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Abstract

High-resolution aeromagnetic data (Sheet 244, Ikogosi, southwestern Nigeria) were subjected to
spectral analysis to evaluate the lithospheric thermal regime and geothermal resource potential. The
aeromagnetic grids were processed through standard corrections and transformations, including
Reduction to the Equator (RTE), Upward Continuation (UC3000 m), and regional-residual
separation. Spectral energy-wavenumber relationships from 25 overlapping residual blocks were
analyzed to derive centroid depths (Zs), top of magnetic sources (Z;), Curie Point Depths (Zy),
geothermal gradients, and heat flow. The results delineate Zo values of 15-32 km, Z: of 3-12 km, and
Zy between 21 and 54 km. Corresponding geothermal gradients range from 10.6 to 26.8 °C/km, with
heat flow varying from 26.6 to 67 mW/m? (mean 37 mW/m?). Integration of TMI, REG, and RES maps
reveals heterogeneous basement architecture with E — W and NE-SW structural lineaments, high-
intensity central anomalies linked to shallow intrusive, and low-intensity corridors interpreted as
hydrothermal alteration zones and fracture conduits. The southwestern and western margins exhibit
shallow Curie depths (21-34 km) and elevated heat flow (50 mW/m?), highlighting structurally
controlled geothermal “hotspots.” These findings underscore the coupling of intrusive-related thermal
sources with fracture-enhanced permeability, positioning the southwestern—western corridor and
central magnetic belt as the most prospective geothermal targets.

Keywords: Geothermal Energy, Spectral Analysis, Curie Point Depth, Heat Flow, Geothermal
Gradient.

INTRODUCTION

Sustainable development is facing three critical problems: a rapidly growing world
population, energy shortage, and a continued increasing environmental pollution (Adams et
al., 2018; Dincer & Rosen, 2020). At present, many countries around the world are actively
conducting research on new and renewable energy sources in order to gradually reduce their
dependence on traditional fossil fuels (Shortall et al., 2015; Sharmin et al., 2023). Fossil fuels
have continued to dominate the global energy market, yet their depletion, escalating
extraction costs, and associated greenhouse gas emissions pose serious constraints to long-
term energy security (Abas et al., 2015; Arutyunov & Lisichkin, 2017; H60k & Tang, 2013). In
particular, the emissions from fossil-fuel-based power generation are directly linked to global
warming and ozone layer depletion, underscoring the urgency for an energy transition
toward carbon-neutral and renewable alternatives (Aghahosseini & Breyer, 2020; Beckmann
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et al., 2024; Ilugbo et al., 2023; Lin et al., 2023). Consequently, substantial scientific attention has
shifted toward clean, renewable energy sources with less environmental impacts.

Geothermal energy source is the most stable of all the renewable energy sources because it
offers continuous output independent of climatic conditions. This technological resilience has
motivated widespread deployment in developed countries like the United States, China, Italy,
and Israel, where geothermal reservoirs are now integral components of national energy
infrastructures (Mock et al., 1997; Shortall et al., 2015; Soltani et al., 2019; Xia & Zhang, 2019).
As the world gravitate towards Net-Zero, high-resolution characterization of geothermal
systems has become a critical frontier in geophysics. In Nigeria, geothermal research has
gained momentum in recent years, with investigations focused largely on estimating Curie
Point Depth (CPD) and evaluating thermal regimes across tectonic provinces. The Ikogosi
region in southwestern Nigeria has received particular attention owing to the occurrence of
the unique warm-cold spring system and its potential geothermal significance. Previous
studies have reported CPD values ranging from 5 to 16 km, with anomalously shallow depths
around the Ikogosi Warm Spring linked to possible magmatic intrusions and elevated
radiogenic heat production (E. M. Abraham, 2019; E. M. Abraham & Alile, 2019; John & Kana,
2023; Okonkwo et al., 2020; Ole et al., 2021). Geochemical observations of thorium, uranium
and potassium concentrations in surface lithologies further support the likelihood of heat
sources at depth and reinforce the need for a more rigorous assessment of the subsurface
structural configuration and thermal-fluid pathways (Abraham, 2019).

Despite these advances, a comprehensive geophysical assessment of the Ikogosi geothermal
system remains lacking. Current understanding of the thermal architecture, structural
controls, and reservoir connectivity is insufficient for geothermal resource evaluation and
sustainable exploitation. Thus, detailed subsurface characterization using high-resolution
geophysical datasets is vital for identifying geothermal fields, delineating reservoir
geometries, and assessing their potential for power generation. In this context, the present
study employs spectral analysis of aeromagnetic data from Sheet 244 (Ikogosi) to investigate
crustal thermal properties and structural heterogeneity across the region. The objective is to
delineate prospective geothermal reservoirs and evaluate the geological framework
controlling heat distribution, thereby providing a scientific foundation for future geothermal
development and energy diversification in Nigeria.

Ikogosi is located in Ekiti West Local Government Area of Ekiti State, southwestern Nigeria,
between latitudes 7°34'N - 7°54'N and longitudes 5°00'E - 5°30'E. The town lies within the
tropical rainforest belt and is easily accessible from major nearby towns such as Aramoko-
Ekiti and Ado-Ekiti (Eludoyin et al., 2023). Geologically, Ikogosi is part of the Precambrian
Basement Complex of southwestern Nigeria (Figure 1), mainly composed of migmatites,
banded gneiss, quartzite, and granite intrusions. These rock units have undergone multiple
episodes of deformation and metamorphism, resulting in foliation, fracturing, and folding
patterns that control groundwater circulation. The structural framework, including joints,
faults, and lineaments, promotes the movement of groundwater, contributing to the
interaction between deep, warm water and shallow, cold meteoric water, which gives rise to
the famous warm and cold springs. The presence of varied rock types and structural features
makes Ikogosi an important site for geological and hydrogeological studies (Eludoyin et al.,
2023).
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Figure 1: Geological Map of the Study Area (Ikogosi)

DATA AND METHODS

The aeromagnetic data were obtained as part of the NGSA-sponsored nationwide
aeromagnetic survey in 2009. The data were collected along a series of 200-meter-spaced NE-
SW flight lines with an average flight elevation of approximately 80 meters, with tie lines
every 500 meters. Using the International Geomagnetic Reference Field (IGRF), 2005, the
geomagnetic gradient was removed from the data. Also, the data was made available in the
form of grids with a scale of 1:100,000 (Bem et al., 2025).

Aeromagnetic data were analyzed to generate the Total Magnetic intensity (TMI) and 33000nT
removed from the data to reduce the size of the data, giving us a TMI between -173.20nT to
132.38nT. This capture variations in the Earth's magnetic field due to differences in the
magnetic properties of subsurface materials (Figure 2) (Oha et al., 2016). We applied the
Reduction to the Equator (RTE) to the TMI grid to center magnetic anomalies over their
sources in the study area. Upward Continuation (UC) at 3000 meters was then applied to the
RTE data to suppress shallow magnetic noise and enhance deeper, regional features. The
result was separated into regional and residual anomalies.
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Figure 2: Total Magnetic Intensity Map of the study area

Spectral analysis was performed on the RES map (Figure 3) of the Aeromagnetic data of the
location (Kumar et al., 2020; Ludat & Kiibler, 2023). The aeromagnetic sheet of the location
(Sheet 244) covers an area of approximately 55 km by 55 km at a scale of 1:100,000, and the
RES map was divided into 25 overlapping sub-sheets arranged in a 5 x 5 grid; each sub-sheet
therefore represents an area of roughly 11 km by 11 km (Figure 3) (Alasi ef al., 2017). The
spectral analysis 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, from which the
depth to the magnetic source bodies (shallow and deep) was estimated from the slopes of the
linear segments (Holden et al., 2012). The energy spectrum was plotted against the wave
number components, and this process enabled the determination of gradients corresponding
to the depth to the top (Zr) and centroid depth (Zo) of the magnetic sources (Theophilus et al.,
2023). These depth values were subsequently used to evaluate the Curie Point Depth (Zy),
from which the geothermal gradient and heat flow of the study area were estimated. Curie
Point Depth varies with geological conditions: values below 10 km are typically associated
with volcanic and geothermal regions; depths of 10-15 km correspond to island arcs and
ridges; depths of 20 km and above are linked to plateaus; and depths of 30 km and above are
characteristic of trench environments (Eyinla et al., 2016; He et al., 2023).
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RESULTS

The interpretation of the processed Total Magnetic Intensity (TMI) data, after applying
Reduction to the Equator (RTE), Upward Continuation at 300 m (UC3000m), and separation
into Residual (RES) and Regional (REG) magnetic components, reveals significant variations
in magnetic intensity across the study area. The spectral analysis of these datasets provided
estimates of Curie Point Depth, Geothermal Gradient, and Heat Flow. The generated maps
display spatial variations that reflect differences in crustal composition, magnetic source
depths, and thermal regimes. Areas characterized by shallow CPD and high HF values
correspond to zones of elevated thermal activity, suggesting enhanced geothermal potential
within those regions.

The Total Magnetic Intensity (TMI) map of the Ikogosi area exhibits a heterogeneous magnetic
field distribution with significant lateral variations in intensity, from magnetic lows to
magnetic highs. The central portion of the map is dominated by intense positive anomalies
(pink-red), suggestive of shallow-seated, highly magnetized basement rocks or mafic
intrusive (Bem et al., 2025). The pronounced negative anomalies (blue to deep blue) observed
in the northern and southwestern sectors likely correspond to deep-seated basement
structures or zones of hydrothermal alteration where magnetization has been partially
destroyed (Abdel Zaher et al., 2018). Analysis reveals NW-SE and NE-SW trending magnetic
discontinuities, which are interpreted as fracture and fault zones (Day-Lewis et al., 2017;
Hensen et al., 2019). These structures are critical as they can enhance geothermal fluid
migration and heat transport (Xu ef al., 2015). The strong magnetic gradients separating high
and low anomaly zones further delineate tectonic boundaries and lithologic contacts that may
act as preferential pathways for upward heat flow (Olasolo et al., 2016).
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Figure 3: Showing spectral blocks RES map of the study area

The Residual Magnetic Intensity (RMI) map, upward continued to 3000m (Figure 3) delineates
subsurface magnetic susceptibility variations critical for geothermal reservoir
characterization. Negative magnetic anomalies (blue hues) are interpreted as zones of
hydrothermal alteration where magnetite has been demagnetized or replaced by
paramagnetic minerals such as chlorite and clays, indicative of active or fossil fluid pathways.
These anomalies likely correspond to fault zones or fracture networks that enhance
permeability and facilitate convective heat transfer within the geothermal system. Conversely,
positive magnetic anomalies (red to pink hues) are associated with unaltered, magnetically
susceptible igneous intrusions, which represent the primary thermal sources supplying heat
to the geothermal reservoir.

The spatial juxtaposition of these contrasting anomalies reflects the structural and lithological
controls on fluid migration and heat distribution. Fault-controlled low magnetic intensity
corridors act as conduits for hydrothermal fluids, while adjacent magnetic highs mark thermal
upwellings from intrusive bodies. This pattern enables the identification of geothermal
reservoirs with optimal permeability-heat source coupling, critical for resource exploitation.
Integration with complementary geophysical methods such as resistivity and gravity surveys,
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alongside geochemical sampling, is essential to validate these interpretations and refine
reservoir models.

Figure 4, reveals strong spatial variation in heat flow across the study area. The western sector
(around longitude 5.06-5.08 and latitude 7.44-7.46) exhibits the highest heat flow values (62
mW /m?, red zones). This anomaly likely reflects shallow Curie Point Depth, high geothermal
gradient, and possibly intrusive bodies supplying heat from depth. Such zones are
structurally significant and can represent geothermal “hotspots” where heat is focused along
faults or fractures.

Table 1: Results of Spectral Analysis Showing Centroid Depth, Depth to Basement, Curie
Point Depth, Geothermal Gradient, and Heat Flow for the Study Area (Sheet 244)

Centroi Depth to Curie point Geothermal

Longitude Latitude ddepth  basement depth gradient Heat Flow
BLOCKS (X) Deg (Y)Deg  Zo(km) Zt(km) Zb(km) dT/dZ(°C/km) q (mWm?)
1 5.05 7.35 23.66 3.45 43.87 13.22088 33.0522
2 5.10 7.35 32.03 9.56 54.5 10.6422 26.6055
3 5.15 7.35 21.63 6.88 36.38 15.94283 39.85706
4 5.20 7.35 20.36 8.79 31.93 18.16474 4541184
5 5.25 7.35 18.89 9.89 27.89 20.79598 51.98996
6 5.05 7.4 30.79 10.13 51.45 11.27308 28.1827
7 5.10 7.4 22.25 10.84 33.66 17.23113 43.07784
8 5.15 7.4 28.17 9.51 46.83 12.38522 30.96306
9 5.20 7.4 23.51 9.14 37.88 15.31151 38.27878
10 5.25 7.4 21.72 9.32 34.12 16.99883 42.49707
11 5.05 7.45 15.92 10.2 21.64 26.80222 67.00555
12 5.10 7.45 23.16 7.18 39.14 14.8186 37.0465
13 515 7.45 28.34 5.65 51.03 11.36586 28.41466
14 5.20 7.45 27.52 541 49.63 11.68648 29.2162
15 5.25 7.45 22.4 10.95 33.85 17.13442 42.83604
16 5.05 7.5 24.962 8.9306 40.9934 14.14862 35.37155
17 5.10 7.5 22.206 8.9368 35.4752 16.34945 40.87362
18 5.15 7.5 26.51 9.8018 43.2182 13.42027 33.55068
19 5.20 7.5 28.564 7.9142 49.2138 11.78531 29.46328
20 5.25 7.5 23.611 9.9383 37.2837 15.5564 38.89099
21 5.05 7.55 20.225 12.358 28.092 20.64645 51.61612
22 5.10 7.55 22.661 8.0268 37.2952 15.5516 38.879
23 5.15 7.55 22.573 10.909 34.237 16.94074 4235184
24 5.20 7.55 21.591 5.7699 37.4121 15.50301 38.75751
25 5.25 7.55 20.587 9.7902 31.3838 18.48087 46.20218
Average 38.73618 14.97308 3743271
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Figure 4: (a) Curie Point Depth (CPD), (b) Geothermal Gradient (GG), and (c) Heat Flow (HF) maps of the study
area derived from spectral analysis of aeromagnetic data.

DISCUSSION

The magnetic maps (TMI, RTE, REG, RES) of Ikogosi reveal a heterogeneous subsurface
controlled by basement inhomogeneities and fault networks (Mohammedzadeh-Moghaddam
et al., 2012; Odidi et al., 2020; Pao & Fu, 2013). The TMI shows intense central magnetic highs
associated with shallow intrusive bodies and flanking lows linked to hydrothermal alteration
or deep structure (Keranen et al., 2013; Ndikilar et al., 2019; Rinaldi et al., 2014). RTE and
UC3000m emphasize deeper features, with broad northern negative anomalies correlating
with demagnetized, high-temperature crust and shallow Curie depths (Aghahosseini &
Breyer, 2020). The REG map highlights E-W to NE-SW trending structures, while the RES
map clearly separates magnetic lows as hydrothermal corridors and highs as thermal sources.
Together, these patterns point to a structurally complex geothermal system where intrusive-
related heat sources couple with permeable fluid pathways ( Abraham et al., 2025; Titley, 1993;
Xu et al., 2017).

Spectral depth results reinforce these observations, with centroid depths of 15-32 km,
basement depths of 3-12 km, and Curie Point Depths (CPD) ranging from 21 to 54km
(Hilemichaeil et al., 2024; Kassa et al., 2022). The shallowest CPD values (21-34km),
concentrated in the southwestern and western margins, align with zones of enhanced
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geothermal gradients (18-27 °C/km) and elevated heat flow (50mW /m?) (Chandrasekharam,
2025; Kassa et al., 2022a). The northeastern and south-central sectors show deeper CPD (48
km) and reduced heat flow, implying cooler crustal conditions less favorable for geothermal
development. These variations demonstrate how basement heterogeneity and tectonic
architecture control the distribution of geothermal potential across the area (Brogi, 2008; Jolie
et al., 2021; Moeck, 2014).

Geothermal gradients across the study area range from 10.6 to 26.8 °C/km, with heat flow
between 26.6 and 67mW/m?, averaging 37mW /m? (Prasetyo et al., 2025). The highest values
occur in blocks 5, 11, 21, and 25, where shallow basement depths and structurally controlled
magnetic lows coincide, suggesting active hydrothermal systems. The integration of magnetic
anomalies, CPD distribution,(Usman et al., 2025) and heat flow indicates that the
southwestern-western sectors and the central magnetic corridor are the most prospective
geothermal targets in Ikogosi (Alam, 2021; Ramotoroko et al., 2023; Taylor et al., 2023; Thesis,
2022).

CONCLUSION

The integrated analysis of magnetic maps, spectral depth results, Curie Point Depths,
geothermal gradients, and heat flow clearly indicates that the geothermal potential of Ikogosi
is structurally controlled and spatially variable. The southwestern-western margins and the
central magnetic corridor emerge as the most promising zones, where shallow Curie depths,
high geothermal gradients, and elevated heat flow converge with fracture-controlled
permeability to create favorable conditions for heat accumulation and fluid circulation. These
findings provide a solid geophysical basis for targeted geothermal exploration, which should
be complemented by resistivity, gravity, and geochemical surveys to validate reservoir
characteristics and support sustainable energy development in the area.
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