger or Nupe Basin located in
north-central Nigeria, is one of the Cretaceous basins in
West Africa whose origin is associated with the opening
of the South Atlantic (Adeleye 1974; Obaje 2009; Obaje
et al. 2011a, b). The study area is surrounded by the Pre-
cambrian basement rocks which experienced intense tec-
tonism during the Late Pan-African phase (600 150 m.y).
These Pan-African episodes resulted in the development of
shear zones that were subsequently reactivated during the
Late Campanian—Maastrichtian resulting in wrench fault-
ing which later formed the basin (Braide1990; Obaje 2011,
b). Ladipo 1988 suggested that the Nupe Basin is a gently
down-warped trough whose origin is closely connected with
the Santonian orogenic movement in southeastern Nigeria
and the Benue valley, with its sedimentary fill comprising of
post-orogeny molasses and thin, unfolded marine sediments.
The Nupe Basin has an average sedimentary thickness of
3.5 km thick (Braide 1990; Obaje et al. 2020). The basin
trends in the NW-SE direction, an NW extension of the
Anambra Basin perpendicular to the main axis of the Benue
Trough as shown in Fig. 1. Adeleye (1971) and Kogbe
(1989) outlined three physiographic units that exist within
the Basin. These are the flood plain of River Niger and its
distributaries which flows ESE along the southern margin
of the Basin, with a broad flood plain of about 20 km wide
and series of elongated ponds that drains parallel to the river
channel. Another physiographic unit is the discontinuous
belt of mesas which covers about 10% of the Basin which
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Fig. 1 Geological map of Bida
and environs, Nupe Basin,
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extends from 16 km east of Mokwa through the south to
Baro, Lokoja, and southwest of Dekina area. The mesa-top is
the northern dip of the Basin with an altitude between 150 m
and 290 m above sea level along the Niger/Benue confluence
area. However, there is an irregular dissection of the mesas
by the distributaries of River Niger whose walls are always
precipitous especially along the Niger-facing scarps. Along
the mesa walls are intermiediate breaks of slopes which indi-
cates the presence of resistant beds. The third physiographic
unit is the Plain which covers 70% of the Basin. It is flat-
lying and gently rolling or flat-topped and sometimes breaks
the unvarying landscape and is usually found along Mokwa-
Bida and Bida-Zungeru roads. The plain lies between 120
and 360 m around Kontagora in the Northern part of the
Basin, 120-240 m around Mokwa, 150—135 m at the Bida
area, and 60—180 m along Lokoja to the south of the Basin.

The Nupe Basin is an intracratonic sedimentary basin
with a northwest—southeast (NW-SE) trend (Adeleye
1974, Obaje 2009; Obaje et al. 2011a, b). The Nupe Basin
is approximately 350 km long and varies in width from
75 to 150 km. It is roughly elliptical in ground plan and
runs perpendicularly to the western margin of the NE-SW
trending Benue Trough Complex. It is bounded to the
northeast and southwest by the basement complex, to the
southeast by the Anambra Basin, and the northwest by the
Sokoto Basin as shown in Fig. 1. The origin of the basin
has been linked to the sinistral offset that lies along the
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northeastern—southwestern axis of the Benue Trough, which
resulted in the reactivation of the mega-shears within the
Precambrian basement (Benkhelil 1982; Burke and Dewey
1973). A major pattern of faulting was created which trend
northeast—southwest and northwest—southeast to initiate
the Nupe Basin, which was inclined perpendicular to the
axis of the Benue Trough (Ajakaiye 1981; Benkhelil 1982).
The basin was characterized as a northwestern extension
of the adjoining southeast Anambra Basin since both were
recorded as major depocenters at the third major transgres-
sive cycle that took place during the late Cretaceous geologic
time in southern Nigeria (Ojo 1984; Obaje 2009; Obaje et al.
2011a, b). Earlier studies divided the basin geographically
into the northern and southern Bida Basin, probably due to
the rapid facies changes across the basin (Obaje 2009; Obaje
etal. 2011, b, 2020). The northern and southern Bida Basins
comprise about 3.5-km thick Campanian to Maastrichtian
continental to shallow marine sediments (Ladipo 1988;
Obaje 2009; Obaje et al. 2011a, b). Gravity studies over
the Bida Basin estimated that the sediments which include
the Bida, Enagi and Batati Formation (ironstone) make up
a maximum sedimentary thickness of about 3.5 km in the
central axis (Ojo 1984). However, recent depth estimates
of the residual magnetic field in different parts of the basin
revealed an average sedimentary fill of about 3.4 km with
a basement depth of up to 4.7 km estimated in the southern
and central parts of the basin (Udensi and Osazua 2004). In
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general, the depth to the basement in the basin is believed to
decrease smoothly from the central parts to the flanks of the
basin (Ladipo 1988; Ladipo et al. 1994; Braide1990; Obaje
et al. 2011a, b, 2020). The southern Bida Basin comprises
the basal Campanian Lokoja Formation, followed by the
Maastrichtian Patti Formation and then the youngest Agbaja
Formation which is also Maastrichtian in age (Ladipo 1988;
Obaje 2009; Obaje et al. Obaje et al. 2011a, b). Their lateral
stratigraphic equivalents in the northern Bida Basin consist
of the basal Bida Formation.

The basin contains facies of post-orogenic molasse
and thin unfolded sediments of marine origin which are
lithostratigraphically correlated in successions to the cre-
taceous sediments of the Anambra and Sokoto Basins
(Adeleye 1974). Ladipo (1988) and Ladipo et al. (1994),
stated that the south-Atlantic Tethys Sea is believed to have
transgressed through the Nupe Basin during the Campanian-
Maastrichtian. Adeleye (1972) reclassified and upgraded the
Nupe Sandstone to Nupe Group and further subdivided the
Nupe Group into four distinct lithostratigraphic formations
which include the Bida Sandstone, Sakpe Ironstone, Enagi
Siltstone and Batati Ironstone Formations. The sedimentary
deposits in the southern part of the Basin comprise the Cam-
panian—Maastrichtian Basal Lokoja Formation which over-
lies the Precambrian basement non-conformably, while the
Patti Formation is overlain by the Abaja Ironstone Formation
(Adeleye and Dessauvagie 1972), which is a lateral equiva-
lent of the Enagi siltstone, Itakpe ironstone and Batati iron-
stone (sandstone), especially within the northwestern part
of the basin. Integration of all these successions forms the
lateral equivalents of the Campanian to Maastrichtian Mamu
and Nsukka Formations as found in Anambra Basin. (Agy-
ingi 1991). The deposits of the Lokoja Formation are made
up of clay stones, sandstones, and conglomerates; which are
alluvial fan deposits to the shallow marine environments
(Akande et al. 2005). On the other hand, the Maastrichtian
Patti Formation that overlies the Lokoja Formation consists
of sandstones and shale—claystone deposited from a mean-
dering river (Agyingi 1991).

Materials and methods

The airborne magnetic data used in the present study are
made up of four (4) high-resolution aeromagnetic (HRAM)
maps obtained from the Nigeria Geological Survey Agency
(NGSA 2011) and consists of aeromagnetic sheets cover-
ing Bida, Agbaje, Pategi, and Baro with sheet numbers 183,
184, 204 and 205. The high-resolution aeromagnetic data
were acquired for the Nigerian Geology Survey Agency by
Fugro between 2006 and 2009. The high-resolution aero-
magnetic data were acquired with the use of a fixed-wing
aircraft with 3 Scintrex CS-3 Cesium Vapor Magnetometers

mounted on the aircraft and recorded at an interval of 0.1 m
with line spacing of 500 m in a series of NW-SE flight lines
(perpendicular to the dominant regional geologic strike of
the study), 2 km nominal tie-line spacing along the NE-SW
direction with a terrain clearance of 80 m. The flight and tie
lines trend with azimuths of 135° and 45° respectively. The
geomagnetic gradient was removed from the data using the
January 2005 IGRF model referenced to the World Geodetic
System, 1984 ellipsoid. The aeromagnetic data were pro-
cessed using several potential field softwares which includes
Oasis Montaj 7.5 HJ version, the FOUR POT software, etc.
The regional-residual separation technique using polynomial
fitting was applied in this study. This is a purely analytical
method in which matching of the regional by a polynomial
surface of low order exposes the residual features as ran-
dom errors. The regional gradients were removed by fitting
a plane surface to the data by using multi-regression least-
squares analysis to obtain the residual data. Upward continu-
ation technique was carried out on the residual magnetic
data to the height of 4 km to remove the short-wavelength
components of the magnetic data. Figures 2 and 3 show the
total magnetic field intensity (TMI) map and the regional
map of the study area, respectively. The residual field map
of the study area revealed high magnetic values with values
ranging from about 0.4 to 82.4 nT (82.4 gammas) as shown
in Fig. 4. Across the study area, magnetic highs were noticed
majorly in the southern portion of the map as well as some
parts of the northern section of the study area. The middle
and northern sections of the study area associated with mag-
netic lows followed the location and trend of the Niger and
Kaduna Rivers. These low magnetic areas are interpreted as
the flood plains of the major drainages in the study area and
are characterized by alluvial deposits.

Centroid depth, geothermal gradient and heat flow
estimation

Robust knowledge of the heat distribution within the earth’s
subsurface usually requires a detailed understanding of the
centroid depth also known as the depth to the bottom of
magnetic sources (DBMS) or Curie point depth (CPD). The
CPD is a very important diagnostic parameter needed for
heat flow estimates from spectral inversion of high-resolu-
tion aeromagnetic data. In this work, high-resolution aero-
magnetic (HRAM) data were subdivided into sixteen (16)
overlapping blocks with the depth to the top of magnetic
sources (DTMS) and the depth to the bottom of magnetic
sources (DBMS) estimated using spectral inversion tech-
niques. Spectral analysis of the HRAM data was carried
out using FOUR POT Potential Field Computer Software
(Markku 2009). To compute the depth to the Curie point,
the residual data of the study area were divided into sixteen
spectral blocks using 110 km x 110 km spectral width. Curie
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Fig.2 Total magnetic field
intensity map of Bida and
environs, Nupe Basin, in nano-
teslas (nT)
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Fig.4 First degree residual field
map of Bida and environs, Nupe
Basin, in nano-teslas (nT)
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point depth (CDP) estimation based on the spectral inver-
sion of magnetic data has been widely used in the estimation
of regional subsurface thermal regimes worldwide (Byerly
and Stolt 1977; Tanaka et al. 1999). The technique is in line
with the basic principles of the methods earlier adopted by
Spector and Grant 1970. In the present study, the centroid
depth (z,) was obtained according to the method adopted by
Okubo et al. 1989; Okubo and Matsunaga 1994) using Eq. 1:

In l’%] = A —kzZ, (1)

where P (k) represents the power density spectrum of the
anomaly, k is the wavenumber, A is a constant, and z, is the
estimated depth to the centroid. The equation is valid in the
range of k a1, k DK 1, and tan 0 < 1, where “a” is half
the horizontal thickness of the body, “D” is half the vertical
thickness of the body, and @ is the dip of the body. Thus,
a linear relationship exists between the wavenumber, the
power density spectrum of the anomaly, and the estimated
depth to the centroid, z, (Eq. 1), suggesting that the centroid
depth (Z,) can be obtained directly from the gradient of the
spectrum (Okubo and Matsunaga 1994). However, Tanaka
et al. (1999) stated that depth to the centroid of magnetic

sources may be calculated from the low wave-number por-
tion of the wave-number scaled power spectrum as shown
in Eq. 2:

(20 ) < - iz o

where B is a constant and Z;, is the centroid depth of mag-
netic sources.

The depth to the top boundary Z, and the depth to the
centroid of the magnetic source s (Z,) were therefore esti-
mated from the power spectrum of the magnetic anomalies,
and were further utilized in estimating the basal depth to the
magnetic sources Z,. This was achieved through the applica-
tion of Eq. (3) according to Okubo et al. (1985, 1989). The
depth to the magnetic source (Curie point depth) was later
derived using Eq. 3:

Z,=27-2, 3)
where Z,=depth to the top of the anomaly, Z, =the basal
depth, and Z_=the centroid depth.

Kasidi and Nur (2012) suggested a one-dimensional heat
conductive model which is based on the Fourier transform
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law used for estimating geothermal gradient and heat flow
as shown in Eq. 4:

dr

=1

)
where g =the heat flow, A =the coefficient of thermal con-

ductivity, and ;ld—TZ:m. “m” is the slope of the graph of

change in temperature with depth. It is assumed to be a con-
stant, since no loss or gain of heat (closed system) is usually
recorded both above the crust and below the CPD. Tanaka
et al. (1999) defined Curie temperature (6.) as shown in
equation 5:

Using a Curie point isotherm of 580 °C and thermal con-
ductivity of 2.5 Wm™! °C~!, the heat flow can be calculated,
from Eq. 6 (Tanaka et al. 1999; Nwankwo et al. 2009a, b;
Elleta and Udensi 2012). Z, =the basal depth, 8 =the stand-
ard Curie point isotherm of 580 °C, g =the heat flow, and
A=thermal conductivity which is given as 2.5 Wm™!' C~!
for igneous rocks.

Results and discussion

The result of the Curie point depth, geothermal gradient,
and heat flow was obtained from the spectral inversion tech-

dT nique of the high-resolution aeromagnetic data. The sample
0=1=—1% &) :
dz graphs of the logarithms of the power spectrum plots for
some of the spectral blocks using the FOUR POT™ soft-
Therefore, substituting Eq. (5) into Eq. (4), we have: . .
’ gEq. O q. 4, ware are shown in Fig. 5. FOUR POT™ software is a pro-
0 gram designed for the analysis of potential field data. To
q=4 Z (6)  compute the depth to the centroid (Z,) and depth to the top
of the magnetic anomaly (Z,), the residual magnetic data of
the study area were divided into sixteen overlapping (16)
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Fig.5 Representative spectral plots for some of the spectral blocks: a Z; and Z, for spectral block J. b Z; and Z, for spectral block N
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spectral blocks of 110 km X 110 km windows. The results of
the study revealed a two-layer depth model with the top layer
representing the depth of magnetic sources (Z,, while the
centroid depth of magnetic sources (Zo) is represented by the
bottom layer. The depth to the centroid (Z,) was computed
from the slope of the longest wavelength of the frequency-
scaled power spectrum while the depth to the top of the
magnetic anomaly (Z,) was also generated by computing the
slope of the wavelength of the second-longest wavelength of
the average power spectrum (Fig. 5).

The computed depths to the top boundary (Z,), the depth
to the centroid (Z,) of the magnetic source, Curie point
depth, geothermal gradient and heat flow are shown in
Table 1. The depth to the top boundary (Z,) ranges from
2.184 km to 3.69 km with an average depth of 2.74 km,
while the depth to the centroid (Z,) ranges from 12.26 km to
14.98 km with an average depth of 13.64 km. The estimated
Curie point depths (Z,) from the study area ranges from
21.43 km as observed within spectral block N to 26.71 km
within spectral block M, with an average value of 24.54 km.
These values reflect the average local Curie point depth val-
ues observed beneath the subsurface rocks. The spatial map
of the Curie point depth (Fig. 6) revealed that the highest
CPD (Z,)) values were noticed within the northern and west-
ern parts of the study area, while the lowest CPD values
were recorded around the northeastern and northwestern
sections of the study area.

The estimated geothermal gradient across the study ranged
between 21.72 °C km™! for spectral block M and 27.07 °C

km™! for spectral block N around the Bida area, with an aver-
age of 24.39 °C km™!. Figure 7 shows the spatial map of the
geothermal gradient across the study area which revealed a
decrease in the geothermal gradient within the western, north-
ern and southeastern parts of the study area. The map shows
that areas around the NE and NW sections have the high-
est geothermal gradient values with values between 25.2 °C
km~! and 27.2 °C km™'. It was revealed that the areas with
high geothermal gradient corresponded to the areas with low
Curie depth points and vise versa. Applying the thermal con-
ductivity value of 2.5 Wm™!C- as stated by Stacey (1977),
to estimate the heat flow within the study area, the result
(Table 1) revealed that the estimated heat flow ranges from
54.30 mWm™2 at spectral block M to 67.67 mWm™? at spec-
tral block N, with an average of 59.41 mWm™2. However, the
highest heat flow was observed within the NE and NW por-
tions of the study area, while the lowest heat flow values was
observed at the central, western and NNW part of the study
area (Fig. 8). Apart from the above-mentioned areas, other
parts of the study area are associated with lower heat flow
values as shown in Fig. 8.

The cross plot of the CPD versus the heat flow is shown
in Fig. 9. The coefficient of determination (R?) for the plot
revealed an R? value of 0.997 indicating a strong correlation.
The relationship between CPD and geothermal gradient, and
between CPD and heat flow thus revealed an inverse relation-
ship. The cross plot of Curie point depth (CPD) against the
heat flow (HF) revealed an empirical relationship between

Table 1 Geothermal Estimates of the study area calculated from spectral analysis

Spectral block Longitude (°) Latitude (°) Spectral depth (km) CPD (km) Geothermal gradi- Heat flow (m Wm™?)
ent (°Ckm™")
X, X, Y, Y, Z, Z, Z,=27y-7, dT/dZ=0/Z, q=K (dT/dZ)
0 =580 K=2.5Wm™'C™!
A 5.50 5.75 8.5 8.75 2.526 13.62 24.714 23.468 58.671
B 5.75 6.00 8.5 8.75 2.764 14.01 25.256 22.965 57.412
C 5.75 6.00 8.75 9.00 2.485 13.97 25.455 22.785 56.963
D 5.50 5.75 8.75 9.00 2.574 13.98 25.386 22.847 57.118
E 6.0 6.25 8.5 8.75 2.383 13.52 24.657 23.523 58.807
F 6.25 6.50 8.5 8.75 2.282 13.75 25.218 22.999 57.499
G 6.25 6.50 8.75 9.00 2.184 13.82 25.456 22.784 56.961
H 6.0 6.25 8.75 9.00 2.245 13.29 24.335 23.834 59.585
I 5.50 5.75 9.00 9.25 2.946 14.67 26.394 21.975 54.937
J 5.75 6.00 9.00 9.25 2.826 14.16 25.494 22.750 56.876
K 5.75 6.00 9.25 9.50 2.865 14.75 26.635 21.776 54.440
L 5.50 5.75 9.25 9.50 2.972 12.35 21.728 26.694 66.734
M 6.0 6.25 9.00 9.25 3.254 14.98 26.706 21.718 54.295
N 6.25 6.50 9.00 9.25 3.693 12.56 21.427 27.069 67.672
(0] 6.25 6.50 9.25 9.50 2.894 12.26 21.626 26.820 67.049
P 6.0 6.25 9.25 9.50 2.943 12.53 22.117 26.224 65.560
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Fig.6 Curie point depth map of
the study area (Contour inter-
val~0.2 km)

55 56 57 58 59 6 6.1 6.2

Fig. 7 Geothermal gradient
map of the study area (contour
interval ~0.2 °C km™")
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Fig.8 Heat flow map of the
study area (contour inter-
val~0.5 Wm™2)

Fig.9 Cross plot of Curie point CPD =-0.89HF + 47.67
depth against heat flow R?=0.997
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them as shown in Fig. 9. This relationship is represented by
Eq.7:

y = —0.389x + 47.67 (72)

where y=CPD (Curie point depth), x=HF (heat flow),
-0.389 is the slope of the graph, and 47.67 is the intercept.
Therefore, Eq. 7a is then represented as Eq. 7b:

CPD = —0.389HF + 47.67 (7b)

A similar empirical relationship was also established
between the Curie point depth and the Geothermal Gradi-
ent as shown in Eq. 8:

CPD = —0.97335—; +47.688 ®)

The high correlation coefficient obtained from these ana-
lytical plots which approaches (R? = 1) therefore makes the
relationship reliable.

Depths to the basement of deformed brittle and duc-
tile rooks as well as their various modes of deformation
are determined by their thermal structure (Nagata 1961).
The presence of a geothermal play can be revealed through
faulted structures (Feumoe and Ndougsa-Mbarga 2017),
while the depth at which temperature rises to Curie point
is assumed to be the bottom of magnetization of magnetic
bodies within the crust. This temperature varies from one
region to another as a result of geological complexity as well
as the mineralogical composition of the underlying rocks.
Therefore, it is imperative to know that areas of shallow
Curie point depths are associated with regions with high
geothermal potential, thinned crust and young volcanism.
Since heat flow is an observable primary parameter used for
exploring the geothermal energy of a field, areas with high
heat flow and high geothermal gradient therefore generally
correspond to igneous and metamorphic rich rocks. In con-
tinental regions, the normal thermal property is estimated
at an average heat flow above 60 m Wm~2 and the range of
80 mWm~2-100 mWm~2 for a considerable generation of
geothermal energy (Jessop et al. 1976; Lawal et al. 2018).
However, Jessop et al. (1976) stated that anomalous geo-
thermal conditions arise when the thermal properties are
above 100mWm ™. The spatial distribution of relatively high
Curie Point Depth, geothermal gradient and heat flow of part
of the Nupe Basin revealed a NE-SW and NW-SE trend
and are believed to be associated with block faulting of the
underlying basement (Nwankwo and Sunday 2017). These
tectonic trends are associated with the paleo-structures
(trans-oceanic fracture zones) including St Paul, Roman-
che, and Chain fracture systems with their major regional
fault lines and echelon structures believed to have traversed
the basin (Buser 1966; Ajakaiye et al. 1991; Nwankwo and
Sunday 2017). These fault lines are believed to be landward

@ Springer

extensions of the trans-oceanic fracture systems which mani-
fested as the West and Central Africa Rift Systems onshore.
These lineaments and paleo-structures reflects areas of
weakness and instability within the crust, and are associated
with the Mid-Jurassic to Cretaceous opening of the Atlan-
tic Ocean, whose reactivation took place during the early
stages of continental rifting (Buser 1966; Ajakaiye et al.
1991; Nwankwo 2017). The observed trends of the thermal
structure in the area is similar to the trends of trans-oceanic
structures which tranversed the study area.

The results of the Curie point depth, geothermal gradi-
ent and heat flow of the study area range from 21.43 km
t0 26.71 km, 21.72 °C km™" to 27.07 °C km™, and 54.30
mWm™2 to 67.67 mWm™2, respectively. The Curie point
depth was observed to have an inverse linear relationship
with heat flow and geothermal gradient (Fig. 9). This plot
shows a decrease in Curie point depth with an increase in
heat flow as shown in Fig. 9. This agrees with the postula-
tion that areas with significant geothermal energy are usu-
ally associated with anomalously high-temperature gradi-
ent and high heat flow, which is associated geothermally
with a shallow Curie point depth (Kasidi and Nur 2013).
Tectonically prone areas have been known to be associ-
ated with high geothermal gradient, high heat flow and low
CPD. The result of the CPD, geothermal gradient and heat
flow of the present study agrees with the work of Nwankwo
et al. (Nwankwo et al. 2009a, b) which revealed that high
Curie point depth, low geothermal gradient and low heat
flow occur in areas underlain by sandstone which is in line
with the area underlain by the Nupe sandstone as observed
within the Wuya and Bida areas, whereas areas with low
CPD, high geothermal gradient and high heat are underlain
by porphyritic granite, schist/phillites and mylonite as seen
around Gbangba and Kutiwenji areas where the basement
is closer to the surface. The thermal structure of the study
area is best represented by CPD based on Okubo et al. 1989.
Okubo et al. 1989 established that the nature, distribution
and pattern of the Curie point depth is a very important
index of the subsurface thermal trends because generally, the
trend of CPD evaluated from the measured heat flow data of
an area is usually similar to those estimated from spectral
analysis of high-resolution aeromagnetic data of the area.
In summary, the CPD pattern and trend usually reveals the
thermal structural trend of any area (Okubo et al. 1989). The
Curie point depth range of the area (x26.64 -21.4=5.2 km)
is very small and thus implies that the study area falls within
the same geological setting. With CPD values greater
than 10 km, it, therefore, means that the study area is not
a volcanic region and therefore does not have a very high
potential geothermal reservoir. This is because Curie point
depth is generally dependent on the prevailing geological
conditions of the study area. Curie point depths are usually
shallower than 10 km for volcanic and geothermal fields,
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between 15 and 25 km for island arcs and ridges, and deeper
than 20 km in plains, plateaus and trenches (Okubo et al.
1989; Jessop et al. 1976; Ladipo 1988). Since the mean heat
flow regime in thermally non-active continental regions is
usually around 60 mW/m?, therefore areas with heat flow
values within or higher than the heat flow range of 80-100
mW/m? indicate anomalous geothermal conditions (Jessop
et al. 1976). Therefore, continental areas with heat flow
values greater than 60 mW/m? are usually recommended
for further geothermal exploration. Geothermal gradients
in such areas therefore may provide a potential source(s)
of geothermal energy, with associated Curie temperatures
greater than 24 °C most often reached at depths of less than
2 km in such areas.

Conclusion

The Curie point depth, geothermal gradient and heat flow
values were estimated from the spectral inversion of the
HRAM data of Bida and environs, Nupe Basin, Nigeria.
Top depths to magnetic sources across the area were in
the range of 2.184 km-3.69 km with an average depth of
2.74 km, whereas the centroid depths range from 12.26 km
to 14.98 km with an average depth of 13.64 km. The geo-
thermal gradient values were estimated to be in the range
of 17.98-23.95 °C km-1 with an average value of 21.62
°C km-1. Finally, the heat flow values range from 54.30
mWm~ to 67.67 mWm~2 with an average of 59.41 mWm™2.
Generally, CPD values greater than 10 km imply that the
area is not a volcanic area or a potential geothermal reser-
voir. Therefore, since the study area is a thermally non-active
continental area with heat flow values greater than 60 mW/
m? in some sections, it is therefore that the area should be
subjected to further geothermal exploration.
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