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Abstract 

Aeromagnetic methods are critical for mineral exploration in geologically complex regions. This review evaluates 

recent advancements in sensor technology, data processing algorithms, and multidisciplinary integration to 

overcome challenges such as noise interference, depth constraints, and structural ambiguities, aiming to enhance 

exploration efficacy and sustainability. The study analyses high-sensitivity cesium vapour magnetometers (±0.052 

nT), UAV systems for high-resolution surveys, and noise reduction techniques like multifractal singular value 

decomposition (MSVD) and improved bi-dimensional empirical mode decomposition (BEMD). Advanced 3D 

inversion models and integration with gravity, gamma-ray, and machine learning are assessed. Case studies from 

Nigeria’s mineral-rich regions, China’s 27,000 km² Nanpanjiang-Youjiang belt survey, and Korea’s UAV-based 

iron ore detection illustrate methodological adaptations. These methods successfully identified concealed faults 

and mineralized zones, with UAV surveys achieving 5 m resolution. Noise reduction improved anomaly detection 

by 30%, while AI-driven analysis reduced exploration risks by prioritizing high-potential targets. However, depth 

penetration beyond 2 km and residual noise in highly magnetic regions remain limitations. As demonstrated in 

Nigeria's subsurface deposit mapping, integrated approaches reduced interpretation uncertainties by 40%. 

Aeromagnetic techniques are indispensable for sustainable mineral exploration in challenging terrains. Future 

advancements should focus on AI-enhanced data fusion, quantum sensor technology for deeper targets, and 

environmentally low-impact UAV deployments. Collaborative frameworks combining aeromagnetics with 

remote sensing and deep learning are recommended to optimize resource discovery while balancing economic 

and ecological priorities. 
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INTRODUCTION 

Aeromagnetic methods measure Earth’s 

magnetic field from aircraft and are vital for 

detecting subsurface magnetic variations 

caused by rocks and structures, aiding mineral 

exploration, oil and gas discovery, and 

geological mapping (Adeniyi et al., 2024; 

Elhussein et al., 2024; Ma et al., 2023). These 

surveys efficiently cover large areas with high-

resolution data, revealing hidden features like 

faults and mineralized zones (Ogunkoya et al., 

2023; Liao et al., 2023). Advanced processing 

techniques such as reduction to pole, reduction 

to equator, and directional derivatives enhance 

data clarity, while integration with gamma-ray 

or satellite data improves geological insights 

(Oladejo & Ogunkoya, 2023; Alvandi et al., 

2023; Shebl et al., 2021). Their non-invasive 

nature supports sustainable practices, including 

the detection of buried well casings for 

environmental monitoring (Saint-Vincent et al., 

2020). Success in locating iron ore and gold 

deposits underscores their utility (Kim et al., 

2021; Mohamed et al., 2022).   
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Mineral exploration drives economic 

growth and resource security by identifying 

critical deposits like lithium for energy storage 

and gallium for defense technology (Li et al., 

2024; Zhang et al., 2024a). Economically 

viable extraction relies on advanced exploration 

systems (Partington et al., 2024), balanced with 

environmental safeguards to mitigate 

ecological impacts (Hegab, 2024). Innovations 

like remote sensing and terahertz spectroscopy 

further refine targeting of minerals such as 

lithium (Cardoso-Fernandes et al., 2023; Zhang 

et al., 2024b). 

However, complex geological settings pose 

challenges: logistical inaccessibility, regulatory 

hurdles, and data-sharing barriers in post-

disaster or geothermal projects (Meirbekova et 

al., 2024). Machine learning (ML) 

breakthroughs, like recurrent neural networks, 

now improve reservoir characterization and 

lithofacies identification in data-scarce 

environments (Hu et al., 2024; Li et al., 2013). 

Emerging tools virtual reality for 3D modelling 

and AI-driven surveillance, also enhance 

accuracy in challenging terrains (Harknett et 

al., 2022; Bo et al., 2023). Aeromagnetic 

methods are pivotal for mineral exploration, yet 

overcoming complexities demands integrating 

cutting-edge technologies with responsible 

practices to balance economic, environmental, 

and technical demands. 

The specific objectives of the article are to 

evaluate advancements in aeromagnetic 

instrumentation (including high-sensitivity 

cesium vapor magnetometers and UAV 

platforms) and survey design for rugged 

terrains, assess noise-reduction techniques 

(MSVD, BEMD) and anomaly enhancement 

algorithms (stable downward continuation) 

alongside 3D inversion models to resolve 

subsurface structures, analyse the integration of 

aeromagnetic data with gravity, gamma-ray, 

remote sensing, and machine learning to reduce 

interpretation uncertainties, and validate these 

methods through regional case studies in 

Nigeria, China, and Korea that demonstrate 

their efficacy in mapping concealed faults, 

intrusive bodies, and mineralized zones. 

 

 

 

 

 

PRINCIPLES OF AEROMAGNETIC 

SURVEYING 
Aeromagnetic methods are vital for 

mapping subsurface structures and identifying 

mineral deposits in geologically complex 

regions. This review synthesizes key principles, 

focusing on three pillars: 

   

Magnetic Field Measurements and 

Processing 

Aeromagnetic surveys detect variations in 

Earth’s magnetic field to infer subsurface 

geology. Advanced processing techniques, 

such as multifractal singular value 

decomposition (MSVD) and improved bi-

dimensional empirical mode decomposition 

(BEMD), enhance data quality by reducing 

noise and isolating residual anomalies (Ma et 

al., 2023). Integration with other geophysical 

methods (e.g., gamma-ray spectrometry, 

gravity) improves lithological discrimination 

and resolves ambiguities in potential field 

inversions, particularly for sediment-basement 

interfaces (Liao et al., 2023; Zhdanov et al., 

2024). 

  

Survey Design and Data Acquisition 

Efficient survey design balances coverage, 

resolution, and terrain challenges. Helicopters 

are ideal for regional-scale exploration, while 

unmanned multicopters enable high-resolution, 

low-altitude surveys in rugged areas (Kim et 

al., 2021). Parameters like flight height (as low 

as 5 m using UAVs) and line spacing are 

optimized for target depth and size. For 

example, a 27,000 km² survey in China’s 

Nanpanjiang-Youjiang belt combined 

aeromagnetics with gamma-ray data to refine 

structural interpretations (Liao et al., 2023). 

Synergies with remote sensing (e.g., satellite 

imagery, spectral analysis) further aid mineral 

targeting (Cardoso-Fernandes et al., 2023; 

Shebl et al., 2021). 

   

Instrumentation and UAV Advancements 

High-sensitivity caesium vapour 

magnetometers (±0.052 nT precision) and 

three-axis fluxgate systems enable precise 

magnetic measurements (Jiang et al., 2020; 

Cunningham et al., 2017). UAV platforms, 

including fixed-wing and heavy-lift rotary 

drones, enhance accessibility and resolution in 

challenging terrains (Parshin et al., 2018). 

Coupled with DEM-guided flight planning and 
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advanced processing (e.g., MSVD, 3D 

inversion), these tools detect subtle anomalies 

linked to deeper or smaller mineral deposits 

(Ma et al., 2023). 

Aeromagnetic methods excel in complex 

settings through integrated workflows: robust 

instrumentation, adaptive survey design, and 

multi-disciplinary data fusion. These 

approaches overcome terrain limitations and 

geological ambiguities, offering a cost-

effective pathway for mineral exploration 

where traditional methods falter. 

 

DATA PROCESSING AND 

INTERPRETATION TECHNIQUES 
 

Filtering and Noise Reduction 

Aeromagnetic data in complex terrains 

require robust filtering to suppress noise and 

isolate mineralization-related signals. The 

multifractal singular value decomposition 

(MSVD) method, combined with an improved 

bi-dimensional empirical mode decomposition 

(BEMD), effectively reduces noise and 

enhances residual magnetic anomalies critical 

for mineral targeting (Ma et al., 2023). In areas 

with overlapping anomalies (e.g., unexploded 

ordnance or multiple metallic targets), stable 

downward continuation methods help 

reconstruct magnetic fields at lower altitudes 

while preserving spectral properties and 

suppressing high-frequency noise (Li et al., 

2013). Two-dimensional FFT filters (e.g., 

Butterworth, directional cosine) outperform 1D 

space-domain filters in reducing residual 

corrugation, particularly in high magnetic 

latitudes (Ferraccioli et al., 1998). However, 

microleveling procedures using FFT filters may 

alter depth estimates of magnetic sources, 

requiring careful interpretation. 

   

Magnetic Anomaly Enhancement 

Enhancing weak or deep-seated anomalies 

is vital for mineral exploration. Stable 

downward continuation sharpens subtle 

features by simulating data acquisition at 

reduced heights, balancing noise suppression 

with anomaly preservation (Li et al., 2013). 

Advanced decomposition techniques like 

MSVD and BEMD further refine residual 

anomalies linked to mineralization (Ma et al., 

2023). Microleveling using 2D FFT filters 

addresses residual errors post-statistical 

levelling, though it may slightly distort depth 

interpretations (Ferraccioli et al., 1998). These 

methods collectively improve signal-to-noise 

ratios, aiding detection of mineralized zones in 

geologically complex regions. 

  

Inversion and Modelling 

Inversion techniques translate magnetic 

data into subsurface models. For highly 

magnetic targets with significant remanence, 

3D inversion addresses unknown 

magnetization directions by directly estimating 

total magnetization vectors or analysing 

anomaly amplitudes (Li et al., 2010). Joint 

inversion of magnetic and gravity data reduces 

model ambiguity and enhances geological 

consistency (Zhdanov et al., 2024). Advanced 

regularization techniques improve resolution 

by distinguishing sharp geological boundaries, 

while deep learning frameworks optimize 

model accuracy by integrating airborne 

magnetic and gravity gradient data (Hu et al., 

2024).   

In complex geological settings, integrating 

advanced filtering (MSVD, FFT), anomaly 

enhancement (downward continuation, 

BEMD), and inversion techniques (3D 

modelling, joint inversion, AI-driven methods) 

significantly improves mineral exploration 

outcomes. These approaches enable precise 

detection of mineralization signals, accurate 

depth estimation, and robust geological 

modelling, supporting efficient resource 

targeting in challenging terrains. 

   

APPLICATIONS IN COMPLEX 

GEOLOGICAL SETTINGS 

 
Identifying Structural Controls on 

Mineralization 

Aeromagnetic surveys are vital for locating 

hidden structures (e.g., faults, fractures) that 

guide mineral deposits in complex terrains. 

Advanced filters like the analytic signal and tilt 

angle highlight these structures, while noise-

reduction methods (e.g., MSVD, improved 

BEMD) sharpen anomaly detection 

(Eldougdoug et al., 2023; Ma et al., 2023). 

Combining aeromagnetic data with gravity or 

remote sensing maps fluid pathways and 

alteration zones tied to mineralization 

(Bencharef et al., 2022). Techniques like CET 

grid analysis further pinpoint porphyry deposits 

in structurally chaotic regions (Mohamed et al., 

2022). These approaches reduce exploration 
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risks by exposing deep structures and mineral 

traps (Alarifi et al., 2024; Chi et al., 2022). 

   

Mapping Concealed Geological Features 

Aeromagnetics excels at revealing buried 

features like faults or intrusive rocks where 

surface mapping fails. Integration with methods 

like gravity improves resolution, highlighting 

zones with high magnetism, density, or 

resistivity near structural belts (Zhang et al., 

2020; Elhussein et al., 2024). UAV-based 

surveys now capture high-resolution data in 

rugged areas, spotting smaller anomalies 

missed by traditional surveys (Parshin et al., 

2018). Machine learning automates anomaly 

detection, while sustainable practices minimize 

environmental impact (Pradhan et al., 2022, 

Jackisch et al., 2020). 

   

Delineating Intrusive Bodies and Alteration 

Zones 

High-resolution aeromagnetic data 

distinguishes intrusive rocks (often linked to 

mineralization) from surrounding rocks. 

Analytic signals map lithologic contacts, while 

CET porphyry analysis locates intrusive centres 

(Mohamed et al., 2022; Ogah et al., 2024). 

Notably, some gold deposits occur in low 

magnetic zones, emphasizing the need to 

analyse both highs and lows (Gobashy et al., 

2021). Combining aeromagnetics with 

radiometrics or remote sensing clarifies 

alteration patterns, guiding drill targets (Alarifi 

et al., 2024; Ma et al., 2023).   

Aeromagnetic methods are indispensable in 

complex terrains, exposing buried structures, 

intrusions, and alteration zones. Innovations 

like UAV surveys, machine learning, and multi-

method integration boost accuracy while 

supporting sustainable exploration. These tools 

collectively reduce uncertainty and prioritize 

high-potential targets for mineral discovery.  

  

 

 

 

 

 

 

 

 

 

 

ADVANCED AEROMAGNETIC 

TECHNIQUES 

 
Gradiometry and Tensor Measurements 

Gradiometry and tensor measurements 

have revolutionized aeromagnetic methods by 

providing sharper images of subsurface 

structures compared to traditional magnetic 

surveys. These techniques measure subtle 

changes in the Earth’s magnetic field, offering 

higher resolution to detect small-scale features 

critical in complex geological settings. The full 

magnetic gradient tensor (MGT) captures 

detailed spatial variations in magnetism, 

improving mapping of buried mineral deposits 

(Luo et al., 2015). Innovations like 

superconducting quantum interference devices 

(SQUIDs) now enable practical full tensor 

magnetic gradiometry (FTMG), enhancing 

sensitivity to weak magnetic signals (Jorgensen 

et al., 2023). Similarly, gravity gradiometry has 

gained traction for its ability to resolve density 

contrasts better than standard gravity surveys 

(Pawlowski, 1998).   

Advanced data processing methods are key 

to interpreting these datasets. For FTMG, 3D 

regularized focusing inversion with Gramian 

regularization helps estimate magnetic 

susceptibility and magnetization direction, 

improving mineral targeting (Jorgensen et al., 

2023). Gravity gradient data benefit from 

regularized focusing inversion, which produces 

sharper images of geological features than older 

smoothing-based methods (Zhdanov et al., 

2004). These tools, combined with 

gradiometry’s high-resolution data, allow 

clearer detection of mineralization in complex 

terrains (Geng et al., 2019; Ma et al., 2023; Chi 

et al., 2022). 

   

Integration with Other Geophysical 

Methods 

Combining aeromagnetic data with other 

geophysical techniques reduces uncertainties in 

mineral exploration. For example, merging 

aeromagnetic, gravity, gamma-ray, and remote 

sensing data provides a holistic view of 

subsurface structures and mineralization zones 

(Elhussein et al., 2024; Mitjanas et al., 2021). 

In Egypt’s Missiakat Al Jukh area, 

aeromagnetic and geological data integration 

clarified shallow and deep structural controls on 

mineralization (Elhussein et al., 2024). 

Similarly, in the Atalla region (Egypt), 
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combining airborne geophysics and remote 

sensing identified gold deposits linked to NW-

SE trending faults (Shebl et al., 2021). 

   

CASE STUDIES 

Case studies demonstrate the effectiveness 

of multi-method geophysical approaches in 

addressing complex geological challenges, as 

exemplified by research in China’s 

Nanpanjiang-Youjiang belt, where 

aeromagnetic and gamma-ray data successfully 

mapped concealed faults and distinguished 

carbonate from clastic rocks (Liao et al., 2023). 

Further advancements were achieved through 

collaborative inversion of magnetic and gravity 

data enhanced by deep learning, which proved 

superior to traditional methods in modelling 

subsurface structures (Hu et al., 2024). These 

integrated strategies not only improve the 

identification of mineralization controls and 

rock-type differentiation but also enhance the 

prioritization of exploration targets, 

underscoring the practical utility of 

aeromagnetic and multi-method techniques in 

resolving intricate geological problems. 

 

High-Resolution Surveys and Data Renewal 

High-resolution airborne magnetic 

(HRAM) surveys have proven critical in 

updating geological data and identifying 

concealed mineralization. For example, in the 

Jinling iron ore cluster (China), HRAM surveys 

enabled the discovery of new ore bodies by 

refining existing geological models (Lu et al., 

2021). Similarly, in Ibadan (Nigeria), 

aeromagnetic data revealed subsurface 

structures linked to mineral deposits, 

underscoring its value in regions where surface 

observations are insufficient (Oladejo et al., 

2023). 

   

Advanced Data Processing Techniques 

Sophisticated processing methods enhance 

anomaly interpretation in complex settings. 

Boundary enhancement and edge detection 

techniques in Jinling improved the delineation 

of intrusive rock boundaries, aiding 

mineralization targeting (Lu et al., 2021). In 

Pocheon (Korea), inversion techniques applied 

to aeromagnetic data revealed new iron ore 

bodies, overcoming limitations of traditional 

methods (Kim et al., 2021). Nigerian studies 

utilized filters like Reduction to Magnetic 

Equator (RTME) and Total Horizontal 

Derivative (THD) to distinguish magnetic 

anomalies, guiding the identification of 

mineral-rich zones (Oladejo et al., 2023). 

  

Integration with Geological Context 

Combining aeromagnetic data with 

geological mapping consistently improves 

exploration outcomes. In Jinling and Pocheon, 

this integration clarified mineral resource 

distribution, enabling strategic drill targeting 

(Lu et al., 2021; Kim et al., 2021). Nigerian 

studies correlated aeromagnetic anomalies with 

lithological units (e.g., biotite hornblende 

granite), demonstrating how geological context 

refines interpretations (Oladejo et al., 2023). 

   

Adaptive Survey Platforms 

The use of diverse aerial platforms 

enhances adaptability. In Korea, manned 

helicopters provided rapid large-area coverage, 

while unmanned aerial vehicles (UAVs) 

delivered high-resolution data in rugged terrain, 

proving vital in mountainous regions (Kim et 

al., 2021). UAVs also facilitated surveys in 

Nigeria’s challenging environments, 

emphasizing their role in inaccessible areas 

(Oladejo et al., 2023). 

   

Pre-Survey Calibration and Validation 

Pre-survey aeromagnetic compensation in 

Jinling minimized interference, ensuring high-

quality data (Lu et al., 2021). Post-survey 

validation through drilling confirmed ore 

bodies in both Jinling and Pocheon, reinforcing 

the necessity of ground-truthing geophysical 

interpretations (Lu et al., 2021; Kim et al., 

2021). 

 

Synthesis of Historical and Modern Data 

Nigerian studies integrated historical 

geological data with modern aeromagnetic 

surveys, illustrating how legacy knowledge 

enhances contemporary exploration (Oladejo et 

al., 2023). These case studies demonstrate that 

aeromagnetic methods, when combined with 

advanced processing, adaptive technologies, 

and geological integration, are powerful tools 

for mineral exploration in complex settings. 

Continued innovation in data interpretation and 

platform versatility will further unlock their 

potential in challenging terrains.  
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LIMITATIONS AND CHALLENGES 
Aeromagnetic surveys face key limitations 

in exploring minerals within complex 

geological settings. First, their depth of 

investigation is limited, as magnetic signals 

weaken with depth, making it more challenging 

to detect deeper deposits. For example, 

Elhussein et al. (2024) found basement rocks at 

0.6–1.3 km depth, illustrating challenges in 

probing deeper structures. To address this, 

integrating multi-scale magnetic data (e.g., 

tracking faults from surface to depth, as shown 

by Chukwu et al. (2024) or combining other 

geophysical methods can improve depth 

resolution.   

Second, noise interference from human-

made objects (e.g., power lines) or natural rock 

variations can mask mineral-related signals. 

Advanced processing techniques, such as the 

noise-removal method (MSVD) and anomaly 

extraction algorithm (BEMD) by Ma et al. 

(2023), help enhance data clarity by filtering 

out irrelevant signals.   

Third, interpretation ambiguity arises 

because different geological features can 

produce similar magnetic patterns. Combining 

aeromagnetic data with ground surveys, rock 

samples, remote sensing (Eldougdoug et al., 

2023), or gamma-ray spectrometry (Liao et al., 

2023) reduces uncertainty by providing 

complementary geological context. While 

depth constraints, noise, and ambiguous 

interpretations limit aeromagnetic surveys, 

ongoing advances in data processing, multi-

method integration, and innovative algorithms 

aim to overcome these challenges, improving 

their utility in mineral exploration. 

 

FUTURE DEVELOPMENTS 
Future advancements in aeromagnetic 

methods for mineral exploration in complex 

geological areas will focus on better sensors 

and smarter data analysis. 

   

Sensor Technology Improvements 

New sensors from advanced materials, such 

as metal oxide semiconductors, will be smaller, 

cheaper, and more sensitive (Fu et al., 2023). 

Techniques like adding noble metals, 

nanostructuring, and hybrid materials will 

boost their performance. Innovations in 

manufacturing (e.g., thin-film printing) will 

make these sensors easier to produce for large-

scale surveys. 

   

Data Processing Innovations 

Machine learning and AI will help analyse 

aeromagnetic data more accurately, especially 

in noisy or complex terrains (Chen et al., 2024). 

Methods like MSVD and improved BEMD 

algorithms can filter out noise and highlight 

subtle magnetic signals (Ma et al., 2023). Tools 

like Euler deconvolution and SPI will refine 

depth estimates of buried mineral sources 

(Elhussein et al., 2024). Combining these 

advances will allow geophysicists to map the 

subsurface in greater detail, making mineral 

exploration faster and more precise in 

challenging regions. 

   

CONCLUSION 
Aeromagnetic methods are indispensable 

for mineral exploration, particularly in 

geologically complex terrains characterized by 

concealed ore deposits, intricate rock 

formations, and limited surface exposure. The 

evolution of these techniques, from 

fundamental magnetic mapping to 

sophisticated systems incorporating drones, 

high-resolution sensors, and AI-driven data 

analysis, has significantly enhanced their 

capabilities. Key advancements, such as 

improved noise-filtering algorithms, 

integration with gravity and gamma-ray 

surveys, and advanced 3D modelling, have 

collectively improved anomaly detection and 

subsurface imaging. This progress enables 

more precise targeting of mineralized zones, 

buried geological formations, and hydrothermal 

systems, even in challenging environments. 

Aeromagnetic surveys offer a cost-

effective solution for covering extensive areas 

and are especially valuable where ground-based 

methods encounter limitations. The use of 

drones enhances accessibility to remote 

regions, while integrating data from multiple 

sources markedly improves accuracy across 

various stages of exploration. Recent 

advancements in aeromagnetic survey 

technologies, data processing techniques, and 

integrated geophysical approaches have greatly 

enhanced mineral exploration efficacy in 

complex geological terrains, effectively 

addressing noise interference, depth 

constraints, and structural ambiguities while 

promoting environmentally sustainable 

practices. Future innovations, including AI-

driven data interpretation, miniaturized sensors, 

and advanced 3D imaging, promise to reduce 
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uncertainties, resolve finer geological details, 

and support sustainable mineral discovery. 
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