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ABSTRACT 12 
The increasing global demand for clean and sustainable energy has intensified the search for geothermal resources and 13 
associated hydrothermal mineral systems. However, limited understanding of the thermal structure and tectonic controls 14 
of the Southern Benue Trough, Nigeria, has constrained effective geothermal and mineral exploration in the region. This 15 
study aims to investigate the thermal and tectonic framework of the basin using integrated high-resolution airborne 16 
magnetic and radiometric data. Aeromagnetic data were processed using reduction to the equator, First Vertical 17 
Derivative (FVD), Analytical Signal (AS), Source Parameter Imaging (SPI), and Spectral Analysis (SA) techniques to 18 
aid the delineation of subsurface structures and the estimation of depths to magnetic sources and Curie Point Depth for 19 
thermal analysis. Airborne radiometric data, including potassium (K), thorium (eTh), uranium (eU), and K/eTh ratio 20 
maps, were analyzed to identify lithological variations and hydrothermally altered zones. The results reveal dominant 21 
NE–SW and subordinate E–W trending lineaments linked to pre-Pan-African and Pan-African tectonic events, providing 22 
strong structural control for fluid migration pathways. Zones of high lineament density and radiometric anomalies 23 
correspond to areas of enhanced hydrothermal alteration. Spectral analysis indicates variable Curie point depths and 24 
elevated geothermal gradients and heat flow, while 2D forward modeling reveals a horst–graben basement architecture 25 
that facilitates heat transfer and fluid circulation. These findings provide new insights into the thermal–tectonic evolution 26 
of the Southern Benue Trough and highlight its potential for geothermal energy development and hydrothermal mineral 27 
exploration. 28 

Keywords: Geothermal energy, Hydrothermal mineralization, Aeromagnetic data, Airborne radiometric data, Curie 29 
point depth, Tectonic framework. 30 
 31 
Introduction 32 
Energy resources remain a fundamental driver of economic development worldwide, particularly in the context of the 33 
ongoing transition toward low-carbon and sustainable energy systems. The increasing global demand for sustainable 34 
energy sources and critical minerals has accelerated the development and application of integrated geophysical 35 
approaches for resource exploration (Abraham et al., 2024). In Nigeria, despite its status as a major oil and gas producer, 36 
recent economic pressures and the global transition toward low-carbon energy systems have intensified efforts to 37 
diversify into solid minerals and geothermal resources (Obaje, 2009; Ekwok, 2020; International Energy Agency, 2023). 38 
Mineral resources form through diverse geological processes, including magmatic differentiation, hydrothermal activity, 39 
sedimentation, and metamorphism. Among these, hydrothermal systems are particularly significant because they host 40 
economically viable ore deposits such as porphyry copper, epithermal gold, and volcanogenic massive sulphides (Groves 41 
et al., 2023; Sillitoe, 2010).These systems are closely linked to geothermal processes, as both are controlled by crustal 42 

heat flow, tectonic deformation, and fluid circulation within permeable lithospheric structures. Consequently, the 43 
interaction between heat sources, structural pathways, and fluid movement plays a fundamental role in the formation of 44 
hydrothermal mineralization and geothermal systems. 45 

The Benue Trough, a Cretaceous intracontinental rift basin in Nigeria, represents one of the most prominent geological 46 

features associated with the separation of the African and South American plates. It is characterized by complex tectonic 47 
evolution, intrusive magmatic activities, and widespread hydrothermal alteration. The Southern Benue Trough, in 48 
particular, hosts polymetallic mineralization (Pb–Zn–Ba), thermal springs, and radiogenic minerals, indicating strong 49 
coupling between tectonic processes and thermal evolution (Olade & Morton, 1985; Ekwok, 2020). These geological 50 
characteristics suggest significant potential for both hydrothermal mineral resources and geothermal energy 51 
development. Despite these prospects, the region remains relatively underexplored, particularly with respect to 52 
integrated studies that simultaneously address structural controls, crustal thermal regimes, and hydrothermal processes. 53 
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Previous investigations in the Benue Trough have largely focused on either structural interpretation, mineral exploration, 54 
or geothermal assessment independently, with limited efforts directed toward understanding the genetic relationship 55 
between these processes. This lack of integration has hindered the ability to determine whether geothermal anomalies 56 
and hydrothermal mineralization are linked through common tectono-thermal mechanisms or represent independent 57 
geological phenomena. 58 

Recent studies emphasize that tectonic architecture and structural permeability exert fundamental control on fluid flow, 59 
heat distribution, and mineral deposition in rift-related basins (Richards, 2011; Sillitoe, 2010). In such environments, 60 
faults, fractures, and lineaments act as conduits for the migration of hydrothermal fluids, while elevated heat flow 61 
associated with crustal thinning and magmatic intrusions drives hydrothermal circulation. Therefore, a comprehensive 62 
understanding of the spatial relationship between structural features, thermal anomalies, and geochemical signatures is 63 
essential for identifying zones of mineralization and geothermal potential. Geophysical methods provide a reliable means 64 
of investigating concealed subsurface systems. Aeromagnetic data enable the delineation of structural features such as 65 
faults, fractures, and intrusive bodies, while also allowing quantitative estimation of subsurface thermal conditions 66 
through Curie Point Depth (CPD) analysis. From CPD, geothermal gradient and heat flow can be derived, providing 67 

critical insights into the thermal state of the lithosphere. Airborne radiometric data, on the other hand, offer valuable 68 
information on lithological variations and hydrothermal alteration through the spatial distribution of potassium (K), 69 
thorium (eTh), and uranium (eU) concentrations (Nabighian et al., 2005; IAEA, 2003). 70 

The integration of aeromagnetic and radiometric datasets has proven effective in mapping mineral systems and 71 
geothermal prospects in structurally complex terrains (Dentith & Mudge, 2014; Nabighian et al., 2005). However, the 72 
application of integrated aeromagnetic and radiometric approaches to simultaneously evaluate tectonic structures, 73 
geothermal conditions, and hydrothermal mineralization within the Southern Benue Trough remains limited. In addition, 74 
the absence of comprehensive datasets that combine structural, thermal, and geochemical indicators has constrained the 75 
identification of zones where mineralization and geothermal systems are genetically linked. 76 

This study addresses these gaps by integrating high-resolution aeromagnetic and airborne radiometric data to investigate 77 
the thermal structure and tectonic framework of the Southern Benue Trough. Specifically, the study aims to delineate 78 
structural corridors and their control on fluid migration, estimate Curie point depth, geothermal gradient, and heat flow, 79 

identify radiometric anomalies and hydrothermal alteration zones, and establish the relationship between tectonic 80 
structures, geothermal conditions, and hydrothermal mineralization. This integrated approach provides a more 81 
comprehensive understanding of the coupled tectono-thermal processes controlling resource potential in the region and 82 
offers a geophysical basis for future geothermal and mineral exploration. 83 

DATA AND METHODOLOGY 84 
STUDY AREA 85 
The study area is located within the Southern Benue Trough, Nigeria, and lies approximately between longitudes 7°00′E 86 
and 9°00′E, and latitudes 5°00′N and 7°00′N, covering an aerial extent of about 27,225 km² (Fig. 1). The terrain exhibits 87 
variable topography, with elevations ranging from approximately 19.1 m in the low-lying sedimentary plains to over 88 
415.31 m above sea level within the Oban Massif and adjacent highlands, as derived from Digital Elevation Model 89 
(DEM) data (Fig. 2). This variation in elevation reflects lithological contrasts and structural controls that influence 90 
hydrothermal fluid migration and mineralization processes. 91 

Geologically, the study area comprises parts of the Southern Benue Trough and the adjoining Precambrian Basement 92 
Complex, represented by the Oban Massif. The Benue Trough is a Cretaceous intracontinental rift basin formed during 93 
the separation of the African and South American plates and is characterized by thick sedimentary successions deposited 94 
from the Albian to Maastrichtian (Benkhelil, 1989; Obaje, 2009). The principal lithostratigraphic units of the Southern 95 
Benue Trough include the Asu River Group, Eze-Aku Formation, Awgu Formation, and Nkporo Group, which consist 96 
predominantly of shales, sandstones, limestones, and minor volcanic and intrusive rocks (Nwajide, 2013; Obaje, 2009). 97 
The Oban Massif, which forms part of the Nigerian Basement Complex, consists predominantly of migmatites, gneisses, 98 
schists, and granitoids that were extensively reworked during the Pan-African orogeny (~600 Ma) (Rahaman, 1988). 99 
The contact between the basement complex and the sedimentary basin is structurally controlled and marked by major 100 
fault systems and intrusive activities. Structurally, the region is characterized by complex faulting, folding, and fracture 101 
systems with dominant orientations in the NE–SW, NW–SE, and E–W directions, reflecting the tectonic evolution of 102 
the Benue Trough, including Santonian compression and subsequent reactivation (Benkhelil 1989; Nwajide 2013). 103 
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The area hosts significant hydrothermal mineralization, particularly Pb–Zn–Ba deposits, along with thermal springs and 104 

radiogenic anomalies, indicating strong tectono-thermal interactions (Olade & Morton 1985; Ekwok 2020). These 105 
geological and structural characteristics make the Southern Benue Trough a favorable setting for investigating tectonic 106 
controls on hydrothermal mineralization and associated geothermal resources. 107 

 108 

Fig. 1 Location Map of the Study Area 109 
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 110 

Fig. 2 Digital elevation model (DEM) of the study area (courtesy of USGS) 111 
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 112 

Fig. 3 Geologic map of the study area (modified after NGSA, 2011) 113 

DATA 114 

This study utilized high-resolution airborne geophysical datasets comprising aeromagnetic and radiometric data covering 115 
the Southern Benue Trough and adjoining basement terrains. The datasets were acquired by Fugro Airborne Surveys for 116 

the Nigerian Geological Survey Agency (NGSA) as part of a nationwide airborne geophysical survey program conducted 117 
between 2004 and 2008, aimed at enhancing mineral exploration and geological mapping across Nigeria. 118 

The aeromagnetic dataset consists of sixteen (16) sheets (287, 288, 289, 290, 301, 302, 303, 304, 312, 313, 314, 315, 119 
321, 322, 323, and 324), while the airborne radiometric dataset covers thirteen (13) sheets within the study area (Fig. 1). 120 
To ensure uniformity and regional consistency, all individual datasets were merged to produce continuous composite 121 
grids prior to further processing and interpretation using the Oasis Montaj 8.3 software. This merging process minimizes 122 
edge effects and enhances the continuity of geological features across sheet boundaries. 123 

Data acquisition was carried out using a high-precision magnetometer along NW–SE oriented flight lines with an 124 
average spacing of approximately 500 m, while tie lines were spaced at about 2 km. The survey was flown at a nominal 125 
altitude of approximately 80 m above ground level. The aeromagnetic data were pre-processed to remove diurnal 126 
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variations, heading errors, and other noise components before being compiled into a Total Magnetic Intensity (TMI) 127 
grid. These data provide valuable information on variations in the magnetic susceptibility of subsurface rocks, enabling 128 
the delineation of structural features such as faults, fractures, dykes, and lithological contacts (Nabighian et al., 2005; 129 
Salem et al., 2022). 130 

The airborne radiometric data comprise gamma-ray spectrometric measurements of naturally occurring radioelements, 131 
namely potassium (K), thorium (eTh), and uranium (eU). These data were processed to generate grids of individual 132 
radioelement concentrations, as well as derived ratio maps. Radiometric datasets are particularly effective for lithological 133 
discrimination and the identification of hydrothermal alteration zones due to spatial variations in radioelement 134 
concentrations (IAEA, 2003; McCay et al., 2014). 135 

Both datasets, after merging and gridding, were subjected to further processing using standard geophysical techniques. 136 
The integration of aeromagnetic and radiometric datasets provides complementary insights into subsurface structural 137 
architecture and surface geochemical variations. This combined approach enhances the delineation of hydrothermal 138 

mineralization zones and potential geothermal anomalies within the study area. 139 

Figure 4 summarizes the integrated workflow adopted in this study. Magnetic data processing yields structural features 140 
and thermal parameters such as Curie point depth (CPD), geothermal gradient, and heat flow, while radiometric analysis 141 
highlights radiogenic anomalies and hydrothermal alteration zones. These thematic layers are subsequently integrated 142 
using a multi-criteria approach to generate mineralization potential maps for exploration targeting. 143 
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 144 
 145 
Fig. 4 Flowchart of Research Data Processing and Analysis 146 

METHODOLGY  147 

Aeromagnetic Data Processing 148 

To delineate subsurface structures, identify hydrothermal alteration zones, and establish the relationship between 149 
tectonic and thermal features, a combination of enhancement, transformation, and analytical techniques was applied to 150 
the aeromagnetic and airborne radiometric datasets. 151 

 152 

Aeromagnetic Data Processing and Structural Enhancement 153 
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The Total Magnetic Intensity (TMI) data were first transformed using the reduction to the equator (RTE) technique to 154 
correct for the asymmetry and positional displacement of magnetic anomalies caused by low magnetic inclination in the 155 
study area. This transformation ensures that magnetic anomalies are centered over their causative bodies, thereby 156 
improving the reliability of structural and lithological interpretation (Blakely, 1995; Nabighian et al., 2005). 157 

To enhance shallow subsurface features, the First Vertical Derivative (FVD) was applied to the RTE data. This filter 158 
emphasizes short-wavelength anomalies associated with near-surface sources and sharpens magnetic gradients, enabling 159 
the delineation of faults, fractures, and lithological contacts that may serve as pathways for hydrothermal fluids (Salem 160 
et al., 2007). 161 

The Analytical Signal (AS) was subsequently computed to locate the edges of magnetic sources independent of 162 
magnetization direction. This is particularly effective in low magnetic latitude regions such as the Southern Benue 163 
Trough. The amplitude of the analytical signal is expressed as: 164 

               𝐴𝑆(௫,௬) = √(డ௃డ௫)2 + (డ௃డ௬)2 + (డ௃డ௭)2                                                                                 (1) 165 

where (డ௃డ௭) is the vertical derivative.  166 

These enhancement techniques collectively enabled the extraction of structural lineaments representing faults, fractures, 167 
and intrusive bodies that define the tectonic framework of the study area (Roest et al., 1992). 168 

Depth Estimation and Basement Configuration 169 

Depth to magnetic sources was estimated using Source Parameter Imaging (SPI) and spectral analysis to improve 170 
reliability and spatial resolution. The SPI method computes depth based on the local wave number of the magnetic field 171 
and operates on the complex analytic signal principle, providing rapid and spatially distributed depth estimates (Thurston 172 

& Smith, 1997; Nabighian et al., 2005). 173 

Spectral analysis was applied following the method of Spector and Grant (1970) to estimate the depths to both shallow 174 
and deep magnetic sources. This approach involves analyzing the radially averaged power spectrum of magnetic 175 
anomalies to separate contributions from shallow and deep source ensembles. To constrain basement morphology, 176 
selected profiles across the SPI-derived depth map were modeled using two-dimensional (2D) forward modeling 177 
techniques. These profiles were oriented perpendicular to dominant structural trends, and SPI-derived depths were used 178 
as constraints to generate geologically plausible subsurface models. This approach provides insight into basement 179 
geometry, including horst–graben architecture (Blakely, 1995; Talwani, 1965). 180 

Lineament Extraction and Structural Analysis 181 

Structural lineaments were extracted from the enhanced magnetic datasets, particularly the FVD and AS maps, using the 182 
Centre for Exploration Targeting (CET) grid analysis technique. This automated extraction was complemented by 183 

manual digitization and geological validation to ensure consistency with regional tectonic trends (Holden et al., 2012; 184 
Grose et al., 2012). 185 

Lineament orientation analysis was performed using rose diagrams to determine dominant structural trends, while 186 
lineament density mapping was used to identify structurally complex zones. Areas characterized by high lineament 187 
density are interpreted as zones of enhanced permeability, which are favorable for hydrothermal fluid migration and 188 
mineralization (Bonham-Carter, 1994; Sibson, 1996). 189 

Curie Point Depth and Geothermal Modelling 190 
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To investigate the thermal structure of the crust and evaluate geothermal energy potential, Curie Point Depth (CPD) was 191 

estimated from the aeromagnetic data using spectral analysis. The dataset was divided into twenty-five overlapping 192 
blocks (110 × 110 km) to ensure adequate spatial coverage and spectral stability. The radially averaged power spectrum 193 
for each block was computed using Fast Fourier Transform (FFT) techniques (Blakely, 1988; Tanaka et al., 1999). Depth 194 
to the top of magnetic sources (Zt) was derived from the high-frequency component, while the centroid depth (Zc) was 195 
obtained from the low-frequency component. The Curie point depth (Zb) was then calculated as: 196 

                                          Zb = 2Zc − Zt                                                                                                                                                                                               (2) 197 
Geothermal gradient (GTG) and heat flow (HF) were calculated using:   198 

                                      GTG = ்௖௓௕                                                                                                                                      (3) 199 

where Tc = 580 °C, the Curie temperature of magnetite, and 200 
                                       HF = GTG × k                                                                                                                           (4)           201 

where k = 2.5 Wm-1K-1, represents the average thermal conductivity of crustal rocks (Turcotte & Schubert, 2014). 202 

In this framework, the Curie point depth represents the depth at which magnetic minerals lose their magnetization (~580 203 
°C), thereby providing a proxy for subsurface thermal conditions. This transition from magnetic depth estimation to 204 
thermal modelling establishes the link between structural framework and geothermal processes. 205 

Airborne Radiometric Data Processing 206 

Airborne radiometric data comprising potassium (K), thorium (eTh), and uranium (eU) were processed to generate 207 
colour composite, ternary, and ratio maps for lithological discrimination and the identification of hydrothermal alteration 208 
zones. The K/eTh ratio was computed to delineate zones of potassium enrichment associated with hydrothermal 209 
alteration. Potassium is highly mobile during hydrothermal processes, whereas thorium is relatively immobile; therefore, 210 
elevated K/eTh ratios are indicative of alteration zones (Hoover et al., 1992; Elkhateeb & Abdellatif, 2018). A ternary 211 
map was generated using a red–green–blue (RGB) color scheme, where red represents K, green represents eTh, and blue 212 

represents eU. This visualization enhances the discrimination of lithological units and alteration patterns across the study 213 
area. 214 

Result 215 

Aeromagnetic Characteristics of the Study Area 216 

The Total Magnetic Intensity (TMI) map (Fig. 5) shows variations in high (red) and low (blue) magnetic signatures, 217 
reflecting differences in the magnetic susceptibilities of subsurface rock units within the study area. After removal of 218 
the International Geomagnetic Reference Field (IGRF) value of 34,000 nT, the magnetic anomaly values range from 219 
−69.4 nT to 158.9 nT. The peak amplitude signatures observed in the central part of the map exhibit dominant trends in 220 
the NE–SW and E–W directions. 221 

Intermediate magnetic anomalies (green) dominate the northern, northeastern, eastern, and southeastern parts of the 222 

region, while the southern portion is characterized by relatively low magnetic signatures. These variations reflect 223 
lithological contrasts, basement configuration, and possible intrusive activities within the subsurface. 224 
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 225 

Fig.5 TMI map of the study area 226 
 227 
The reduction to the equator (RTE) map (Fig. 6) was generated to correct for the positional displacement and asymmetry 228 
of magnetic anomalies caused by low magnetic inclination in the study area. The RTE magnetic intensity values range 229 
from approximately −57.8 nT to 138.9 nT, indicating significant heterogeneity in subsurface magnetic properties. The 230 
anomalies exhibit a heterogeneous distribution characterized by alternating magnetic highs and lows. The magnetic 231 
highs, trending predominantly in the NE–SW and E–W directions, correspond to zones of high magnetic susceptibility, 232 
while the magnetic lows reflect zones of relatively low magnetic susceptibility. Intermediate values indicate transitional 233 
lithological units or moderately magnetized rocks. 234 
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 235 

Fig. 6 RTE map of the study area 236 

Structural Interpretation (FVD, Analytical Signal, and Lineaments) 237 

The First Vertical Derivative (FVD) map (Fig. 7) enhances the resolution of shallow subsurface magnetic sources by 238 
emphasizing high-frequency anomalies and suppressing deeper regional effects. The FVD values range from 239 

approximately −0.0511 nT/m to 0.0497 nT/m and reveal sharp magnetic gradients corresponding to near-surface 240 
structural features such as faults, fractures, lithological contacts, and intrusive bodies. 241 

These features exhibit dominant orientations in the NE–SW and NW–SE directions, consistent with the regional tectonic 242 
framework of the Southern Benue Trough. 243 

The Analytical Signal (AS) map (Fig. 8) provides a robust representation of the amplitude of magnetic gradients 244 
independent of magnetization direction. The amplitude values range from approximately 0.0023 nT/m to 0.1342 nT/m, 245 
reflecting variations in magnetic susceptibility and structural configuration. The AS map clearly delineates linear and 246 
curvilinear features corresponding to structural discontinuities, which trend predominantly in the NE–SW and NW–SE 247 
directions. 248 
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Lineament extraction using the Centre for Exploration Targeting (CET) technique further defines the structural 249 
framework of the region. Orientation analysis from the rose diagram indicates dominant NE–SW trends, with 250 
subordinate NW–SE and E–W orientations. These structural trends reflect regional tectonic controls and are consistent 251 
with the evolution of the Benue Trough under extensional and reactivation tectonic regimes.The lineament density map 252 
reveals values ranging from approximately 0.0061 to 96.4104, indicating significant variation in structural intensity. 253 
Zones of high lineament density correspond to structurally complex areas that may serve as conduits for fluid migration. 254 

 255 

Fig. 7 First Vertical Derivative map of the Study area 256 
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 257 
Fig. 8 Analytical Signal (AS) Map of the Study area 258 
 259 
Basement Depth and Structural Architecture (SPI and Spectral Analysis) 260 

Depth estimation using Source Parameter Imaging (SPI) indicates that basement depths range from less than 0.10 km to 261 

more than 2.7 km (Fig. 9). Shallow basement depths dominate the northern, eastern, western, and southeastern portions 262 
of the study area, suggesting the presence of basement rocks and magmatic intrusions close to the surface. In contrast, 263 
deeper basement regions occur within the central and southern parts, indicating thicker sedimentary sequences. 264 

Spectral analysis of the 2D power spectra (Fig. 10) reveals depths to deeper magnetic sources ranging from 2.08 km to 265 
9.02 km, with an average of 5.01 km, while shallow source depths range from 0.15 km to 0.846 km, with an average of 266 
0.32 km (Table 1). The corresponding basement depth maps (Figs. 11 and 12) further illustrate this variation. The 3D 267 
representation of the deeper source depth map (Figs. 13 and 14) reveals an undulating basement morphology 268 
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characterized by horsts and grabens. These basement depressions act as depocenters that accommodated up to 7 km of 269 
sedimentary sequences. 270 

 271 
Fig. 9 SPI depth map of the study area. Lines P1, P2, and P3 are the modeled 2D profiles in fig. 14 272 
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 274 
Fig. 10 Illustration of depth determination for shallow and deep-seated source bodies from 2D power 275 
spectrum curves of some of the analyzed blocks 276 

 277 
 278 
 279 
 280 
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Table 1 Estimated depth to magnetic basement in the study area 281 

 282 
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 283 
Fig. 11 Depth basement map of deeper magnetic sources in study area computed from analysis of 284 
the power spectrum 285 

km

km
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 286 
Fig. 12 Depth basement map of shallower magnetic sources in study area computed from analysis of 287 
the power spectrum 288 
 289 

 290 

km

km
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 291 
Fig. 13 3D display of the depth to basement for (a) deeper and (b) shallow magnetic sources  292 
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 293 
Fig. 14 2D modeled profiles (P1, P2, and P3) showing the morphology of the basement 294 
 295 
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Thermal Structure (Curie Point Depth, Geothermal Gradient, and Heat Flow) 298 

To further quantify the thermal structure, Curie Point Depth (CPD), geothermal gradient, and heat flow were estimated 299 
from the aeromagnetic data. Analysis of the 2D power spectrum curves provides insight into the distribution of CPD 300 
beneath the region. Spectral analysis of twenty-five overlapping aeromagnetic blocks (110 km × 110 km) (Fig. 15) Curie 301 
Point Depth (CPD) estimation shows values ranging from 3.73 km to 15.56 km, with an average of 10.99 km. Shallow 302 
CPD values are observed in the northeastern, northwestern, and southeastern parts of the study area, while deeper values 303 
dominate the southwestern and southern regions.  304 

The geothermal gradient values range from 37.28 °C/km to 155.50 °C/km, with an average of 58.35 °C/km. Heat flow 305 
values range from 93.19 mW/m² to 388.74 mW/m², with an average of 145.85 mW/m². The geothermal gradient and 306 
heat flow maps (Figs. 18 and 19) reveal anomalously high values in the northeastern and southeastern parts of the study 307 
area, with a gradual decrease toward other regions. The calculated geothermal gradients range from 42.37 °C/km to 308 
155.50 °C/km, with a mean of 58.34 °C/km. Corresponding heat flow values vary from 39.19 mW/m² to 388.74 mW/m², 309 

with an average of 145.85 mW/m², which is significantly higher than the global continental mean of approximately 65 310 
mW/m². A clear relationship is observed between CPD, geothermal gradient, and heat flow, such that shallow CPD 311 
zones correspond to high geothermal gradients and heat flow values, while deeper CPD zones correspond to lower 312 
thermal values (Tanaka et al., 1999; Li et al., 2017). 313 

 314 
 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 
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 323 

Fig. 15 Total magnetic intensity (TMI) map of the study area illustrating sections of 110 km × 110 km 324 
overlapping blocks analyzed for CPD determination 325 

 326 
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Table 2 Estimated Curie Point depths, heat flow and geothermal gradients values 336 

 337 
 338 

Block X Y
Zo 

(km)

2Zo 

(km)

Zt

(km)

Zb (CPD) 

(km)

GG 

(⁰C)
HF 

(W/m²)

1 333900 608100 8 16 2.31 13.69 42.37 105.92

2 361950 608800 8.87 17.74 5.95 11.79 49.19 122.99

3 389200 608300 8.2 16.4 1.64 14.76 39.30 98.24

4 416800 608300 6.77 13.54 1.76 11.78 49.24 123.09

5 444400 608450 6.74 13.48 7.11 6.37 91.05 227.63

6 334300 636050 8.37 16.74 1.18 15.56 37.28 93.19

7 361950 636050 9.34 18.68 5.37 13.31 43.58 108.94

8 389600 635850 8.28 16.56 5.88 10.68 54.31 135.77

9 417050 636050 9.4 18.8 5.84 12.96 44.75 111.88

10 444400 635900 7.73 15.46 6.19 9.27 62.57 156.42

11 333950 663700 8 16 3.31 12.69 45.71 114.26

12 361950 663900 8.37 16.74 1.28 15.46 37.52 93.79

13 389400 663500 8.35 16.7 5.97 10.73 54.05 135.14

14 417000 663300 8.62 17.24 6.16 11.08 52.35 130.87

15 444200 663700 9.54 19.08 5.99 13.09 44.31 110.77

16 334250 691250 6.47 12.94 3.99 8.95 64.80 162.01

17 361550 691250 6.34 12.68 2.1 10.58 54.82 137.05

18 389900 691250 5.88 11.76 5.62 6.14 94.46 236.16

19 417050 691250 5.05 10.1 6.37 3.73 155.50 388.74

20 444750 691050 7.09 14.18 5.89 8.29 69.96 174.91

21 334050 718950 6.52 13.04 2.09 10.95 52.97 132.42

22 362150 718600 6.7 13.4 2.06 11.34 51.15 127.87

23 389100 718550 6.83 13.66 1.88 11.78 49.24 123.09

24 417450 718150 5.92 11.84 0.895 10.945 52.99 132.48

25 444150 718800 5.46 10.92 2 8.92 65.02 162.56

Average 14.95 10.99 58.34 145.85
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 339 
Fig. 16 2D power spectrum curves of Block 3 and Block 4 showing the estimated depths to top (Z t) 340 
and centroid (Zo) in the study area 341 

Block 3a Block 3b

Block 4a Block 4
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 342 
Fig. 17 Curie point depth map of the study area 343 
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 344 
Fig. 18 Heat flow (HF) map of the study area 345 
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 346 
Fig. 18 Geothermal gradients (GG) map of the study area 347 
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 348 
Fig. 19 3D display of the Curie Point depth map of the study area 349 

km
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 350 
Fig. 20 3D display of the geothermal gradient map of the study area 351 

 C/km
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 352 
Fig. 21 3D display of the heat flow map of the study area 353 
 354 
Airborne Radiometric Data 355 

Airborne radiometric data provide information on the spatial distribution and concentration of naturally occurring 356 
radioactive elements, primarily potassium (K), uranium (U), and thorium (Th), within the near-surface geological 357 
environment. These elements emit gamma radiation during radioactive decay, which can be measured using airborne 358 

gamma-ray spectrometry. Their distribution reflects lithological variations, hydrothermal alteration processes, structural 359 
controls, and geothermal heat generation potential. 360 

Potassium (K), Thorium (eTh), and Uranium (eU) Concentration Maps 361 

The potassium (K) distribution map provides information on lithological variation, hydrothermal alteration, and 362 
structural control within the Southern Benue Trough. Potassium concentration values range from approximately 363 
0.0269% to 1.8665%, indicating significant spatial variation across different geological formations. Areas of high 364 
potassium concentration (up to 1.8665%), represented by pink, red, and purple colors, are predominantly located in the 365 
central, southeastern, and northeastern portions of the study area. Moderate potassium concentrations, ranging from 366 
0.630% to 1.005%, occur in parts of the northwestern, central, and southeastern regions. Low potassium concentrations, 367 

mW/m²
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represented by blue and dark blue colors, are mainly observed in the northwestern and localized southwestern portions 368 
toward the Anambra Basin. 369 

Thorium (eTh) concentration values range from approximately 3.7018 ppm to 27.1055 ppm, indicating considerable 370 
variation across the region. Since thorium is relatively immobile during hydrothermal processes, its distribution reflects 371 
the original lithological composition and serves as an indicator of primary rock types and geological boundaries. High 372 
thorium values, represented by pink, red, and purple colors, occur predominantly in the central, northeastern, and 373 
northwestern portions of the study area. Low thorium values (around 3.7018 ppm), shown in blue and dark blue, are 374 
mainly observed in the southern and southwestern regions, while moderate concentrations are widely distributed. 375 

Uranium (eU) concentration values range from approximately 0.3002 ppm to 6.3304 ppm, indicating significant spatial 376 
variation in uranium enrichment. Uranium is highly mobile under oxidizing hydrothermal conditions, and its distribution 377 
is influenced by structural pathways, fluid migration, and lithological composition. High uranium values (4.789 ppm to 378 
6.3304 ppm), represented by pink, red, and purple colors, and are concentrated in the central, northeastern, and 379 

southeastern portions of the study area. Moderate concentrations are widely distributed, whereas low values, shown in 380 
blue and dark blue, are predominantly observed in the northwestern and southern regions. 381 
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 382 

Fig. 22 Potassium Alternation Map of the study area 383 
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 384 
Fig. 23 Thorium Concentration Map of the study area 385 
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 386 
 387 
Fig. 24 Uranium Concentration Map of the study area 388 
 389 
K/eTh Ratio Map 390 

The K/eTh ratio map of the study area shows values ranging from 0.0024 to 0.2233 %/ppm (Fig. 4.18), which is higher 391 

than the stability range and suggests the presence of hydrothermal mineralization within the region. High anomalous 392 
zones dominate the eastern and southeastern parts of the study area and coincide with the basement rocks of the Oban 393 
Massif. These high K/eTh ratio anomalies are interpreted to represent hydrothermally altered zones or mineralized 394 
environments. 395 

The highest K/eTh ratio values (0.2233 %/ppm) are associated with Pan-African granites, migmatites, migmatitic gneiss, 396 
porphyritic granite, and undifferentiated schist, including gneiss, fine-grained flaggy quartzites, muscovite schist, and 397 
biotite granite. In contrast, low K/eTh ratio values are concentrated in the northwestern and parts of the eastern and 398 
southeastern margins of the region, which are predominantly underlain by Cretaceous sedimentary rocks. 399 
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Ternary Map 400 

The composite ternary map of the radioelements (K, eTh, and eU) displayed in red, green, and blue (RGB), respectively 401 
(Fig. 4.19), shows variations in the concentration and natural radioactivity of the elements, reflecting the response of 402 
different lithological units beneath the study area. Potassium (K) is represented by red, thorium (eTh) by green, and 403 
uranium (eU) by blue. 404 

Areas with bright red coloration indicate high potassium concentration, while bright green colors represent high thorium 405 
concentration. White zones indicate strong concentration of the three radioelements, whereas black zones indicate low 406 
concentrations associated with weakly radioactive rocks. 407 

 408 

 409 

 410 
 411 
Fig. 25 K/eTh ratio map of the study area 412 
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 413 
 414 
Fig.26 Ternary image of the study area 415 
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Discussion 423 
Airborne Magnetic Characteristics of the Southern Benue Trough 424 

The TMI (Fig. 5) and RTE (Fig. 6) maps show variations in high (red) and low (blue) magnetic signatures that reflect 425 
differences in the magnetic susceptibilities of subsurface rock units within the study area. The peak amplitude signatures 426 
observed in the central part of the TMI map trend predominantly in the NE–SW and E–W directions, while the RTE 427 
map further resolves these anomalies into NW–SE, NE–SW, and E–W orientations. These patterns indicate the presence 428 
of both shallow and deep-seated magnetic sources, suggesting a complex subsurface composed of heterogeneous 429 
lithologies and structurally controlled features. 430 

The occurrence of relatively high magnetic intensities within areas underlain by sedimentary rocks is particularly 431 
significant. Rather than representing purely sedimentary responses, these anomalies are interpreted to result from 432 
igneous intrusions emplaced within the Cretaceous sedimentary sequences. This interpretation is consistent with the 433 
known tectono-magmatic evolution of the Benue Trough, where intrusive activities are closely associated with rifting 434 

and subsequent tectonic reactivation. Thus, the magnetic signatures not only reflect lithological contrasts but also provide 435 
evidence of magmatic contributions to the subsurface architecture. 436 

Tectonic Features of the Southern Benue Trough 437 

Structural enhancement techniques, including FVD (Fig. 7) and Analytical Signal (Fig. 8), clearly delineate magnetic 438 
anomalies corresponding to the edges and contacts of lineaments, faults, fractures, dykes, and veins. These features 439 
follow dominant NE–SW, NW–SE, and E–W orientations, which correspond to major tectonic trends within the Benue 440 
Trough. 441 

Their geometric characteristics suggest that they originate from deep-seated structural deformations associated with Pan-442 
African and earlier tectonic events that impacted the Nigerian Basement Complex (Obaje, 2009). However, beyond 443 
simply reflecting inherited structures, the present results indicate that these tectonic features have been repeatedly 444 
reactivated, thereby maintaining their significance in controlling subsurface processes. 445 

The segmentation of the basement into distinct structural blocks, as revealed by the magnetic data, explains the rugged 446 
basement topography observed across the study area. The Analytical Signal map further enhances this interpretation by 447 
revealing rounded and subrounded anomalies interpreted as magmatic intrusions emplaced into the sedimentary 448 
sequences. These intrusions are more prominent within the southeastern and eastern parts of the study area, 449 
corresponding to the Oban Massif, where high-amplitude signatures dominate. In contrast, intermediate to low magnetic 450 
anomalies correspond to sedimentary terrains such as the Afikpo Syncline and the Anambra Basin. This contrast 451 
highlights the transition between basement-dominated and sedimentary domains and reinforces the interpretation that 452 
the magnetic field is strongly controlled by both lithology and tectonic structure. Importantly, the spatial association 453 
between intrusive bodies and structural discontinuities suggests that magmatic emplacement was structurally controlled. 454 
This implies that tectonic features not only influenced deformation but also governed the localization of magmatic and 455 
thermal processes within the basin. 456 

Lineament Interpretation and Tectono-Thermal Evolution 457 

Lineaments interpreted from the First Vertical Derivative (FVD) map indicate that structural elements are concentrated 458 
in areas underlain by crystalline basement rocks and are expressed as both long and short linear magnetic anomalies. 459 
Orientation analysis using rose diagrams reveals a dominant NE–SW trend, with subordinate E–W and NW–SE 460 
orientations. These structural trends are consistent with known tectonic episodes, including the Pre-Pan-African and 461 
Pan-African orogenic events that significantly deformed the Nigerian Basement Complex (Obaje, 2009; Anudu et al., 462 
2014). However, the present study provides further insight by demonstrating that these structures are not merely relics 463 
of past tectonic events but remain active controls on present-day subsurface processes. The NE–SW and NW–SE 464 
lineaments are interpreted as products of tectono-thermal cycles involving deformation, reactivation, and remobilization 465 
of crustal weaknesses during the Pan-African (~600 Ma) orogeny (Odeyemi, 1981; Rahaman, 1989). The E–W oriented 466 
structures are associated with extensional tectonics linked to the opening of the South Atlantic, while the oblique trends 467 
reflect subsequent wrench deformation and stress reorganization. These multi-phase tectonic cycles resulted in a 468 
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structurally heterogeneous crust characterized by zones of weakness that facilitated both magmatic intrusion and fluid 469 
migration. The alignment of magnetic anomalies with mapped structural features further confirms that brittle 470 
deformation played a major role in shaping the present-day structural framework (Burke & Dewey, 1972; Dada, 2006; 471 
Oladunjoye et al., 2016). Thus, the structural architecture of the Southern Benue Trough reflects a combination of 472 
inherited basement fabrics and later tectonic reactivation, both of which are critical in controlling hydrothermal and 473 
geothermal processes. 474 

Tectonic Controls on Hydrothermal Mineralization and Geothermal Prospects 475 

To further evaluate the role of structures in controlling mineralization, the extracted lineaments were used to generate a 476 
lineament density map (Fig. 28), which highlights zones of structural complexity that are favorable for hydrothermal 477 
mineral exploration (Holden et al., 2012; Bonham-Carter, 1994). Mineralized regions are commonly associated with 478 
intersections of geological structures such as faults, fractures, dykes, and joints, which act as conduits for hydrothermal 479 
fluid flow. The results of this study indicate that areas characterized by high lineament density correspond to zones of 480 

enhanced structural permeability. These zones facilitate the circulation of mineral-rich hydrothermal fluids and therefore 481 
represent favorable targets for mineral exploration. 482 

In this study, the eastern and southeastern parts of the Southern Benue Trough are characterized by long lineament 483 
lengths and high lineament density, and are therefore identified as potential zones for hydrothermal mineralization. 484 
These zones also act as conduits for thermal fluids, indicating a direct link between structural complexity and geothermal 485 
processes. Other regions, including the northern, northwestern, western, and central parts of the study area, also exhibit 486 
high lineament density and are interpreted to be influenced by magmatic intrusions emplaced within the sedimentary 487 
sequences. The association between these zones and known mineral occurrences further supports their exploration 488 
significance (NGSA, 2008). The spatial distribution of structurally complex zones indicates that tectonic deformation 489 
not only controlled mineralization but also influenced the migration of heat and fluids within the crust. Consequently, 490 
areas with high lineament density represent zones where structural permeability enhances both hydrothermal 491 
mineralization and geothermal fluid circulation. This relationship is particularly important because it demonstrates that 492 
mineralization and geothermal systems are not independent phenomena but are genetically linked through tectono-493 
thermal processes. In essence, the same structures that control fluid flow also facilitate heat transfer, thereby creating 494 

conditions favorable for both mineral deposition and geothermal energy accumulation. 495 
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 496 

Fig 27 (a) Lineaments extracted from FVD map interpretation. (b) Rosette plot showing the 497 

major and minor orientations of lineaments 498 
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 499 

Fig. 28 Lineament Density Map 500 
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 501 

Fig. 29 Prospective mineralization targets generated from integration of the dataset 502 

 503 
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 505 

Basement Configuration, Depth Distribution and Structural Implications 506 

Analysis of the 2D power spectra reveals the presence of both shallow and deep magnetic sources beneath the study 507 
area. The deeper magnetic sources, derived from the low-frequency (steeper) segment of the spectra, range from 2.08 508 
km to 9.02 km with an average depth of 5.01 km, while the shallow sources range from 0.15 km to 0.846 km with an 509 
average of 0.32 km. These values indicate a highly heterogeneous crust characterized by both shallow intrusive bodies 510 
and deeper basement structures. The 3D representation of the basement depth reveals an undulating morphology defined 511 
by alternating horsts and grabens. These basement depressions act as depocenters that accommodated thick sedimentary 512 
sequences of up to 7 km. The progressive increase in basement depth toward the central, southwestern, and southern 513 
parts of the study area reflects structural subsidence associated with rifting and basin development. While these results 514 
agree with previous studies (Oha et al., 2016; Abdullahi et al., 2019), the present study provides additional insight into 515 
the role of these structures in controlling subsurface processes. The horst–graben architecture not only reflects tectonic 516 
evolution but also creates structural traps and permeability contrasts that influence fluid migration. The shallow 517 

basement depths observed across large portions of the study area indicate the widespread presence of intrusive igneous 518 
bodies. These intrusions, which underlie more than 50% of the study area, are structurally controlled and are clearly 519 
delineated by high-amplitude analytical signal responses. Their presence is significant because they represent localized 520 
heat sources capable of driving hydrothermal and geothermal processes. Thus, the basement configuration serves as both 521 
a structural and thermal framework, linking tectonic evolution with heat distribution and fluid circulation within the 522 
Southern Benue Trough. 523 

Thermal Structure and Curie Point Depth Interpretation 524 

The Curie Point Depth (CPD) distribution provides important insight into the thermal state of the crust. The observed 525 
CPD values (<16 km) indicate that the study area is characterized by relatively shallow thermal boundaries compared to 526 
stable continental regions. According to Tanaka et al. (1999), shallow CPD values are typically associated with 527 
geothermal and volcanically active regions, whereas deeper values correspond to stable cratonic environments. In this 528 
study, CPD values decrease from the southwestern and southern parts toward the northeastern region, where the 529 
shallowest value (~3.73 km) is observed. This spatial pattern indicates that the northeastern part of the study area is 530 

thermally more active, while the southwestern region represents relatively cooler crust. The average CPD of 10.99 km 531 
suggests that the Southern Benue Trough is characterized by moderate to high heat flow conditions, which can be 532 
attributed to crustal thinning associated with rifting processes. However, crustal thinning alone does not fully explain 533 
the observed thermal anomalies. The presence of numerous magmatic intrusions emplaced during the Santonian tectono-534 
magmatic episode provides an additional explanation for the observed thermal anomalies. These intrusions act as 535 
localized heat sources, thereby elevating subsurface temperatures and reducing the depth to the Curie isotherm. This 536 
interpretation is consistent with previous studies (Abraham et al., 2018; Tanaka et al. 1999; Turcotte & Schubert, 2014). 537 
However, the present study further demonstrates that these intrusions exhibit a clear spatial correspondence with zones 538 
of shallow Curie Point Depth (CPD), thereby reinforcing their role in controlling the thermal structure of the region. In 539 
addition to magmatic heat input, mantle upwelling beneath a thinned crust may further contribute to elevated lithospheric 540 
temperatures, providing an additional mechanism for the observed thermal anomalies (Dolmaz et al., 2005). The 541 
combined effect of crustal thinning, magmatic intrusion, and possible mantle processes explains the anomalously 542 
shallow CPD values observed in the northeastern part of the study area. Thus, CPD variations in the Southern Benue 543 
Trough reflect a combination of tectonic, magmatic, and thermal processes, rather than a single controlling factor. 544 

Geothermal Gradient and Heat Flow Characteristics 545 

The geothermal gradient values (37.28–155.50 °C/km) and heat flow values (93.19–388.74 mW/m²) indicate that the 546 
study area is characterized by elevated geothermal conditions. The spatial distribution of these parameters shows a clear 547 
concentration of high values in the northeastern and southeastern parts of the study area. The strong inverse relationship 548 
between Curie Point Depth (CPD) and heat flow observed in this study indicates that zones of shallow CPD correspond 549 
to regions of elevated geothermal gradients and heat flow, consistent with established thermal theory (Li et al., 550 
2017).This relationship provides confidence in the reliability of the thermal estimates derived from magnetic data. 551 
Although direct borehole temperature data were not available for validation, the consistency of the present results with 552 
independent studies from the nearby Anambra Basin (Onuoha & Ekine, 1999) provides confidence in their reliability. 553 
The estimated average heat flow value of 145.85 mW/m² is significantly higher than the global continental average (~65 554 
mW/m²), indicating anomalously elevated geothermal conditions within the study area. Furthermore, the exceptionally 555 
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high heat flow values observed in the northeastern region (up to 388.74 mW/m²) suggest the presence of strong, shallow 556 
heat sources. These thermal anomalies are most likely associated with magmatic intrusions, crustal thinning, and/or 557 
enhanced convective circulation of geothermal fluids at shallow depths. These may include magmatic intrusions, mantle-558 
derived heat, and convective circulation of geothermal fluids. The identification of Blocks 18, 19, 20, 24, and 25 as 559 
zones of elevated geothermal potential is therefore justified based on the convergence of high heat flow, high geothermal 560 
gradient, and shallow CPD. The occurrence of warm artesian groundwater (~55 °C) in the region further supports the 561 
interpretation of active geothermal systems. These findings indicate that the study area hosts low-enthalpy geothermal 562 
resources that may be suitable for direct-use applications. 563 

Radiometric Evidence of Hydrothermal Alteration 564 

The airborne radiometric data provide independent confirmation of hydrothermal processes within the study area. The 565 
distribution of potassium (K), thorium (eTh), and uranium (eU) reflects both lithological variation and geochemical 566 
processes associated with fluid-rock interaction. Potassium enrichment observed in the eastern, southeastern, and 567 
northeastern parts of the study area is indicative of hydrothermal alteration. Potassium is highly mobile during 568 

hydrothermal fluid circulation and is commonly associated with alteration minerals such as sericite and potassium 569 
feldspar in hydrothermal alteration zones (Elkhateeb & Abdellatif, 2018). Thorium, being relatively immobile, serves 570 
as a lithological reference, allowing distinction between primary rock composition and alteration effects. Uranium, on 571 
the other hand, is highly mobile and its distribution reflects fluid migration pathways. The K/eTh ratio provides a more 572 
sensitive indicator of hydrothermal alteration. Values exceeding the stability range (0.17–0.20 %/ppm) indicate 573 
potassium enrichment relative to thorium, which is a diagnostic signature of hydrothermal alteration processes (Hoover 574 
et al., 1992). The high K/eTh anomalies observed in this study coincide with structurally controlled zones within the 575 
Oban Massif and surrounding regions. The ternary radiometric map further highlights zones of geochemical enrichment 576 
and clearly delineates the boundary between basement and sedimentary terrains. These patterns confirm that 577 
hydrothermal alteration is spatially associated with both structural complexity and lithological contrasts. 578 

Integrated Interpretation: Linking Structure, Heat, and Mineralization 579 

The integration of magnetic, thermal, and radiometric datasets reveals a strong and consistent relationship between 580 
tectonic structures, geothermal conditions, and hydrothermal mineralization within the Southern Benue Trough. 581 
Structurally complex zones characterized by high lineament density act as conduits for fluid migration. These zones 582 
coincide with areas of shallow CPD, elevated geothermal gradients, and high heat flow, indicating the presence of 583 
significant subsurface heat sources. Radiometric anomalies, particularly potassium enrichment and elevated K/eTh 584 
ratios, provide geochemical evidence of hydrothermal alteration within these zones. This convergence of structural, 585 
thermal, and geochemical indicators demonstrates that hydrothermal mineralization and geothermal systems are 586 
controlled by the same underlying processes. Tectonic deformation creates permeability pathways, magmatic intrusions 587 
and crustal thinning provide heat, and fluid circulation facilitates mineral deposition. The mineral prospectivity map 588 
derived from the AHP-weighted integration further supports this interpretation. High-potential zones (4.54% of the study 589 
area) are concentrated along NE–SW and NW–SE structural intersections where elevated heat flow (>150 mW/m²), 590 
radiometric anomalies, and favorable geological conditions coincide. Moderate potential zones (39.84%) occur along 591 
major structural corridors and near intrusive bodies, indicating areas of significant but less intense hydrothermal activity. 592 
The spatial agreement between these zones and known mineral occurrences confirms the reliability of the integrated 593 
approach. More importantly, it demonstrates that the combined use of aeromagnetic and radiometric data provides a 594 
robust framework for identifying zones of hydrothermal mineralization and geothermal energy potential. 595 

Conclusion 596 

This study evaluated the hydrothermal mineralization potential and geothermal energy resource prospectivity of the 597 
Southern Benue Trough using an integrated interpretation of high-resolution aeromagnetic and airborne radiometric 598 
data. The analysis focused on characterizing the tectonic framework and thermal structure of the region in order to 599 
understand the interplay between structural deformation, subsurface heat distribution, and hydrothermal processes. 600 

The key findings can be summarized as follows: 601 

• The aeromagnetic data revealed a complex structural framework characterized by alternating high and low 602 
magnetic anomalies, reflecting lithological contrasts and basement heterogeneity. Dominant structural trends 603 
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in the NE–SW, NW–SE, and E–W directions were identified, corresponding to imprints of Pre-Pan-African 604 
and Pan-African tectonic events that significantly influenced the evolution of the Basement Complex and the 605 
structural architecture of the Southern Benue Trough. 606 

• Lineament analysis showed that zones of high lineament density and long lineament lengths are concentrated 607 
within crystalline basement terrains. These structurally complex zones represent areas of enhanced crustal 608 
permeability and are interpreted as major conduits for hydrothermal fluid migration. Their spatial distribution 609 
highlights key targets for hydrothermal mineral exploration. 610 

• Depth estimation results indicate a highly irregular basement configuration. The SPI-derived depths range from 611 
less than 0.10 km to over 2.7 km, while spectral analysis yielded deeper magnetic source depths ranging from 612 
2.08 km to 9.02 km, with an average of 5.01 km. The modelled subsurface geometry reveals a rugose basement 613 
characterized by horst–graben architecture, which plays a significant role in controlling sediment deposition, 614 
structural deformation, and fluid flow pathways. 615 

• Radiometric analysis identified zones of hydrothermal alteration characterized by potassium enrichment and 616 
elevated K/eTh ratios. These anomalies coincide spatially with structurally controlled regions and intrusive 617 
bodies, confirming that hydrothermal mineralization is strongly influenced by the interaction between tectonic 618 

structures, magmatic activity, and fluid circulation processes. 619 
The geothermal evaluation revealed significant thermal anomalies within the study area. The northeastern region is 620 
characterized by shallow Curie Point Depth (CPD), elevated geothermal gradients, and high heat flow values, indicating 621 
anomalous subsurface thermal conditions. This zone represents a priority target for geothermal energy exploration and 622 
is interpreted to be influenced by crustal thinning, magmatic intrusions, and possible mantle contributions. Across the 623 
study area, a strong spatial relationship was observed between structural complexity, shallow basement depth, 624 
radiometric anomalies, and elevated heat flow. This relationship confirms that tectonic structures, magmatic intrusions, 625 
and thermal processes are intrinsically linked and collectively control both hydrothermal mineralization and geothermal 626 
energy potential within the Southern Benue Trough. 627 

The integrated interpretation adopted in this study provides a unified tectono-thermal framework that bridges the gap 628 
between hydrothermal mineral exploration and geothermal resource assessment. By combining magnetic structural 629 
analysis, radiometric characterization, and geothermal modelling, this work establishes a multi-parameter exploration 630 
model that can be applied to similar intracontinental rift systems. From an application perspective, the identification of 631 

structurally controlled zones with elevated heat flow and hydrothermal alteration provides a reliable basis for mineral 632 
exploration targeting and geothermal resource development. Incorporating these integrated datasets into exploration 633 
workflows can significantly improve the accuracy of subsurface characterization and resource prediction. 634 

Despite these advances, uncertainties remain due to data gaps in airborne datasets and the absence of borehole 635 
temperature measurements for validating geothermal parameters. Future studies should integrate geological, 636 
geochemical, and advanced geophysical methods, including magnetotellurics and seismic techniques, as well as bottom-637 
hole temperature data from deep exploration wells, to further constrain subsurface thermal conditions. 638 

Overall, this study provides a robust foundation for understanding the coupled tectonic and thermal processes governing 639 
hydrothermal mineralization and geothermal systems in the Southern Benue Trough. The approach not only advances 640 
geophysical exploration in the region but also offers a transferable framework for integrated resource assessment in 641 
similar geological settings. 642 

Data Availability 643 
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The elevation data were obtained from the Shuttle Radar Topography Mission (SRTM) Digital Elevation Model, 647 
available through the United States Geological Survey (USGS). 648 
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