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Abstract: This review explores the evolution and current state of aerial drones” use in
geophysical mining applications. Aerial drones have transformed many fields by offering
high-resolution and cost-effective data acquisition. In geophysics, drones equipped with
advanced sensors such as magnetometers, ground-penetrating radar, electromagnetic in-
duction, and gamma-ray spectrometry have enabled more precise and rapid subsurface
investigations, reducing operational costs and improving safety in mining exploration
and monitoring. Over the last decade, advances in drone navigation, sensor integration,
and data processing have improved the accuracy and applicability of geophysical surveys
in mining. This review provides a historical overview and examines the latest develop-
ments in aerial drones, sensing technologies, data acquisition strategies, and processing
methodologies. It analyses 59 studies spanning 66 drone-based geophysical applications
and 63 geophysical method entries, published between 2005 and 2025. Multirotor drones
are the most common, used in 72.73% of cases, followed by fixed-wing drones (12.12%),
unmanned helicopters (9.09%), hybrid VTOL designs (3.03%), airships (1.52%), and one un-
specified platform (1.52%). In terms of geophysical methods, magnetometry was the most
frequently used technique, applied in thirty-nine studies, followed by gamma-ray spec-
trometry (eighteen studies), electromagnetic surveys (five studies), and ground-penetrating
radar (one study). The findings show how drone-based geophysical techniques enhance
resource exploration, safety, and sustainability in mining.

Keywords: aerial drones; mining; geophysical prospection; aerial magnetometry; ground-
penetrating radar; electromagnetic survey; gamma-ray spectrometry

1. Introduction

The mining industry’s need for safer, cost-effective exploration has led to the adoption
of aerial drones with advanced geophysical sensors. Traditional ground-based geophysical
surveys often face significant challenges, including difficult terrain, accessibility limitations,
and high operational costs. Aerial geophysics, particularly using drones, presents an
innovative solution that enhances data acquisition capabilities while minimising risks to
human operators.

Among the most promising applications of aerial drones in mining exploration and
monitoring are aerial magnetometry, ground-penetrating radar (GPR), electromagnetic
(EM) surveys, and gamma-ray spectrometry. These techniques enable the high-resolution
mapping of subsurface structures, mineral deposits, and environmental hazards with
unprecedented efficiency. Aerial magnetometry provides crucial insights into geological
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structures and mineralisation patterns, while GPR enhances subsurface imaging for the
detection of faults, voids, and buried features. EM surveys contribute to the identifica-
tion of conductive ore bodies, and gamma-ray spectrometry facilitates the assessment of
radioactive elements and mineral compositions critical for resource evaluation.

Integrating geophysical techniques with drone technology has transformed mineral
exploration, enabling faster surveys, broader coverage, and higher data accuracy. Further-
more, the combination of drone-based geophysics with modern data processing techniques,
such as machine learning and geospatial analytics, paves the way for more precise and
automated mineral assessments.

This paper reviews advancements in drone-based geophysical techniques for mining,
focusing on their role in improving exploration, reducing environmental impact, and
enhancing safety. By bridging technological innovation with geoscience, the utilisation of
drone-based geophysics marks a significant step forward in the pursuit of more sustainable
and efficient mining practices.

In fact, aerial drones are essential in modern mining operations. The mining pro-
cess is commonly divided into three main phases: (i) exploration, (ii) exploitation, and
(iii) restoration [1]. During the exploration phase, the first and most critical stage in a
mining activity, the identification and evaluation of potential mineral deposits is essential
to define the economic viability and ensure efficient resource extraction. In this sense, aerial
geophysics plays a crucial role by providing high-resolution subsurface data over large
areas efficiently and cost-effectively. By deploying sensors on aerial drones or aeroplanes,
it is possible to cover vast and inaccessible areas rapidly, enhance decision-making for
planning drilling and sampling operations, and reduce exploration costs compared to
traditional ground surveys [2,3].

During the extraction phase, minerals are mined, processed, and prepared for com-
mercial use. This stage includes large-scale operations such as drilling, blasting, hauling,
and ore processing. While aerial geophysics is primarily used in the exploration phase, it
also plays a significant role in mining extraction. During this phase, these techniques help
optimise mining operations, improve safety, and enhance ore recovery. In particular, aerial
geophysics is used during mining extraction for the delineation of ore bodies and grade
control, for structural mapping and slope stability monitoring, for real-time monitoring
for adaptive mine planning, and to support dewatering strategies to prevent flooding in
underground facilities [4,5].

Finally, in the restoration phase, also known as mine reclamation or closure, the goal
is to restore the mined land to a stable, environmentally sustainable condition, ensuring
minimal long-term environmental impact and compliance with regulations. In this stage,
aerial geophysics is also vital for assessing environmental conditions and monitoring
the rehabilitation progress to ensure the long-term stability of the restored mine. Aerial
geophysical sensors can deliver high-resolution data that support land reclamation and
environmental remediation efforts, guiding ecological recovery and enhancing long-term
land sustainability [6,7].

In recent years, an increasing number of studies have been published on the use of
aerial drones in geophysical surveys for mining. However, most existing reviews either
focus on specific geophysical methods or discuss aerial drone applications in broader fields
such as environmental monitoring or agriculture, without providing a mining-focused
overview. This paper addresses this gap by providing a comprehensive review of aerial-
drone-compatible geophysical methods, including their sensor integration, data processing
workflows, and practical deployment in mining applications. To the best of our knowledge,
this is the first review to systematically map the use of different types of aerial drones
equipped with geophysical sensors in the mining sector while also highlighting the limited
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adoption of specific geophysical methods and identifying those for which no aerial-drone-
based applications have yet been reported.

Based on the importance of the mentioned techniques across the full mining cycle,
the primary objective of this paper is to review the use of aerial drones equipped with
geophysical sensors in the mining sector. To address this objective, the relevant applications
of aerial drone geophysical surveys were reviewed, and the following research issues
were formulated:

e  What are the primary types of aerial drones used for geophysical surveys in the mining
industry, and what are their key advantages and limitations?

o  Which geophysical sensors have been specifically developed or adapted for aerial-
drone-based surveys in mining, and what are their operational constraints?

e  What geophysical methods based on aerial drones have been used in the past decade?

e  What criteria should be considered when selecting the most suitable aerial drone
platform for a specific geophysical survey in the mining sector, considering factors
such as survey scale, terrain, and sensor integration?

e  What are the current challenges and limitations in aerial-drone-based geophysical
surveys for mining applications?

The structure of this paper is organised as follows: Section 2 outlines the research
methodology employed in this review. Section 3 discusses the types of aerial drones
utilised in geophysical surveys applied in mining scenarios, highlighting their capabilities
and limitations. Section 4 examines the geophysical methods enhanced by aerial drone
integration, along with the data processing techniques specific to each method. Section 5
presents the main discussion, synthesising key findings related to the integration of aerial
drones in geophysical applications for mining. It outlines the decision criteria for selecting
aerial drone platforms, explores the role of aerial geophysics across the different phases of
mining activity, and highlights the key challenges and limitations associated with drone-
based geophysical data collection. Section 6 concludes this paper by summarising the
overall findings, including the most commonly used geophysical methods and aerial drone
types in mining applications.

2. Research Methodology

The eligibility of studies included in this review was determined based on the research
questions formulated in the Introduction. Studies were considered eligible if they involved
the use of aerial drones in geophysical surveys specifically related to mining. Studies
were excluded if they focused solely on other domains such as agriculture, archaeology, or
civil engineering or did not involve geophysical methods. Additionally, only studies that
demonstrated the actual deployment or practical use of geophysical sensors mounted on
aerial drones in mining-related scenarios were retained for analysis.

A comprehensive search was conducted across multiple databases to address the
research objectives. The strategy comprised two approaches: systematic querying in
Scopus, ScienceDirect, and MDPI and a manual search across review papers to extract
relevant documents that might have been missed in the automated search.

Scopus, ScienceDirect, and MDPI were chosen as the primary platforms for systematic
querying due to their extensive coverage of the scientific literature. An automated search
strategy using relevant terms and filters was applied in these databases. The specific queries
used for each geophysical application were as follows:
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e Magnetometry: TITLE-ABS-KEY. (“Drone” OR “UAV”) AND (“Magnetometer” OR
“Magnetometry” OR “Magnetic”) AND (“Mining” OR “Mineral Exploration” OR
“Resources Exploration” OR “Survey”).

e  Ground-penetrating radar (GPR): TITLE-ABS-KEY (“Drone” OR “UAV”) AND
(“Ground Penetrating Radar” OR “GPR” OR “Airborne GPR”) AND (“Mining” OR
“Mineral Exploration” OR “Resources Exploration” OR “Survey”).

e  Electromagnetics: TITLE-ABS-KEY (“Drone” OR “UAV”) AND (“Electromagnetic”
OR “AEM” OR “EM”) AND (“Mining” OR “Mineral Exploration” OR “Resources
Exploration” OR “Survey”).

e  Gamma-ray spectrometry/radiometry: TITLE-ABS-KEY (“Drone” OR “UAV”) AND
(“Gamma” OR “GRS” OR “Spectrometry”) AND (“Mining” OR “Mineral Exploration”
OR “Resources Exploration” OR “Survey”).

e  Gravimetry: TITLE-ABS-KEY (“Drone” OR “UAV”) AND (“Gravimetry” OR “Gravime-
ter”) AND (“Mining” OR “Mineral Exploration” OR “Resources Exploration” OR “Survey”)

e  Seismic tomography: TITLE-ABS-KEY (“Drone” OR “UAV”) AND (“Seismic Re-
fraction Tomography” OR “SRT” OR “Seismic Tomography”) AND (“Mining” OR
“Mineral Exploration” OR “Resources Exploration” OR “Survey”).

e  Electrical resistivity tomography: TITLE-ABS-KEY (“Drone” OR “UAV”) AND (“Elec-
trical Resistivity” OR “ERT” OR “Electrical Resistivity Tomography”) AND (“Mining”
OR “Mineral Exploration” OR “Resources Exploration” OR “Survey”).

To ensure completeness, synonyms like “UAV”, “unmanned aerial vehicle”, and
“drone” were included in the search terms.

For each study, we systematically extracted information regarding platform spec-
ifications, sensor characteristics, and the aim of the application. Our review adheres
to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. Following the PRISMA flowchart (Figure 1) [8], the gathered documents were
refined through three steps: identification, screening, and eligibility. A total of 500 records
were initially identified through database searches and manual sources. After removing
149 duplicate entries, 351 records were screened. Of these, 42 records, including review
papers, book chapters, case reports, and communications, were excluded. The remaining
309 reports were sought for retrieval, with 14 reports not retrieved successfully. Subse-
quently, 295 reports were assessed for eligibility, resulting in the exclusion of 236 articles
considered out of scope for this review. Ultimately, 59 papers were deemed eligible
for review.
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Figure 1. Refinement of studies based on the PRISMA workflow.

3. Types of Aerial Drones Used in Geophysical Methods

The future prospects for drone technology in mineral exploration are incredibly promis-
ing. As technology continues to advance at an unprecedented rate, so too does the potential
for using drones in geophysical surveys. Aerial drones, also known as Unmanned Aircraft
Systems (UASs), unmanned aerial vehicles (UAVs), or Remotely Piloted Aircraft (RPA),
are aircraft without a pilot on board; they are remotely controlled by a pilot located on
the ground or on board another aircraft or by an autonomous piloting system [9]. These
aerial drones offer more efficient, accurate, and cost-effective surveying than traditional
methods [2]. Due to their ability to carry out tasks that were previously difficult or im-
possible for humans, drones have seen a surge in popularity in recent years [10]. Both the
scientific and industrial sectors have attracted a wave of new researchers and substantial
investments in this expansive field [11].

It is quite challenging to define a summary table regarding aerial drone classification
because each modern aerial drone is full of technology, and it is complicated to compare
different systems [12]. Aerial drones are classified by their shape, weight, operating range,
speed, and other factors. In this study, the categorisation of aerial drones is conducted
based on aerodynamic characteristics into the categories [13] indicated in Table 1, which
showcases the different platform types as well as the mining phase in which they can
be utilised.
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Table 1. Overview of main categories and types of aerial drones used in mining applications.

Platforﬁ Type/UAV UAV Model Geophysical Sensor Type Mining Phase Advantages/Limitations
ame
. . . Long endurance/needs
.leed—wmg Gamma-ray spectrometers Exploration and runway and
WingtraOne [14] restoration lacks hovering
. Magnetometer, Exploration, High stability and ma-
D]I%[%%gﬁgilﬂ GPR system, and extraction, noeuvrability /limited
gamma-ray spectrometer and restoration flight duration
High payload capacity
Unmanned helicopter Exploration and and flight
HE-190E [18] Gamma-ray spectrometer restoration duration/mechanically
complex and costlier
Hybrid fixed-wing . Versatile/complex
CW30 [19] Magnetometers Exploratlon and heavier
Unmanned airship P ) . Long endurance/
Prototype [20] —— Magnetometer Exploration limited control

3.1. Fixed-Wing Drones

The fixed-wing classification is applied to classical aerial drones that have a fixed,
non-rotating wing and use it to generate lift [10]. Fixed-wing aerial drones possess a
predefined airfoil with static and fixed wings that enable lift based on the aerial drone’s
forward airspeed. The control of such aerial drones is accomplished through elevators,
ailerons, and rudders attached to the wings. In particular, these construction characteristics
enable aerial drones to manoeuvre around roll, pitch, and yaw angles, respectively [21].

This type of aerial drone is ideal for large-scale surveying and mapping, as it can
cover vast areas efficiently, achieve higher altitudes, carry larger payloads, and remain
airborne for extended periods [22]. These attributes make fixed-wing drones well suited
for geophysical applications in mining, where long endurance and wide coverage are
essential for detecting subsurface geological anomalies. Their efficient aerodynamics allow
for stable flight paths, which is advantageous in acquiring high-quality geophysical data
with minimal power consumption.

However, they rely on aerodynamic forces and often lack vertical take-off and landing
capabilities. Nevertheless, some models can be directly launched in flight by hand or with
the help of small catapults [9]. Additionally, fixed-wing aerial drones cannot hover, as they
require continuous forward motion to generate lift. These characteristics make fixed-wing
aerial drones typically more challenging to operate and control than rotary-wing drones.
Despite this drawback, their advantages—such as longer flight times, faster speeds, and
more efficient power use—outweigh the limitations [10].

3.2. Multirotors

Multirotor aerial drones consist of two or more rotors and propellers capable of
generating the required power to lift the drone. Thus, rotary-wing aerial drones can be
controlled utilising the rotors’ thrust and torque. Additionally, the diagonal rotor speed is
the component that specifies the yaw movement [13]. The number of rotors differs among
the categories of rotary-wing aerial drones, and they can be classified into the following
common categories: (a) tricopters, (b) quadcopters, (c) hexacopters, and (d) octocopters [21].

Among multirotor drones, quadrotors are the most prevalent, and thousands of
them have been built over the past few decades because of their ease of construction and
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control [22]. These drones can fly at high speeds (not higher than common fixed-wing or
hybrid drones) or low speeds, perform vertical take-off and landing, and hover in flight.
Multirotor aerial drones can be used for indoor or outdoor missions [23]. Their ability to
hover, take-off, and land vertically makes them ideal for surveying complex terrains and
confined or inaccessible locations where fixed-wing aerial drones may struggle to operate.

In geophysical applications, these attributes make multirotors an excellent choice
for localised, high-precision data collection. Their capability for low-altitude, slow-speed
flights enables the acquisition of high-resolution geophysical data, particularly in mining
applications, where methods such as magnetometry, electromagnetics, ground-penetrating
radar (GPR), and gamma-ray spectrometry require stable flight and proximity to the surface
to achieve accurate measurements. These characteristics make them particularly useful
for detecting near-surface anomalies, mapping underground structures, and performing
environmental monitoring in active or abandoned mining sites.

However, it is difficult for an aerial drone with rotary wings to fly for long durations
because it has low fuel efficiency and must use power continuously [24]. Thus, a rotary-
wing aerial drone is suitable for cases with a small area for take-off and landing, requiring
the collection of detailed and precise data [25].

In conclusion, the ability of multirotor drones to hover in a stable position and their
high manoeuvrability make them widely used in a variety of industries as a safe and
effective means of aerial data collection. They are likely to become even more widespread
and adaptable as technology advances, presenting new opportunities and solutions to
numerous applications like geophysical prospection [10].

3.3. Unmanned Helicopters

Single-rotor aerial drones are durable and long-lasting, resembling helicopters in both
construction and design. These aerial drones feature a large, single rotor, functioning like
a rotating wing, along with a tail rotor for directional control and stability. Compared
to multirotors, single-rotor helicopters are more efficient, particularly when powered by
gas. Their long, wing-like blades generate greater lift and efficiency than conventional
multirotor propellers, making them suitable for carrying advanced geophysical sensors
over extended periods.

In mining applications, their ability to carry larger and more sensitive geophysical
payloads allows for the deployment of geophysical sensors for detailed subsurface in-
vestigations and mineral exploration. Their capacity for low-altitude, steady flight paths
enhances data precision, making them valuable for mapping variations in subsurface
composition and identifying geological anomalies.

However, single-rotor drones are expensive and complex. Unlike multirotors, which
have multiple redundant rotors to compensate for failure, a failure in the main rotor of a
single-rotor aerial drone is more critical, posing greater operational risks. Additionally, they
tend to vibrate, making them less stable and more prone to damage from poor landings.
Due to their technical complexity, they also require frequent maintenance [22].

3.4. Hybrid Aerial Drones

Hybrid aerial drones combine the capabilities of vertical take-off and landing (VTOL)
and horizontal take-off and landing (HTOL). This category of drones offers the advantages
of both VTOL and fixed-wing designs, providing enhanced efficiency and performance.
Over the past few decades, hybrid aerial drones have garnered significant interest from
researchers and companies. This dual capability enables them to perform vertical take-offs
and precise low-altitude operations as well as high-speed, long-endurance cruising to cover
extensive survey areas.
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In mining applications, hybrid drones can be particularly beneficial for conducting
comprehensive geophysical surveys. Their ability to transition between VTOL and cruise
modes makes them adaptable for surveying in challenging terrains—where fixed-wing
aerial drones may require long runways and multirotors might suffer from limited en-
durance. Consequently, they are well suited for geophysical applications that require both
detailed, high-resolution data collection and efficient large-area coverage.

However, the development of hybrid aerial drones is still in its early stages, with room
for improvement in design philosophy, dynamics modelling, control, guidance, navigation,
and robustness. Hybrid drones exhibit much more complex flight dynamics compared to
fixed-wing and multirotor drones, particularly during the transition phase [23].

3.5. Airships

Airship drones are aircraft lighter than air, similar to conventional airships. In these
aerial vehicles, light gases such as hot air or hydrogen are used in large (voluminous)
chambers to reduce the overall density of the system [23]. The features of lighter-than-air
aerial drones include low power consumption, high endurance, and relatively simple
dynamics and control. In mining applications, their ability to operate at high altitudes
allows for continuous data acquisition, which is beneficial for regional mapping and long-
term environmental monitoring.

The challenges of using these aerial vehicles include their large dimensions, risks asso-
ciated with hydrogen use, and problems with material selection and balloon design [9,23].
Additionally, they lack full control compared to other types of aerial drones, as their
movement is highly dependent on weather conditions, especially wind, which can make
navigation and station-keeping difficult.

4. Overview of Key Geophysical Methods Enhanced by Aerial Drones
4.1. Aerial Magnetometry

Aeromagnetic surveying is a geophysical method for measuring the intensity or gradi-
ent of a magnetic field using airborne instruments [26]. Recent advances in geophysical
sensors, coupled with the development of aerial drones, have enabled the integration of
minijaturised and lightweight magnetometers with aerial drone platforms [27]. Aeromag-
netic surveys play a crucial role in regional geologic mapping and the early stages of the
exploration and assessment of natural resources [28].

Aerial-drone-based aeromagnetic surveys are well suited for local surveys spanning
several square kilometres. Their relatively low cost, portability, ease of setup, and rapid
deployment by small field crews, along with low flight altitudes, make aerial drone aero-
magnetic surveys an attractive alternative to manned surveys, particularly for small survey
areas. Furthermore, the ability to collect accurate, dense data through space-filling flight
patterns makes aerial drone surveys preferable to traditional ground surveys, especially in
regions with challenging terrain or hazardous conditions [29]. Such challenging conditions
include dense vegetation, cultivated areas, swamps, glaciers, lakes, foreshore areas, or steep
mountain slopes. In these scenarios, conventional ground surveys may not be feasible,
and high-altitude airborne surveys may lack the spatial resolution required [27]. Figure 2
showcases a representative aerial drone magnetometry system for data acquisition.

The primary purpose of an aeromagnetic survey is to study underground geolog-
ical formations and identify potential mineral resources. Geomagnetic field data are
collected using aircraft-mounted magnetometers and supporting equipment, which are
configured for measurements at predetermined altitudes. The collected data are subse-
quently analysed to map the geomagnetic field and infer the subsurface rock structure and
mineral locations [26].
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Figure 2. A conventional aerial drone magnetometry setup for geophysical surveys.

While several authors have demonstrated the efficacy of aerial-drone-based aero-
magnetic data collection, the issue of magnetic interference generated by the aerial drone
remains a significant obstacle to the broader application of aerial drone magnetic survey
systems. Numerous investigators have highlighted that magnetic noise from the aerial
drone, which interferes with the magnetic sensor, poses a major challenge for accurate
magnetic data collection [29].

Although non-magnetic materials are used as extensively as possible in aerial drone
design, certain modules and structures still incorporate ferromagnetic materials (e.g., en-
gines, motors). The magnetic fields produced by these ferromagnetic components, along
with the electromagnetic fields generated by the airborne electronic systems during opera-
tion, constitute the primary sources of interference. Notably, this issue is also present in
traditional aeromagnetic surveys. As a result, most research on aeromagnetic compensation
has focused on mitigating the magnetic interference caused by aircraft manoeuvres and
onboard electronic equipment [30].

The issue of magnetic interference generated by aerial drones has been addressed
using two kinds of approaches: (i) keeping the sensors far enough from the aerial drone, i.e.,
towing the magnetometer below the aerial drone by a rope, attaching the magnetometer to
the aerial drone frame by a bar, or using a mag-bird suspended beneath the aerial drone,
and (ii) compensating for interference related to platform attitude in real time or post-
processing, which was inspired by traditional aeromagnetic surveys. These two approaches
can be regarded as passive and active interference-suppression methods, respectively [31].

Increasing the distance between the magnetometer and the aerial drone is a simple
method to mitigate the effects of magnetic interference, and it has been employed in several
studies. Research has tested various magnetometer—aerial drone distances, concluding that
the optimal attenuation of electromagnetic noise is achieved when the magnetometer sensor
is positioned 3-5 m away from the drone motors. However, this distance may vary depend-
ing on the type of drone and its payload. A widely adopted solution involves suspending
the magnetometer sensor from the drone using ropes, up to a distance of 3 m [32].

While this method has been used in numerous studies, it presents several challenges,
such as (i) the necessity to use an accurate digital terrain model (DTM), especially in mining
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areas where the orography is considerable; (ii) coping with directional and positional
errors caused by erratic movements; (iii) an increased risk of damage to the magnetometer
due to potential collisions with obstacles, sudden altitude changes, or strong external
electromagnetic interference; and (iv) flight instability. Additionally, this approach is not
suitable for fixed-wing aerial drones due to their higher flight speeds and altitudes.

In the second approach, minimising interference in traditional aeromagnetic surveys
has been addressed through two main strategies: (i) hardware compensation and (ii) soft-
ware compensation. The hardware compensation method involves first calculating the
magnetic interference of the detection platform and then adding multiple coils to the detec-
tion platform to counteract the magnetic interference generated by the aircraft. However,
by the late 20th century, this high-cost and low-precision hardware-based approach was
gradually replaced by software compensation methods [33].

The classic compensation scheme is based on the fundamental equations and processes
first established by Tolles and Lawson in 1950 [34]. This method categorises the interference
generated by the platform into three types: (i) the constant field produced by the residual
magnetisation of ferromagnetic material in the flight platform, (ii) the induced field resulting
from the magnetisation of ferromagnetic material by the geomagnetic field, and (iii) the eddy
current field caused by the motion of conductive materials within the geomagnetic field [31].
This approach forms the foundation of modern aeromagnetic compensation methods [33].

Aerial-drone-borne magnetometry systems have been implemented across vari-
ous platforms, including multirotors [15,35-63], fixed wings [35,64—-68], unmanned he-
licopters [67,69,70], hybrids [19], and unmanned airships [20]. In Table 2, all the identified
mining applications using aerial magnetometry with drones are summarised. The table
highlights the platform type, the aerial drone used, the magnetic sensor(s) employed, and
the aim or application of each study.

Table 2. Review of aerial-drone-borne magnetometry applications in the mining sector.

. Aim of
Reference Year Platform Type UAV Name/Model Magnetic Sensor(s) Study/Application
Caesium-vapor .
[64] 2014 Fixed-wing CH3 (CAAA, (CS-VL) Geophysical survey
Beijing, China) . over a mining area
magnetic sensor
GeoRanger (Insitu o ﬁgfsféln in Offshore
[65] 2005 Fixed-wing Group, Inc., Bingen, P pumping geophysical
magnetometer (CS-3) .
WA, USA) . surveying
from Scintrex
. Geological and
[66] 2020 Fixed-wing Albatros VT2 Three-axis fluxgate geophysical
magnetometer .
mapping of outcrop
Three-axis fluxgate Characterise an
[35] 2019 Fixed-wing Radai Albatros VT & outcrop of
magnetometer . .
Fe-Ti-V deposit
Developed
CH-3 FUAV (CH UAV aeromagnetic systems
[67] 2023 Fixed-wing Co. Ltd,, in CS-3/CS-VL for future geological
Beijing, China) survey and
mineral exploration
[68] 2022 Fixed-wing Albatros VT (Radai Three-axis fluxgate Mineral exploration

Ltd., Ouly, Finland)

magnetometer
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Table 2. Cont.
. Aim of
Reference Year Platform Type UAV Name/Model Magnetic Sensor(s) Study/Application
MD4-1000 Three-axis fluxeate Detection of
[36] 2013 Multirotor (Microdrones GmbH, maenetome tgr magnetic signatures
Siegen, Germany) & after a landslide
Aeromagnetic
[37] 2016 Multirotor 3DR X8+ Three-axis fluxgate survey for future
magnetometer prospective
mining scenario
DJI S1000 (SZ DJI Overhauser
[38] 2017 Multirotor Technology Co., Ltd.,, magnetometer (GEM  Mineral exploration
Shenzhen, China) 19 GW)
Sky Lance (UVAD Caesium-vapor Mineral exploration
[39] 2017 Multirotor Technologies Inc., magnetometer (Zinp)
Redcdliff, AB, Canada) (Geometrics G-823A) &
Geophysical
[40] 2018 Multirotor Heavyweight UAV Quantum Overhauser magnetic
magnetometer .
prospecting
Microfabricated Detect and identify
[15] 2019 Multirotor DJI M600 Atomic abandoned and
Maenetometer unmarked oil and
& gas wells
Caesium-vapor
[41] 2021 Multirotor Sky Lance 6200 magnetometer Gold exploration
(Geometrics G-823A)
[42] 2021 Multirotor DJI M210 MagArrow scalar Iron ore—m1nera1
magnetometer exploration
[43] 2021 Multirotor FY680 (Tarot—RC, Magneto-Inductive Iron ore—rr}meral
Shenzhen, China) sensor exploration
Fluxgate Characterise an
[35] 2019 Multirotor Tho-R-PX8-12 magnetometer outcrop of
(MagDrone R1) Fe-Ti-V deposit
[44] 2021 Multirotor DJI Matrice 600 Pro Vap?(r;gll\j[%jrj;;%r;leter Mineral exploration
[45] 2019 Multirotor DJI S900 Vap (()érsnl\i%r-l;;%r;leter Mineral exploration
Potassium-vapor . .
[46] 2017 Multirotor UAV-Mag™ system magnetometer Mm;i;lk()fa}gg?ue)
(GSMP-35A)
Microfabricated Detect and identify
[47] 2021 Multirotor UMT Cicada Atomic abando“ed.f“d
Maenetometer unmarked oil and
& gas wells
. Proton magnetometer Detect Con§ealed
[48] 2023 Multirotor DJI M600 Pro magnetite

(GSM-19T)

ore bodies
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Table 2. Cont.
Reference Year Platform Type UAV Name/Model Magnetic Sensor(s) Aim of
yp & Study/Application
fronman 630 Two Magneto- Iron ore—mineral
[49] 2024 Multirotor (Tarot-RC, Inductive gsensors exploration
Shenzhen, China) p
Development of a
Lo magnetometer bird
[50] 2021 Multirotor DJI M210 Rubidium QTFM for mineral
from Quspin :
exploration/
geological mapping
. Survey-grade aerial Rubidium QTFM . .
[51] 2021 Multirotor drone from DTU from Quspin Mineral exploration
Potassium-vapor Geophysical survey
[52] 2023 Multirotor DJI M600 Pro magnetometer for aquifer
(GSMP-35U) exploitation
Ootical-oum Mineral exploration
[53] 2022 Multirotor DJI M300 pricapump for potential
magnetometer . .
archaeological site
[54] 2024 Multirotor DJI S1000 Maghrrow scalar  \ r oo archaeology
magnetometer
CERBERUS UAV Vapor maenetometer
[55] 2024 Multirotor (ACCELIGENCE Ltd., P9I T@8neIOMEE N fineral exploration
L (GSMP-35U)
Nicosia, Cyprus)
TERREMYS Map buried
[56] 2023 Multirotor Mono-sensor Bartington Mag03 fault zones in
quadcopter granitic pluton
Detect conductive
[57] 2022 Multirotor DJI M600 Pro Geometrics base metal sulphide
MagArrow targets in
complex mining
Mineral
[58] 2022 Multirotor LUMS Q6 v1 Bartington Mag03 exploration—
skarn mapping
Caesium-vapor
[59] 2022 Multirotor SkyLance 6200 magnetometer Gold exploration
(Geometrics G-823A)
POS-family Proton Uranium ore
[60] 2022 Multirotor SibGIS UAS Overhauser .
exploration
magnetometer
Geoscan 401 Geoscan
. Geophysics (Geoscan ~ GeoShark—quantum Gold deposit
[61] 2022 Multirotor Ltd., Saint rubidium exploration
Petersburg, Russia) magnetometer
[62] 2019 Multirotor SibGIS UAS Proton Overhauser Gold deppsﬁ
magnetometer exploration
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Table 2. Cont.
Reference Year Platform Type UAV Name/Model Magnetic Sensor(s) Aim of
yp & Study/Application
POS-1LP Proton Uranium ore
[63] 2018 Multirotor SibGIS UAS Overhauser .
exploration
magnetometer
Potassium
magnetometer
[69] 2020 Unmanned SU-HOM (GSMP—-SSU) and Mggnetlte depos-1t—
helicopter three-axis fluxgate mineral exploration
magnetometer
(TFM100-G2)
Developed
Unmanned aeromagnetic systems
[67] 2023 . WH-110A MUH CS-VL magnetometer  for future geological
helicopter
survey and
mineral exploration
DY-115 (Jiangsu East CS-3 magnetometer Resource exploration
Unmanned Wing General Aviation and TFM100-G2 - P
[70] 2023 . in the Bayan Obo
helicopter Technology Co., Ltd., fluxgate nine area
Changzhou, China) magnetometer &
CW30 hybrid CS-VL magnetometer ~ Mineral exploration
[19] 2023 Hybrid fixed-wing (IGGE, (SCINTREX) and a (porphyry
Langfang, China) fluxgate copper-gold deposit)
Caesium .
[20] 2020 Ur:il;;rllined Unmanned airship magnetometer ei/[?g?;tilcfn
p (G-824A) p
A variety of aerial drone platforms were utilised for aerial magnetometry, encompass-
ing fixed-wing, multirotor, hybrid, and unmanned helicopter and airship configurations.
Among the platforms, multirotors were the most prevalent due to their manoeuvrability
and ability to hover in place. Models like the DJI M600 and DJI 51000 were frequently used.
Regarding magnetometers, caesium-vapor and fluxgate magnetometers were the most
commonly employed types, with Geometrics G-823A and GSMP-35U potassium-vapor
magnetometers standing out for their sensitivity and precision. Applications primarily
focused on mineral exploration, including detecting concealed magnetite ore bodies and
mapping iron ore deposits. Recent innovations include hybrid systems like the iHFUAM,
integrating caesium and fluxgate magnetometers to enhance detection capabilities for
complex mineral deposits such as porphyry copper-gold. Detailed technical specifications
for each magnetometer used are provided in Table 3.
Table 3. The magnetometers used and their technical specifications.
References Magnetometer Used Resolution (nT) Sensitivity Sample Rate E?f;rd(i:]g-)
[64,67] CS-VL magnetic sensor - 0.0006 nT /Hz - +0.2
[65] CS-3 magnetometer - 0.001 nT @1 Hz 1 KHz -
[35,66,68] Three-axis fluxgate magnetometer 0.5 - 1KHz -
[35] Fluxgate magnetometer (MagDrone R1) >0.15nT - - -
[36] Three-axis fluxgate magnetometer <1 0.07 nT @10 Hz 1-125 Hz -
[37] Three-axis fluxgate magnetometer <0.5 - - -
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Table 3. Cont.
References Magnetometer Used Resolution (nT) Sensitivity Sample Rate El_rlre(frd(i:]g-)
138] Overh*(’é%el\r/[nf;gé“f\;)ome"er 0.01 0.022nT @1 Hz 5Hz +0.1
[39,41,59] Caeszggxgs;;né?g‘z’?g?eter - 0.004 nT//Hz 5Hz +0.15
[40] Quantum Overhauser magnetometer 0.001 - 8 Hz -
[15] Microfabricated Atomic Magnetometer (MFAM) 0.001 - - -
[42,54,57] MagArrow scalar magnetometer - 0.005nT/+/Hz 1000 Hz +5
[43] Magneto-Inductive sensor 2.7 0.004 nT/+/Hz - -
[44,45,52,55,69] Vapor magnetometer (GSMP-35U) 0.0001 nT 0.002nT@1Hz 1,2,510,20Hz +0.05
[46] Potassium-vapor magnetometer (GSMP-35A) 0.0001 0.0002 nT/+/Hz 1,5,10,20 Hz +0.05
[47] Geometrics MFAM - 0.005nT/+/Hz 1 kHz -
[48] Proton magnetometer (GSM-19T) 0.01nT 0.15nT@1Hz - +0.2
[49] Magneto-Inductive sensor 2nT - 40 Hz -
[50,51] Rubidium QTFM magnetometer - 0.001 nT/+/Hz - +0.15
[53] Optical-pump magnetometer 0.0001 nT 0.02nT/\/Hz - -
[19,67] SCINTREX CS-3 magnetometer - 0.0006 nT/+/Hz - +0.2
[20] Caesium magnetometer (G-824A) 0.01nT 500 fT/+\/Hz - +0.15
[56,58] Bartington MC03 InT - 25 Hz -
[70] CS-3 magnetometer 2.5nT 0.0006 nT/+/Hz - +£02nT
[70] TFEM100-G2 magnetometer - 100 uV/nT - -
[60] POS-family Proton Overhauser magnetometer - 0.08 nT//Hz 2Hz +£0.5nT
[61] Ge;’iﬁ?&fﬁiﬁ;ﬁ;’qm“:gum . 1pT//Hz 1000 Hz <0.3nT
[62] Proton Overhauser magnetometer - - 2-3Hz -
[63] POS-1LP (Proton Overhauser) - 0.03-0.3 nT+/Hz 1-3Hz -

Not mentioned in the paper.

Data Processing of Aeromagnetic Data Surveys

The processing of aeromagnetic survey data follows a systematic sequence of steps to

transform raw magnetic measurements into a calibrated dataset optimised for geological

interpretation and anomaly detection. The procedure consists of two main phases, pre-

processing and processing [71], as showcased in Figure 3.
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Processing

Phase 2—Processing

Data interpretation
and mapping

Quality control of
E E o Sp]kmg
Precise : Parallax
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Figure 3. Aeromagnetic data processing workflow.
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Pre-processing involves the quality control of raw data, correction of inconsistencies,
and precise georeferencing of measurements. The processing phase begins with de-spiking
to remove short-wavelength noise, followed by parallax corrections to align navigation and
magnetic readings. Diurnal variations are then removed using synchronised base station
data. To isolate local anomalies, the Earth’s regional magnetic field JIGRF—International
Geomagnetic Reference Field) is subtracted. Next, levelling procedures correct discrep-
ancies at survey line intersections, ensuring internal consistency across the dataset, while
micro-levelling further removes residual errors that become visible in enhanced images.
Filtering techniques, such as Reduction to the Pole (RTP) and residual field calculations,
further refine magnetic anomalies by suppressing unwanted signals. The processed data are
then interpolated onto a grid using advanced smoothing techniques to create a continuous
and visually coherent representation of magnetic anomalies.

Finally, 3D inversion techniques reconstruct subsurface magnetic source distributions,
often incorporating adaptive down-sampling to balance computational efficiency and reso-
lution preservation. These processing steps are crucial in aerial-drone-based aeromagnetic
surveys, where precise calibration and correction techniques account for variations in flight
altitude and navigation accuracy.

A practical application of this methodology is demonstrated in the aerial-drone-based
aeromagnetic survey conducted by Porras et al. (2021) [44] in the Estancias Mountain
Range, Spain. Their study employed a GEM GSMP-35U potassium-vapor magnetometer,
mounted on a DJI Matrice 600 Pro aerial drone, to detect Cu—Co—-Ni mineralisation. The
survey incorporated fundamental aeromagnetic data processing techniques, including
diurnal corrections using a base station and filtering erroneous values caused by aerial
drone dynamics (e.g., take-off, landing, excessive roll, and pitch variations). The minimum
curvature gridding method was used to interpolate data into a 12.5 m resolution grid,
balancing data density and smoothness. Standard aeromagnetic techniques were applied,
including Total Magnetic Field (TMF) computation and Reduction to the Pole (RTP), filter-
ing to align anomalies with their sources. Additionally, the Analytical Signal (AS) method
was used to enhance magnetic source edges, while 3D inversion modelling with VOXI
Earth Modeling in OASIS Montaj provided estimates of the depth, shape, and magnetic
susceptibility of subsurface mineralised bodies.

Another demonstration of this workflow is found in the aerial-drone-based aero-
magnetic survey over the Otanméki Fe-Ti-V deposit in Finland, conducted by Jackisch
et al. (2019) [35]. The study utilised both fixed-wing and multicopter aerial drones, each
carrying three-axis fluxgate magnetometers, to map magnetic field variations at multiple
flight altitudes (15 m, 40 m, and 65 m AGL). A stationary magnetometer base station was
deployed for the diurnal correction of temporal variations in the Earth’s magnetic field.
The pre-processing phase applied rigorous noise reduction techniques, including filtering
erroneous measurements caused by aerial drone manoeuvres and implementing heading
corrections based on calibration flights. The IGRF model was subtracted to isolate local
magnetic anomalies, and the data were interpolated into a gridded total magnetic intensity
(TMI) map using the minimum curvature method. The processing phase introduced ad-
vanced flight altitude correction and data-levelling techniques. For the fixed-wing aerial
drone, Equivalent Layer Modelling (ELM) inversion was applied using RadaiPros software
to standardise the magnetic field at a uniform elevation, mitigating inconsistencies due to
flight altitude variations. The multicopter aerial drone data followed standard airborne
magnetometry protocols, employing survey line levelling and interpolation in Quantum
GIS (QGIS). To enhance structural interpretation, derivative filters such as the first ver-
tical derivative (1VD) and the Analytical Signal (AS) method were used, improving the
delineation of mineralised structures.
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A further example of this methodology is found in the aerial-drone-based aeromag-
netic survey of the Ploumanac’h pseudo-skarn deposit in French Brittany, conducted by
Martelet et al. (2021) [51]. This study utilised a rubidium absolute QuSpin magnetometer,
suspended 4.5 m below a survey-grade multirotor aerial drone, to collect high-resolution
magnetic data at flight altitudes ranging from 15 to 30 m above the mean sea level. A
GSM-19 base station recorded diurnal variations, enabling precise corrections, while addi-
tional noise reduction techniques were applied to eliminate errors from flight manoeuvres.
Following initial corrections, the minimum curvature method was used to interpolate data
into a gridded format, improving the spatial resolution. The Reduction-to-the-Pole (RTP)
filter was applied to align anomalies with their sources, while derivative techniques such as
the Analytical Signal (AS) method further enhanced geological structure visualisation. For
3D modelling, forward magnetic modelling was performed along multiple cross-sections
to estimate the depth and geometry of mineralised structures. The model incorporated re-
gional airborne magnetic data, aerial-drone-borne high-resolution measurements, and field
observations, ensuring consistency between surface structures and subsurface anomalies.
The final 3D geological model, developed using 3D-Geomodeller software, successfully
delineated the pseudo-skarn mineralisation and its structural controls.

These studies illustrate how aerial-drone-based magnetometry, when combined with
high-resolution processing techniques, provides a cost-effective and flexible alternative to
traditional airborne and ground-based surveys, particularly in challenging terrains and
remote mining environments.

4.2. Airborne Ground-Penetrating Radar (GPR)

Airborne-based GPR is a cutting-edge technology that utilises electromagnetic waves
to penetrate the subsurface and capture detailed geological information [72]. GPR is valued
as anon-invasive, fast, and accurate geophysical method for detecting subsurface anomalies,
making it widely applied in the mining industry for various purposes. Its broad application
in mining arises from the need to interpret subtle textural variations in radar data, a task
that often requires experienced users due to the complexity of geological environments.
GPR investigations provide essential data for mine designers, aiding in the understanding
of discontinuity systems, subsurface fractures, and groundwater conditions critical for
selecting optimal exploitation methods [73]. Additionally, GPR excels in detecting fractures
of various scales, from millimetric to decametric, and its ability to geometrically reconstruct
subsurface features has established it as a valuable tool for characterising mining sites and
rock masses. This capability significantly enhances quarrying and extraction processes,
contributing to improved mining efficiency and safety [74].

Despite the significant potential of GPR in geophysical surveys, its application via
aerial drones in mining contexts has been limited. A review of the literature identified
only one relevant study, which utilised a DJI M600 equipped with the COBRA Plug-in
SE-150 sensor. This application focused on characterising quarry excavation areas using a
GPR sensor with a dynamic range of 192 dB and a maximum penetration depth of 120 m.
The limited adoption of aerial-drone-borne GPR may be attributed to challenges such as
integrating GPR systems with aerial drone platforms due to constraints in size, weight,
and power. Additionally, the complexity of interpreting radar data in highly variable
subsurface conditions may further contribute to the hesitancy in broader applications. This
underscores the need for further innovation in lightweight, aerial-drone-compatible GPR
systems. Figure 4 illustrates a representative aerial-drone-borne GPR system, highlighting
the integration of a ground-penetrating radar antenna mounted beneath a drone for the
characterisation of subsurface anomalies, such as those found in quarry sites.
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Figure 4. A conventional aerial-drone-borne GPR setup for geophysical surveys.

Detailed specifications of the application and the GPR system used are provided in
Tables 4 and 5.

Table 4. Review of aerial-drone-borne GPR applications in the mining sector.

Aim of
Study/Application

COBRA Plug-in SE-150 (Radarteam ~ Characterisation

Sweden AB, Boden, Sweden) exc ;\f ;gli?rl;r;, cas

Reference Year  Platform Type  UAV Name/Model GRS Sensor(s)

[16] 2021 Multirotor DJI M600

Table 5. The GPR used and its technical specifications.

Reference Dynamic Range Maximum Depth Bandwidth (BW) Central Frequency (CF)
[16] 192 db 120 m 260 MHz 124 MHz

Data Processing of Aerial GPR Surveys

The processing techniques for ground-penetrating radar (GPR) measurements ac-
quired using an aerial-drone-mounted GPR are based on those developed for air-launched
systems [75]. However, additional steps are required to address the unique challenges of
aerial-drone-based measurements. The GPR processing described in this section can be
adapted to different system architectures and applications, incorporating complementary
techniques to enhance detection capabilities.

The overall processing workflow is summarised in Figure 5.

Saponaro et al. (2021) [16] conducted an aerial-drone-based GPR survey to characterise
a quarry excavation site in Falconara Albanese, Southern Italy. The acquired radar data were
processed using PRISM processing software (RadarTeam, v2.59), following a structured
workflow to enhance signal clarity and facilitate geological interpretation. The processing
workflow began with background removal to eliminate direct transmitter signals and
reduce unwanted artefacts. A band-pass filter (3-309 MHz) was applied to isolate relevant
frequency components within the instrument’s operational bandwidth. To further refine
the data, FK-filtering was used to suppress lateral reflections, while a five-trace moving
average filter was used to improve the horizontal continuity in the radar profiles.
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Figure 5. GPR data processing workflow.

Further enhancements included time-varying gain, which compensated for signal
attenuation caused by absorption and scattering. Topographic corrections aligned radar
data with surface relief for accurate depth representation. Time-to-depth conversion was
performed using a dielectric constant of 5, corresponding to a wave velocity of 0.135 m/ns,
based on dry granite properties. Additionally, the Hilbert transform was applied to extract
instantaneous amplitude, highlighting energy variations that helped identify subsurface
features such as fractures and discontinuities.

For data interpretation, the radargrams were analysed to detect key geological features,
including homogeneous granite formations. High-energy reflections identified in the energy
content analysis were correlated with fractures and water-filled structures, providing
valuable insights into the subsurface characteristics of the quarry. This analysis contributed
to assessing the site’s suitability for resource extraction and demonstrated that drone-based
GPR is an effective, non-invasive tool for high-resolution quarry exploration.

4.3. Airborne Electromagnetic (AEM) Surveys

The exploration of mineral resources has progressively expanded into complex terrains
and uninhabited areas. This shift has heightened the demand for studying geological
environments at depths of at least 100-150 m, a requirement that is increasingly critical in
the geological prospecting market. To address these challenges, more flexible exploration
methods, such as AEM, have emerged as valuable tools [76].

AEM systems, widely used in mineral exploration, rely on varying principles and
technical designs, resulting in different levels of performance depending on the geoelectrical
and geological conditions [77]. An overview of a general AEM aerial drone system is
illustrated in Figure 6, providing a visual representation of the system.
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Figure 6. A conventional aerial-drone-borne electromagnetics setup for geophysical surveys.

Two commonly employed techniques for collecting AEM data are (i) frequency-domain
electromagnetics (FEM) and (ii) time-domain electromagnetics (TEM). Both methods utilise
a transmitter coil to generate a time-varying electromagnetic field, which induces eddy
currents in the ground.

In the FEM method, instruments that measure induction signals in the frequency
domain typically transmit one or a set of sinusoidal, repetitive signals and receive a
superposition of transmitted and induced ground signals in one or a set of receiver coils.
In FEM methods, high-frequency EM signals attenuate rapidly in a conducting medium,
giving less penetration depth. Lower frequencies contain information from deeper parts of
the subsurface as they are less attenuated, and higher frequencies contain information from
shallower parts of the Earth. Conversely, TEM systems typically transmit a strong single
pulse, inducing a signal that is picked up while the transmitter is off. Pulses may be ramped
up and switched off rapidly or at half-sines. In time-domain systems, the induced current
diffuses into the ground, moving downward and outward over time after the transmitter
current is switched off. Early measured time gates represent shallow depths, while later
time gates respond to deeper targets [78].

In AEM, all of the components of the observation system are mounted on the drone.
However, the detection depth of current AEM systems is constrained by the power supply
and the carrying capacity of the aerial drone, limiting their effectiveness in deeper or more
challenging geological settings [79].

To overcome these limitations, the semi-airborne electromagnetic method (SAEM) has
gradually been applied to the detection of complex terrain areas across various fields. The
SAEM combines ground-based large-magnetic-moment transmitters with aerial receivers
mounted on aerial drones, achieving a balance between detection depth and operational
efficiency [80]. Compared to traditional AEM methods, the SAEM transmitting system
is placed on the ground, which means the power and weight of the system are no longer
constrained by the power supply and carrying capacity of the flight platform. As a re-
sult, higher power output can be achieved, enabling greater detection depths than those
achievable with AEM methods. Additionally, the flight risks are significantly reduced [79].

Table 6 details all the identified applications of electromagnetic surveys in mining.
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Table 6. Review of aerial-drone-borne EM applications in the mining sector.
Aim of
Reference Year  Platform Type  UAV Name/Model EM Sensor(s) Study/Application
UAV TEM (includes an induction Mineral
[81] 2021 Multirotor SibGIS UAS sensor, a measuring unit (MARS), exploration
and a recorder) (uranium region)
UAV TEM (includes an induction .
sensor (PDI-50), a measuring unit Mineral
[82,83] 2022 Multirotor SibGIS ’ ) exploration
(Mars 4.0), and a mini (uranium region)
computer recorder)
UAYV TEM (includes a loop-analogue Mlinertg 1
. . induction sensor, a measuring unit, a exporation
[60] 2022 Multirotor SibGIS UAS mnductio ’ ¢ (sandstone-type
mini onboard recordel", and a uranium, blind
ground-based Tx line) deposit de,tection)
[84] 2024 Hvbrid UAV ) Electromagnetic System “Louhi” Mineral
y (Radai Ltd., Oulu, Finland) exploration

The aerial-drone-based EM surveys in the reviewed literature primarily employed
multirotor platforms, although a hybrid aerial drone has also been used. The main focus of
these surveys has been uranium exploration, but hybrid systems like “Louhi” have broad-
ened their scope to include other minerals, such as copper and gold. These advancements
underscore the growing role of aerial drones in enhancing the efficiency and accuracy of
EM surveys.

Data Processing of EM Surveys

Airborne electromagnetic (AEM) methods require rigorous data processing routines
to transform raw measurements into reliable geophysical models of the subsurface. The
accuracy of the inversion results is highly dependent on the quality of the recorded data;
therefore, both the performance of the acquisition hardware and the robustness of the
processing software are critical. As highlighted by Siemon et al. (2009) [85], “the goal of the
data processing is to derive those field values from the data measured that correspond to the
subsurface material parameters and to eliminate—or at least minimise—those portions in
the data that are affected by influences not belonging to the subsurface”. Figure 7 presents
the general data processing workflows for both the frequency-domain electromagnetic
(FEM) and time-domain electromagnetic (TEM) methods.

Davidenko et al. (2023) [83] presented a robust data processing procedure for aerial
drone TEM systems, focusing on extracting transient EM signals immediately after the cur-
rent pulse shutdown. Their workflow involved industrial noise suppression, the removal
of long-term signal trends, and 2D sliding window smoothing to enhance data consistency.
TEM readings were interpolated on a logarithmic time scale, and spatial coordinates (x, y, z)
were precisely merged using specialised software for accurate georeferencing. A key feature
of their approach was the S-tau transformation method, which enabled the computation
of apparent longitudinal conductance as a function of depth. This method significantly
enhanced the efficiency of geophysical data interpretation, facilitating the development of
detailed geoelectrical models for subsurface exploration over Lake Baikal, Russia.

Similarly, Parshin et al. (2021) [81] implemented a comprehensive processing workflow
for aerial-drone-acquired TEM data, integrating advanced noise reduction and signal
enhancement techniques. Their approach began with the segmentation of transient records
(TRs) from flight mission data using GPS timestamps, ensuring precise temporal and spatial
alignment. Industrial noise, particularly from 50 Hz power grids, was filtered using a
digital differentiating filter, while trend-suppression techniques minimised distortions
caused by sensor movement in the Earth’s magnetic field. To further reduce noise, a
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2D sliding window smoothing method utilising Hampel M-estimates was applied. The
processed data were then integrated into time bins, enhancing the signal-to-noise ratio
while optimising data storage efficiency. Once each sounding curve was georeferenced
to its geographic coordinates, advanced data inversion techniques were employed to
generate 3D resistivity models and geophysical sections, allowing for detailed subsurface
resistivity characterisation.
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Figure 7. Data processing workflows for airborne electromagnetic methods: (a) FEM and (b) TEM.

Expanding on these methodologies, Hallbauer-Zadorozhnaya et al. (2022) [82] ap-
plied a modified S-fau transformation to convert EMF signals into apparent longitudinal
conductance curves as a function of depth or time. This transformation facilitated the
identification of low-resistivity anomalies, which correspond to conductive layers or sub-
surface bodies, such as mineralised zones or groundwater-bearing formations. The study
processed high-density aerial drone TEM data from closely spaced flight profiles to gener-
ate three-dimensional subsurface conductivity models, providing a detailed visualisation
of geoelectric structures at varying depths. Their approach was successfully applied to
experimental surveys over Lake Baikal and a uranium occurrence, demonstrating the
effectiveness of aerial drone TEM in detecting and delineating geophysical anomalies.

4.4. Gamma-Ray Spectrometry (GRS)

Gamma-ray prospecting is a radiometric survey method that measures the natural
radioactive background of rocks, ores, or radioactive contamination. Mineral radioactivity
is characterised by its activity, which refers to the number of decays per unit of time. The
higher the mass fraction of radioactive elements, the greater the activity per unit mass.
As a result, the total gamma radiation intensity, which is proportional to activity, can be
used to detect the presence of radioactive elements and estimate their concentration in
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rocks. By analysing the radiation spectral characteristics (energy spectrum), it is possible
to determine the individual content of each radionuclide. In geological applications, it is
used to prospect for deposits of radioactive ores, precious and base metals associated with
radioactive elements, and hydrocarbons and, most importantly, for geological mapping [86].
Figure 8 illustrates a conventional geophysical application of gamma-ray prospecting,
specifically in the context of mapping uranium-rich geological formations.
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Figure 8. Schematic illustration of airborne gamma-ray spectrometry (GRS) for geological mapping.

As shown in Table 7, the papers found on aerial drone gamma-ray surveys in mining
applications primarily focus on uranium exploration, highlighting the growing global
interest in assessing past uranium mining and processing activities as part of the nuclear
fuel cycle, as well as in controlling and mitigating their impacts. Sustainable uranium
production, including the environmentally safe remediation of mine sites and associated
waste facilities, is a crucial prerequisite for obtaining the social license to operate ongoing
and future front-end activities of the nuclear fuel cycle [87].

Table 7. Review of aerial-drone-borne GRS applications in the mining sector.

Reference Year  Platform Type  UAV Name/Model GRS Sensor(s) Stu d};?ji\I;p(ﬁcation
WingtraOne Caesium lodide (Csl) scintillator and : .
[14] 2023 Fixed-wing (Wingtra AG, Cadmium Zinc Telluride Mapll?nui}lgel;li?:mm
Ziirich, Switzerland) (CZT) semiconductor
. . Radioactive
[88] 2003 Fixed-wing CH-3 Ugrs10—thallium-doped sodium mineral
iodide—Nal (T1) 4.2 L exploration
[17] 2018 Multirotor DJI M600 MS 1000—1.0L Nal Mafzgillfifgr:me
Medusa—Cerium Bromide (CeBr3) Mapbin
[87,89] 2022 Multirotor DUB-GEM UAV scintillation detector; pping

innoRIID—twin detector (Nal, CeBr3)

uranium mining
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Table 7. Cont.
Aim of
Reference Year  Platform Type  UAV Name/Model GRS Sensor(s) Study/Application
Radiological
[90] 2015 Multirotor AARM-XS CZT coplanar-grid Kromek™ characterisation
GR1 detector of a single legacy
mining site
Hexacopter-type
Kingfisher Uranium
[91] 2018 Multirotor (Robodrone Georadis D230A exploration
Industries s.r.o., Brno, p
Czech Republic)
. . CsI(Na) 30 x 150mm crystal; Uranium
[86] 2021 Multirotor SibGIS UAS CsI(Tl) crystal of 40 x 80 mm exploration
Mineral
[92] 2024 Multirotor DUB—GEM UAV Medusa—CeBr3 e"lfglv?]f;tr‘;’é‘em
ore heap
[93] 2020 Multirotor SibGIS UAS 2 CsI(T1) 8 x 100 mm Gold exploration
[94] 2020 Multirotor DJI M100 SIGMA-50—CsI(TI) scintillator Mapping a Cu/Fe
mine site
[95] 2025 Multirotor F1800 Nal crystal 51 x 102 x 406 mm Mapping rare
Y
earth deposit
Prospecting blind
[60] 2022 Multirotor SibGIS UAS CsI(TI) 63 x 63 mm crystal uranium ore
deposits (U, Th)
[62] 2019  Multirotor SibGIS UAS CsI(T1) 63 x 63 mm crystal Greenfield gold
y
exploration
. . Uranium
[63] 2018 Multirotor SibGIS UAS CsI(T1)/Nal(T1) 80 x 80 mm exploration
Unmanned : ] Mapping mine
[18] 2019 helicopter HE-190E MS-1000—1.0 L Nal tailings
Z100
[96] 2023 Unmanned (Tianyu Aviation Gamma-ray spectrometry— Mapping
helicopter Technology Co., Ltd., 4 L Nal(TI) crystal uranium tailings
Langfang, China)
Radioactive
[88] o023 Ynmanned SY-120H Ugrs10—Nal(T1) 4.2 L mineral
P exploration
UAV (no Metapegmatite
[97] 2025 information) - Medusa (MS350)—350 mL Csl exploration

As indicated by the research articles identified through the search for mining appli-

cations, aerial drone platforms, such as multirotor drones like the DJI M600, fixed-wing

platforms like the WingtraOne, and unmanned helicopters like the Z100, have been em-

ployed for gamma-ray surveys. The most commonly used spectrometers include the
Medusa MS-700 and MS-350, both from the same company, featuring scintillation detec-
tors such as CeBr3 and Nal. Applications have ranged from uranium exploration to the

environmental monitoring of mine tailings. As can be seen from Table 8, the SibGIS custom

system stood out for its high spectral resolution, enabling precise radionuclide analysis.

The versatility and the potential of drone-based methods in mining exploration are growing

worldwide, making them essential tools for radiological surveys in mining contexts. With

the development of miniaturised detectors, various sensor systems can now be deployed

on drones to investigate a wide range of geoscientific and geotechnical issues.
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Table 8. The gamma-ray spectrometers used and their technical specifications.
Crystal . .
Gamma-Ray . . Crystal Volume Number of Radionuclide
References Spectrometer Used Crystal Type Dl(?;ecrl‘;ls(;ns (cm?) Spectral Bands Analysis
[14] Hamamatsu—C12137-01 Csl (TI) 1.5 x 15 0.0036 -
Kromek -
[14,90] GRS CZT - 0.001 -
40K 238y 22T
[17,18] MS-1000 Nal 3x9 1000 - e
40 23877 232
[87,89,92] MS-700 Cebrs 3x6 700 2048 K;n ] g csTh
[87,89] innoRIID Nal 3x3 350 1024 -
[87,89] innoRIID Cebr 2x2 100 1024 -
407 23877 232
[89] MS-700 Csl 3%6 700 2048 Kz;n 4 9 CsTh
[91] D230A by Georadis BGO 2x2 0.103 1024
[86] Gamma-ray spectrometer Csl (TD) 0.3 x 393 0.0065 - -
[86] Gamma-ray spectrometer Csl (TI) 1.6 x 3.15 0.1 -
[93] Gamma—radiometer Csl (TI) 0.3 x 393 - -
GRS (Chengdu University )
[96] of Technology) Nal (TI) 4 1024
40 23877 232
[97] MS-350 Csl 3%3 300 1024 Ka;n ] Y csTh
[94] SIGMA 50 Csl (TI) 1x2 32.8 4096
[95] XTG-3000 A Nal 2x4x16 850 1024 40K 2381y 22T
[88] UGRS-10 Nal 4x4x65 4200 256/1024 40K 2381y, 232
[60] (custom system) Csl (TI) 25 %25 196.3 8096 K, 238U, 22Th
[62] - CsI (TI) 25 %25 196.3 2000 40K, 2381y, 232
Csl (T1) or 4OK, 281y (226Ra),
[63] Nal (1) 3.15 x 3.15 402.1 - 2211, 1706

Not mentioned in the paper.

Data Processing of Gamma-Ray Spectrometry Surveys

The International Atomic Energy Agency (IAEA) plays a crucial role in promoting the
safe and effective use of nuclear technologies, including their applications in mining explo-
ration and mapping. Recognising the need for standardised methodologies in gamma-ray
spectrometry, the IAEA has developed comprehensive guidelines for radioelement map-
ping [98]. Advancements in instrumentation, data processing, and calibration techniques
have significantly improved the reliability and applicability of gamma-ray spectrometry
in mining. This document provides a framework for noise reduction, spectral corrections,
and background adjustments, ensuring that the derived concentrations of potassium (K),
uranium (U), and thorium (Th) are precise and comparable across different surveys. By
defining standardised procedures for energy calibration, stripping corrections, and height
adjustments, the JAEA enhances the reliability of radiometric datasets, ensuring their
applicability in mining exploration. These guidelines are instrumental in maintaining
gamma-ray spectrometry as a trusted tool for mining applications.

The IAEA guidelines outline a structured sequence of data processing procedures
to ensure accuracy and consistency in airborne gamma-ray spectrometry, specifying cali-
bration requirements for each step. The pre-processing phase involves merging datasets,
performing quality control, and filtering radar altimeter and cosmic-ray data to smooth
variations and reduce noise. Spectral smoothing techniques such as Noise-Adjusted Singu-
lar Value Decomposition (NASVD) and Maximum Noise Fraction (MNF) enhance signal
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clarity by extracting dominant spectral features while removing uncorrelated noise. Live
time (dead time) correction compensates for pulse pile-up effects in high-count-rate en-
vironments, ensuring accurate detector response. Energy calibration is conducted using
reference radioelement standards to maintain spectral accuracy. Aircraft and cosmic back-
ground corrections remove signals unrelated to geological sources, using high-altitude
calibration flights to estimate cosmic radiation contributions. Additionally, radon back-
ground correction accounts for atmospheric radon interference through calibration flights
or additional detectors. Stripping corrections isolate K, U, and Th signals by applying
stripping ratios derived from ground calibration experiments. Height correction normalises
measurements for altitude variations using predefined attenuation coefficients. Finally,
data levelling ensures consistency across survey lines by adjusting for environmental and
instrumental variations. These processing steps are critical for converting raw airborne
or aerial-drone-based gamma-ray data into accurate elemental concentration maps, sup-
porting geological exploration, environmental monitoring, and mineral prospecting. The
complete sequence of these processing steps is illustrated in the workflow diagram in Fig-
ure 9, which outlines the standardised procedures recommended by the IAEA for airborne
gamma-ray spectrometry data processing.

Pre-processin Spectral smoothing Live time (or dead time)
9 techniques correction

v
Energy calibration Aircraft and cosmic Radon background
background corrections correction

[ Stripping corrections H Height correction ]—-[ Levelling data ]

Figure 9. Schematic overview of the data processing workflow, based on IAEA guidelines.

Building on these guidelines, aerial-drone-based gamma-ray spectrometry has been
increasingly employed for high-resolution radiometric mapping. The following case stud-
ies provide examples of how advanced aerial-drone-mounted spectrometers apply these
principles in mining exploration and environmental monitoring.

Parshin et al. (2021) [86] implemented a systematic data processing workflow for
aerial-drone-based gamma-ray spectrometry to ensure accurate radiometric measurements
in mining exploration. The study utilised a CsI (T1) scintillation-based gamma-ray spectrom-
eter, where pre-flight calibration was conducted to ensure proper energy alignment for key
radionuclides: °K, 2381, and 232Th. Following data acquisition, the recorded gamma-ray
spectra were georeferenced by integrating GPS and altimeter data, ensuring the accurate
georeferencing of radiometric measurements. To compensate for altitude-dependent at-
tenuation, a height correction factor was applied based on empirical correction models
derived from Monte Carlo simulations. Conventional window stripping ratios were ap-
plied to isolate potassium, uranium, and thorium emissions, reducing spectral overlap
and improving element-specific resolution. To refine spatial accuracy, local polynomial
interpolation (LPI) was applied, smoothing spatial variations and enhancing the resolution
of radiometric maps. Finally, the radiometric datasets were validated against ground-based
spectrometry measurements, ensuring high consistency and reliability in mapping natural
radioactivity across the mining area.
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Altfelder et al. (2024) [92] implemented a structured methodology for aerial-drone-
based gamma-ray spectrometry to ensure accurate radiometric analysis. The raw spectral
data acquired by the aerial-drone-mounted gamma-ray spectrometer underwent footprint
and altitude corrections to account for the attenuation of gamma radiation by the air layer
between the ground and the detector. The height correction employed analytical models
based on the assumption of a semi-infinite homogeneous soil volume with uniform ra-
dionuclide distribution. Spectral data were then processed using Full-Spectrum Analysis
(FSA) for certain detectors and the window method for others, following established IAEA
guidelines. To validate the aerial-drone-derived data, geostatistical methods such as ordi-
nary kriging, block kriging, and non-arithmetic krige averaging were applied to interpolate
and upscale backpack-measured 23U specific activities to match the aerial drone’s larger
detector footprint. The aerial drone data were further corrected for height-dependent
attenuation using models adapted from conventional airborne gamma-ray spectrometry.
Additionally, a bias correction step was performed by comparing aerial-drone-based data
with backpack survey results, revealing a 22% overestimation in the aerial drone measure-
ments, potentially due to shielding effects in ground-based backpack surveys or systematic
processing errors. The final interpolated dataset demonstrated the effectiveness of aerial-
drone-based gamma-ray spectrometry for mapping uranium-contaminated mining sites,
accounting for spatial averaging and detector response variations across different altitudes
and scales.

4.5. Other Geophysical Methods

While the use of aerial drones in mining applications has gained significant attention
in combination with methods like magnetometry, electromagnetics, ground-penetrating
radar (GPR), and gamma-ray spectrometry, less exploration has been conducted on their
integration with other geophysical methods, particularly seismic tomography, electrical
resistivity tomography (ERT), and gravimetry.

Seismic tomography is a geophysical technique that creates cross-sectional images
of the Earth’s subsurface by analysing seismic data. It measures the time seismic waves,
from natural or artificial sources, take to travel through geological materials. By assessing
these travel times and wave amplitudes, scientists can infer the subsurface’s structure [99].
Electrical resistivity tomography (ERT) is a non-invasive geophysical technique designed
to measure the spatial distribution of electrical resistivity within the subsurface of an
open field [100]. Gravity methods measure the acceleration of a gravitational field. A
gravimeter is a passive, low-impact, non-invasive geophysical tool that measures and
maps lateral changes in the Earth’s gravity field, which is a function of Earth material
density differences [101].

Despite an extensive literature review on aerial drone applications in geophysical
surveys, no studies were found that specifically demonstrate the use of seismic tomography,
ERT, or gravimetry with aerial drones in mining. This presents an opportunity for future
research to explore how these techniques could be adapted for aerial-drone-based platforms
in mining contexts.

5. Discussion
5.1. Types of Aerial Drones and Geophysical Methods Used in Mining Applications

In Section 2, a total of 59 research papers that encompassed the mining applications
of aerial drones using geophysical methods were reviewed. Several of these studies
investigated more than one mining application of aerial drones using geophysical methods,
resulting in sixty-six individual drone applications analysed in total. The analysis revealed
that multirotor aerial drones are the most extensively studied platform, accounting for
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48 out of 66 applications (72.73%), highlighting their versatility and widespread adoption
in mining due to their manoeuvrability and ease of use. Fixed-wing aerial drones were the
second most common, with eight applications (12.12%). Other aerial drone types, including
unmanned helicopters (six applications, 9.09%), hybrid aerial drones (two applications,
3.03%), and unmanned airships (one application, 1.52%), have been explored less frequently.
One application (1.52%) did not specify the aerial drone type used. The changes in different
types of aerial drones used for mining surveys in the reviewed research over time are shown
in Figure 10. The temporal analysis of these studies showed minimal activity between 2005
and 2012, with only one study published in 2005, which exclusively utilised fixed-wing
aerial drones, whereas multirotor aerial drones were not yet widely explored. A gradual
increase occurred from 2013 to 2020, during which multirotor aerial drones emerged as
the dominant platform. The years 2021 and 2022 marked the peak of aerial-drone-related
studies, with 10 and 12 investigations, respectively, both primarily focused on multirotor
aerial drones. In recent years (2023-2025), the diversification of aerial drone types has been
observed, including significant contributions from fixed-wing, unmanned helicopter, and
hybrid aerial drones, reflecting the evolving demands and technological advancements
in aerial drone applications for mining. This progression underscores the growing role of
aerial drones in enhancing geophysical methods within mining operations.

14
12

10

Number of Studies on UAV Types in Mining Applications Over
Time

: | | i '
1 | |
» AN RN R Ill | |1

2005 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

m Fixed Wing 1 Multirotor  mUnmanned Helicopter mHybrid mUnmanned Airship  ®mUAV (No Info)

Figure 10. Number of studies on aerial drone types in mining applications over time.

Figure 11 presents the distribution of research studies examining different aerial-drone-
based geophysical methods applied in mining. It should be noted that the total number of
method entries exceeds the number of reviewed papers, as several studies incorporated
more than one geophysical technique and are thus counted multiple times. Aerial magne-
tometry is the most extensively researched method, with 39 studies, emphasising its critical
role in mineral exploration by identifying subsurface magnetic anomalies. This popularity
is driven by the ease of aerial drone integration with magnetometers and the effectiveness
of low-altitude flights for high-resolution surveys. Gamma-ray spectrometry follows with
18 studies, primarily used for detecting uranium and other mineral deposits. Aerial drones
carrying lightweight gamma-ray spectrometers have proven effective for mapping radio-
metric signatures, though challenges remain in data processing and altitude corrections.
Electromagnetic (EM) surveys have received comparatively less attention, with only five
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studies. This is likely due to the high power demands of active EM systems and the weight
constraints of aerial drone platforms, limiting their penetration depth. Ground-penetrating
radar (GPR) has been explored in only one study, reflecting the ongoing challenges of aerial
drone integration, including flight stability at low altitudes and signal interference. The
limited number of studies on EM and GPR methods suggests a need for further research
into optimising aerial-drone-based implementations and expanding their applicability in
mining exploration.

Number of Geophysical Methods Used Across Reviewed
Papers

1

m Aerial Magnetometry = Ground Penetrating Radar (GPR)

m Electromagnetic Survey m Gamma-ray Spectrometry Radiometry

Figure 11. Number of geophysical methods used across reviewed papers in mining scenarios.

5.2. Decision Criteria for Selecting Aerial Drones in Geophysical Surveys

Selecting the appropriate aerial drone platform for geophysical applications requires
the consideration of multiple factors, including the survey scale, terrain conditions, sensor
requirements, payload capacity, operational constraints, and mining phase. Fixed-wing
aerial drones are preferred for large-scale regional surveys due to their long flight endurance
and ability to cover extensive areas efficiently. However, in rugged or confined terrains,
such as underground mining sites or narrow valleys, multirotor aerial drones provide better
manoeuvrability and precise control, enabling the low-altitude flight paths and hovering
capabilities necessary for detailed, high-resolution geophysical surveys.

Hybrid aerial drones offer a versatile alternative, balancing extended flight time
with terrain adaptability, making them ideal for complex mining environments requiring
both large-scale mapping and site-specific data acquisition. Unmanned helicopters, while
offering superior payload capacity and endurance, require complex flight controls and
frequent maintenance and have higher operational costs, which may limit their feasibility
in certain field conditions. In addition, unmanned airships present a unique solution for
long-duration surveys, particularly in large, open mining regions where sustained airborne
operations are required. However, their susceptibility to strong winds and large operational
footprint can pose deployment challenges in certain environments.

Beyond flight characteristics, the selection process must consider payload weight
restrictions, sensor integration, data transmission capabilities, and regulatory compliance.
A structured decision-making framework, factoring in cost-effectiveness, the ease of de-
ployment, and the specific geophysical method used, ensures that the chosen aerial drone
aligns with the unique demands of each survey environment.

5.3. Role of Aerial Geophysics According to the Phase of Mining Activity

As noted throughout this research, aerial geophysics is a powerful tool that enhances
efficiency, safety, and environmental responsibility during the global mining lifecycle. From
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initial exploration to extraction and post-mining restoration, airborne geophysical surveys
provide valuable insights in each individual stage.

Differentiating by the stage of mining development, aerial geophysics has been most
extensively used in the exploration phase. During this stage, these surveys help to identify
potential mineral deposits over large areas quickly and cost-effectively. Techniques such as
magnetometry and electromagnetic or radiometric prospecting allow for the mapping of
geological structures, detection of ore bodies, and prioritisation of targets for ground-based
exploration and drilling. The selection of one or another prospective aerial technology
strongly depends on the nature of the mineral that is intended to be found. Within this first
exploration phase, aerial magnetometry is the most widely used, as it measures variations in
the Earth’s magnetic field to detect geological structures such as faults, folds, and intrusions
associated with mineral deposits, making it particularly useful for detecting iron, nickel,
copper, or gold. This geophysical technique, which has been used since World War 1,
stands out for its ability to cover large areas efficiently and provide valuable geological
insights for mineral exploration. AEM and GRS are also applied during this mining phase
to detect mineralised zones hidden beneath cover rocks and map density variations in
rocks of dense ore bodies such as gold, lead, zinc, or uranium. Indeed, airborne radiometric
surveys are well suited for detecting natural gamma radiation from surface rocks, being
particularly useful for uranium, rare earth elements, and potash exploration. Despite these
clear contributions to mineral exploration, airborne geophysical methodologies provide
indirect indications of minerals that often require follow-up drilling to characterise the
evaluated mining structure in greater detail. These techniques are also less effective in
areas with too much vegetation cover and thickness of the covering material.

Although the evaluated methodologies have been applied primarily in the mining
exploration phase, aerial geophysics is also important during the extraction and restoration
stages of the mining site. During extraction, aerial geophysical sensors are mainly used to
improve the planning and drilling efficiency to reduce the mining waste but also to assist in
the detection of unstable areas (without compromising the operator’s safety). In this sense,
gravity and AEM surveys are the most frequent methods of refining ore body models and
provide additional information about the extraction progress. However, the application of
these techniques during this mining stage is not widely expanded, given the limitation for
prospecting deeply buried structures and the need for having fairly precise knowledge of
the structure being extracted.

Regarding the final step of the mining activity, restoration is key for controlling the
possible environmental disturbances that could appear after the exploitation of a certain
resource, such as land degradation, water contamination, or biodiversity loss. In this
way, mining restoration (or reclamation) aims to mitigate these impacts by rehabilitating
landscapes, restoring ecosystems, and ensuring sustainable post-mining land use, for
which aerial geophysics provides a powerful tool in assessing, monitoring, and guiding
restoration efforts. Following the extensive bibliographic review carried out in this research,
it has been found that airborne magnetometry and AEM methodologies, together with GRS,
are the most widely used in the prospective campaigns carried out within this mining phase.
These techniques are especially applied in the monitoring of extensively restored mining
sites with the principal objective of tracking the rehabilitation progress and identifying
possible contamination risks that could affect the surrounding ecosystem. The role of
these methodologies during mining restoration is of great importance in order to cover
large areas of the deposit (often of large dimensions) in a relatively manageable time,
which allows the continuous monitoring of the progress of the rehabilitation actions and
guarantees greater security in the stability of the land and structures involved, contributing
to the early detection of danger conditions related to the leakage or accumulation of mining
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waste. Despite the clear advantages that these aerial prospecting technologies provide over
traditional control practices, their weakness is related to the impossibility of fully assessing
underground contamination, as well as deep or small-scale structural changes, which,
depending on the sensor used, may be imperceptible during the geophysical evaluation. In
addition, to achieve precise control of this mining stage, periodic surveys for long-term
monitoring are generally required.

5.4. Challenges and Limitations of Aerial-Drone-Based Geophysical Surveys

Despite their advantages, aerial-drone-based geophysical surveys face several chal-
lenges that impact data accuracy, operational efficiency, and practical implementation in
mining applications. One of the primary challenges is data fusion, which involves integrat-
ing multiple datasets to create a comprehensive geological model. Since different sensors
operate at varying spatial resolutions, depths, and units of measurement, aligning and
correlating their outputs can be complex and computationally demanding. Additionally,
environmental factors, such as electromagnetic interference from aerial drone motors, sen-
sor vibrations, and fluctuating atmospheric conditions, can distort readings, necessitating
careful calibration, filtering, and correction techniques before data fusion.

Beyond data integration, data processing presents another significant hurdle. Aerial
drones generate large volumes of high-resolution geophysical data, which require advanced
filtering, noise reduction, and interpolation techniques before meaningful analysis can be
conducted. Processing magnetometry data, for example, involves correcting for diurnal
variations, altitude inconsistencies, and aerial-drone-induced electromagnetic noise, while
GPR and EM surveys require complex signal processing algorithms to enhance subsurface
feature detection.

Even after data fusion and processing, data interpretation remains a critical challenge
in aerial-drone-based geophysics. Extracting valuable geological insights, such as iden-
tifying mineral deposits, subsurface anomalies, and structural discontinuities, requires
advanced modelling techniques. The depth resolution of certain geophysical methods,
such as magnetometry, can be ambiguous, requiring 3D inversion modelling, machine
learning-based anomaly detection, and cross-validation with ground surveys to improve
accuracy and reliability. In this sense, supervised learning models, trained with known
mineral deposits, can predict similar structures in new prospecting data, while unsuper-
vised clustering techniques like K-means and Principal Component Analysis (PCA) can
contribute to distinguishing between noise and potential targets [102].

From an operational perspective, aerial drone geophysical surveys also face regu-
latory and logistical constraints. Flight altitude restrictions, beyond-visual-line-of-sight
(BVLOS) regulations, and compliance with controlled airspace requirements can limit
survey coverage, particularly in restricted mining zones or environmentally sensitive areas.
Additionally, battery limitations remain a significant constraint, restricting flight durations
and requiring optimised flight planning, energy-efficient aerial drone designs, and multiple
sorties to cover extensive survey areas effectively.

Addressing these challenges requires a combination of hardware improvements, al-
gorithmic enhancements, and adaptive survey strategies to fully realise the potential of
aerial-drone-based geophysical exploration in the mining sector.

6. Conclusions

This review provides a detailed analysis of aerial-drone-based geophysical applications
in the mining industry, focusing on four key methods: magnetometry, ground-penetrating
radar (GPR), electromagnetic (EM) surveys, and gamma-ray spectrometry. A total of
59 studies were reviewed, highlighting the increasing role of aerial drones in mineral explo-
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ration and subsurface characterisation. The findings indicate that multirotor aerial drones
are the most widely used platforms, particularly in magnetometry and GPR applications,
due to their manoeuvrability and ability to hover for precise data collection. Fixed-wing
aerial drones, while less common, offer extended endurance and are primarily used for
larger-scale surveys. Other aerial drone types, including hybrid VTOL systems, unmanned
helicopters, and airships, were also employed, although they appeared in fewer studies
compared to multirotor and fixed-wing platforms.

Each geophysical method presents unique advantages and challenges. Magnetometry
remains the most extensively applied technique, with aerial drones equipped with caesium-
vapor and Overhauser magnetometers for mineral exploration. However, challenges
related to aerial-drone-induced magnetic interference persist, necessitating solutions such
as sensor suspension to improve data accuracy. GPR surveys have been explored in quarry
excavation areas, demonstrating the capability of aerial drones to map subsurface struc-
tures, but limitations in penetration depth and data complexity hinder broader adoption.
Electromagnetic surveys, including time-domain and frequency-domain methods, have
been successfully deployed for geological mapping and mineral exploration, with ongoing
advancements in semi-airborne EM systems as alternatives to fully onboard configurations
to address weight and power limitations while enhancing detection depth. Gamma-ray
spectrometry has shown promise in detecting uranium contamination in mining areas,
leveraging aerial drone mobility to conduct radiometric surveys efficiently.

Despite these advancements, several challenges remain, including short flight en-
durance, payload limitations, and the need for improved data processing techniques.
However, the reviewed literature also highlights promising technological developments
that are beginning to address these issues. The exploration of diverse UAV types, along
with the development of new configurations such as hybrid drones that combine multirotor
and fixed-wing capabilities, provides a broader range of aerial drone platforms that can be
selected based on the specific requirements of each mining application. Recent progress
includes lighter and more compact geophysical sensors, making them easier to integrate
with various platforms. Miniaturised magnetometers, GPR antennas, and gamma-ray
spectrometers are increasingly used in drone-based surveys without compromising data
quality while also improving technical performance such as flight endurance. In parallel,
advances in data processing workflows such as more efficient filtering, real-time correction
techniques, and three-dimensional data representations are contributing to improved data
quality and faster interpretation. As aerial drone technology continues to evolve, these
systems are expected to become even more integral to modern mining exploration.

Future research should improve sensor integration, data fusion, and operational
efficiency to maximise drones’ potential in geophysical mining surveys. In parallel, efforts
should be made to explore geophysical methods that are currently underutilised or not yet
applied in aerial-drone-based mining surveys in order to further expand the methodological
scope of this emerging field.
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