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Abstract
Unmanned Aerial Vehicles (UAVs) As a Non-invasive Optimization Tool for the Exploration and
Management of Raw Materials
Aaron Josue Sediles Martinez

In the current context of the energy transition, it has been argued by researchers and authors that the
demand for raw materials for the necessary green technologies can’t be met without the input of primary
raw materials. These materials can only be supplied through the mining cycle: exploration, mining, and
processing. The mining cycle, however, can pose risks to the environment, which could be in
contradiction with the motivation behind the implementation of green technologies. It is then society’s
duty to strive for a constant reduction of the environmental impact of the mining cycle, or else, we would
be in a paradoxical situation where, by mining materials to power the energy transition, if not done with
care, we could be also risking the environment.
    While this megatrend of the energy transition occurs, Unmanned Aerial Vehicles (UAVs) also known
as drones, have reached a significant level of development which together with the miniaturization of
geoscientific sensors, has opened the door to interesting fast, agile, and non-invasive ways of obtaining
geological information. This has bridged gaps between the traditional scales of airborne and ground
surveying and holds the potential of contributing to a less environmentally harmful mining cycle.
    This thesis work intends to be a useful reference for anyone interested in working with UAVs in
geosciences, especially for the exploration and management of raw materials from an entrepreneurial
point of view. Here, a brief review of the current state of the art through the recent scientific literature
on applications of drones in the mining cycle, including but not limited to geophysics and hyperspectral
imaging is presented. Using this state of the art as a point of departure, semi-structured interviews with
different stakeholders in the mining cycle were conducted to answer the research questions. The concept
of value, ubiquitously present in the business research literature, was used to analyze the benefits that
the use of UAVs can bring to the raw materials industry and the efforts to reduce its environmental
footprint. The opportunities for entrepreneurs to be the conduit to deploy such benefits in society were
also analyzed.
    The work ends with a summary of the qualitative research findings, highlighting how drones
constitute an optimization tool that can be used in all the stages of the mining cycle. Additionally, it
highlights that UAV gravity and electromagnetic methods, together with better data processing software
for hyperspectral imaging, are currently some of the most sought out and/or needed solutions by users.
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1. Introduction

In recent years, Unmanned Aerial Vehicles - UAVs (also referred to as drones) have advanced

significantly, and their use has been proven useful in variate fields. The use of UAVs unlocks a wide

range of applications, thanks to the possibility of carrying different types of payloads, which can vary

from a common photographic camera to sophisticated surveying instrumentation. Geoscientific

applications are one of the fields where great benefits have been recognized, these applications that are

developed by the geoscientific community are of big help for the first three stages of the value chain of

raw materials, exploration, mining, and processing; here referred to as the mining cycle.

    Traditionally, the mining cycle involves activities such as airborne and satellite surveying, ground-

based geological mapping, geophysical surveying, and environmental monitoring, amongst other

activities.  Drone technology can help bridge gaps between those activities. Ground-based surveys

sometimes face the challenge of getting to remote or difficult access locations, involving risks in safety

and uncertainty in accuracy and time efficiency. A UAV equipped with a visual camera can be used to

scan a site before actual visits by personnel to mitigate risks. Furthermore, the images collected by the

drone can be used to create a Digital Terrain Model in 3D that could be used to manage the whole

exploration or mining activity, map risks, interest features, or even do remote/virtual fieldwork. This

can be achieved with a technique called photogrammetry. Using several images taken from different

angles, a virtual 3D model of the terrain can be produced and used as a base for the activities.

    This technique has already been proven in the management of quarries and open-pit mines and more

recently, as an aid for the exploration of a copper mineralization by Honarmand & Shahriari, (2021)

who used photogrammetry with a low-cost drone to map an area and produce a hill shade map with

geological features such as faults and dykes. They demonstrated the usefulness of drone-based

photogrammetry to produce base geological maps in far districts with rough topography.

In addition to the photogrammetric capabilities of drones, two technologies that are key for the

exploration of natural resources and used to be possible only through satellite or aircraft surveying can

now be carried out through UAVs. This is the case with hyperspectral imaging and geophysical

surveying.

    Hyperspectral imaging relies on sensors that can capture information in the electromagnetic spectrum

beyond the visual range, more than the human eye.  All objects interact with light differently according

to their chemical composition.  A sensor able to capture images in infrared and ultraviolet ranges can be

used to determine the composition of a landscape, as demonstrated by Barton et al., 82021) using

Hyperspectral imaging to produce mineralogical maps of a mine face as shown in Figure 1.
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Figure 1. Hyperspectral mineral mapping of a mine face (Barton et al., 2021)

    The second application, geophysics, is used to explore the subsoil using forces of nature

(electromagnetism, gravity, acoustic waves) indirectly without touching the subsoil; similar to the way

a doctor uses sonograms to see inside our bodies. Traditionally, geophysical data that is collected from

the air is acquired from planes and helicopters. But drones could give the possibility of acquiring data

from a platform that can get closer to the ground and increase the intensity of the response from the

subsoil. Moreover, in remote places with rugged terrain, it would not be necessary to risk the life of a

pilot or not even ground surveyors. Furthermore, it could possibly turn into a more agile operation.

1.1 Background and Justification

It is known that the world is facing a state of alarming climate change (Suruchi Singh, 2021) this is

sparking the so-called “energy transition” that we are living in nowadays, which aims to change our

energy system from fossil fuels to renewable sources. However, the technologies for the transition rely

on minerals to produce them (Henrike Wöhler et al., 2018), materials that need to be extracted from the

Earth. This can potentially represent a counteracting or paradoxical dilemma since the activities

associated with the mining cycle can harm the environment, which is precisely what we are trying to

avoid in the first place.

    Keeping in mind the aim of transitioning to a more environmentally friendly society and sustainable,

the next question arises. Can we satisfy the demand for materials without extracting new primary mineral

resources and using only what is already extracted?

    The rhythm of growth in society and the speed at which we need to make the shift to new energy

technologies to achieve objectives like for example those from the European Green Deal make the

demand for materials difficult to satisfy only by recycling and circularity. Authors and institutions argue

that even if all the materials were recycled, the rate at which we need the materials makes it impossible

to satisfy the demand only by recycling (Watari et al. 2021) highlighting how “Circular economy

strategies can moderate resource extraction growth, but new mine development is inevitable”.
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    It is a hard truth, but with the current standards of living in the developed world and with the current

climate trends it is necessary to incorporate new materials into the system and the only way to get them

is by extracting them from the Earth.

    However, as mentioned, the mining cycle can pose risks to the environment. Some people may even

say that mining is simply an unsustainable activity, and nothing can be done about it. Nevertheless, that

doesn’t mean that we should not strive for continuous improvement and not try to decrease the negative

impacts as much as possible.

    When it comes to diminishing the footprint of the raw materials value chain, in the view of this thesis,

a series of actions can be taken: 1 Improving resource utilization and pursuing maximum circularity, 2

Finding non-invasive Exploration strategies, 3 Improve as much as possible and constantly renew the

strategies of resource extraction, processing, and end of life of the projects.

    This work analyzes how UAVs can contribute to the 2nd and 3rd actions: non-invasive Exploration,

and improvement of resource extraction efficiency respectively.

1.2 Purpose Statement

As shown earlier, unmanned aerial vehicles (UAVs) have a wide range of possible applications. These

possible applications pose a big opportunity for the less invasive exploration and management of raw

materials. This project aims to contribute to the roll-out of those applications as a service by finding

information that could be useful for individuals interested in the field, in creating a related start-up, or

in collaborating with existing companies to develop/expand their services.

    The thesis evaluates the potential of unmanned aerial vehicles (UAVs) for the sustainable/less

invasive and low-cost exploration and management of raw materials. It analyzes the state of

development both at the academic and commercial scale of drone technologies in raw materials

exploration and management. With this, it is expected that areas of further research could be discovered

and framed as possible areas where entrepreneurs could act. A possible roadmap to make such a vision

a reality, considering input from business owners, researchers, and users of the currently available

technological solutions is suggested.

    The general purpose is to add to the current knowledge about the ways in which UAVs can contribute

to the raw materials industry and the efforts to improve its sustainability, supporting the analysis with

concepts from the field of entrepreneurship.

1.3 Research Questions

The research questions make the foundation of the research. Two (2) questions constitute the basis of

this thesis work. The questions relate to each other and are interconnected. The logic behind the

formulation of the first question is that to study a technological, innovation-driven, or scientific field, it
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is convenient to understand the benefit or value that such a field can bring to society. Keeping

sustainability also in focus and building upon the idea that entrepreneurship can contribute to sustainable

lifestyles (Veleva, 2020) the first research question intends to use one of the most fundamental concepts

found in entrepreneurship studies, the concept of value, and link it to sustainability. Finally, also in line

with the purpose of contributing to the advancement of business propositions that contribute to

sustainability, the last question builds upon the first one and sets a view of the future, the edge of

development, and the possible entrepreneurial opportunities with UAVs in the raw materials industry.

1. In what way can the use of UAVs create value for the raw materials value chain and the

reduction of its environmental impact?

2. What would be a potential roadmap for entrepreneurs to increase the use of UAVs in the raw

materials value chain and in this way create value for the industry?
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2. Conceptual Framework

This section describes the theoretical concepts that work as a binding element to integrate the different

parts of the study. Concepts that are needed to understand the conducted analysis.

2.1 The raw materials value chain

As the general purpose of the study involves the use of UAVs for the benefit of the raw materials value

chain, it is pertinent to start by explaining the latter. The European Institution for Innovation and

Technology (EIT) through its Raw Materials Innovation Community, has identified the stages that

constitute the Raw Materials Value Chain. Firstly, the existence of a natural accumulation of resources

within the Earth’s materials is what is depicted as “primary resources” in Figure 2. (EIT Raw Materials

2018). – which shows the diagram created by the EIT Raw Materials to illustrate the Raw Materials

Value Chain –. These primary resources must be found and assessed through Exploration; then the

resources are extracted in the Mining stage; which gives the input material for the Processing phase;

after this, the Materials are ready to be transformed into products and the following stages of Design,

Production, Use and Reuse follow. When the products reach their end of life the stages of Collection

and Recycling finalize the loop. Along all the steps, different waste streams can be managed to further

extract valuable resources or energy from them before disposal.

    The scope of this study encloses the first three stages of the value chain: Exploration, Mining, and

Processing. These stages can be grouped as part of what here will be referred to as the Mining Cycle,

which is in itself a part of the whole value chain.

Figure 2. The raw materials value chain. The loop represents the circular economy (EIT Raw Materials 2018)
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2.2 The mining cycle

All the materials that enable the functioning of society, in one way or another, come from the Earth.

Everything is ultimately dependent on the resources the planet has available for us to extract and

transform. The mining cycle is at the beginning of the value chain of materials, as the primary source

from which everything develops.

    There are several definitions of the steps in the mining cycle, here it was considered convenient to

use the 3-stage depiction shown in Park and Choi (2020) as the mining process: Exploration,

Exploitation, and Reclamation. That work not only presents this simple-to-understand view of the

mining cycle but incorporates it within the most recent review of the applications of UAVs in the mining

industry found in the review of published academic literature.

2.2.1. Exploration

Exploration involves important activities that come before the mineral resources are mined. It covers all

the processes that yield information about the presence of mineral deposits (Manuel Bustillo Revuelta,

2018). Exploring where no previous deposits have been detected is known as Greenfields exploration

(González-Álvarez et al., 2022) and constitutes the case where the level of uncertainty is the highest.

There are cases in which mining activity is already happening or it is known to have already happened

in the area and the potential for more adjacent resources is presumed, exploring these kinds of sites,

leads to the addition to existing deposits, where additional resources that can be mined through existing

infrastructure, which is known as Greenfields exploration (Vearncombe & Phillips, 2019). The whole

process involves several levels and sub-levels of key activities including but not limited to geological

mapping, interpretation of remote sensing data, geochemical surveying, geophysical surveying, core

drilling, and geostatistics, to construct geological models in depth (Haldar, 2018).

2.2.2. Exploitation

The exploitation phase, referred to with other names such as production, is the phase that comprises the

process of extracting valuable material from the deposit. Additionally, this is closely related to the first

initial stages of the processing that can be conducted on-site or close to the mine site. There are two

main approaches to resource exploitation, open pit, and underground mining. Open pit operations

comprise the extraction of ore up to a depth of 300-400m typically by progressively excavating open pit

mines incur fewer costs than underground mines and are generally the option taken when a deposit is

found close to the surface, additionally, higher volumes of material can be moved and this makes open

pit mining a viable option for deposits where the grade is relatively low, however, these are also de

operations with the highest environmental footprint. The decision of extracting through the open pit or

the underground approach is taken based on the characteristics of the deposit, depth, and grade of the

ore found. Deposits that are deep and have a high grade, present economic feasibility to conduct an
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underground operation, and access to the ore is gotten through ramps or shafts to the place where the

ore is located, these operations are more technically demanding activities and involve additional safety

risks like toxic gas release or the fall of the roof of the mine (SveMin, accessed online June 2022).

    Besides extracting the rocks containing the valuable material, it is necessary to concentrate it,

separating the ore (mineral(s) that contains the commodity of interest) from the gangue (material with

no to little economic value). This concentration process can also vary from mine to mine, depending on

the characteristics of the deposit. Whatever is not valuable is taken away as a waste stream. The

concentration process starts with size reduction through crushing and grinding. Later stages of the

separation are conducted based on the differences in density, surface properties, and magnetic properties

of the different minerals involved (Wills & Finch, 2016). All concentration processes end up in material

that is not valuable being separated, this could pose an environmental risk if not managed properly.

There are approaches to using the so-called waste from mineral processing like upcycling it for other

uses like the making of concrete (Amran et al., 2021), or further processing it to extract valuable

elements that are in minor proportions like the recovery of rare earth elements from low-grade tailings

(Peelman et al., 2016).

2.2.3. Reclamation

After the lifetime of a mine has come to an end, it is of vital importance to properly close the mine and

conduct all the necessary activities to help the environment in the area affected by the mine to recover.

Some of the benefits of the reclamation process are the establishment of ecological succession, recovery

of damaged ecosystems, enhancement of soil fertility, remediation of heavy metals, aesthetic

enhancement, rebuilding of soil structure, and re-establishment of nutrient cycles. (Tripathi et al., 2016).

Different regulations apply in different parts of the world, and this could be potentially an environmental

issue when companies are reactive to comply with regulations only or in countries where law

enforcement is minimum. Additionally, tailings ponds, if not properly restored, involve potential risks

for the environment even after the mining operation has ceased, such risks include increased

sedimentation in surface waters due to runoff events, increased windborne particulate transport, acid

mine drainage, and increased metal loading in surface and groundwater (Acosta et al., 2017).

2.2.4. Environmental risks in the mining cycle

Mining and exploration activities are activities that by their nature have risks related to environmental

disturbances. In this section, those risks that could potentially be reduced by using UAVs are shortly

introduced.

    Some of the most notable impacts of exploration activities are the need of cutting tree lines to transport

equipment or settle a camp, additionally very often helicopters are involved in the exploration activities

to transport crew and equipment and conduct the surveying. Helicopters are a form of transportation
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with significant carbon emissions and reducing their utilization could contribute to lowering the

environmental impact of the exploration stage. From the whole mining cycle, the exploration activities

are the area with the less impact. Nonetheless, its impacts should not be disregarded.

    The exploitation stage is the area where more disturbance is done to the environment, problems like

the acidification of water resources due to acid mine drainage are well known in the industry (Skousen

et al.,2019), furthermore, the need to pump water out of the mine site as the operation progresses impacts

the whole level of groundwater in the surrounding area of the mine; open pit mines can liberate high

levels of dust that can disturb natural processes like photosynthesis in the area, and the health of the

personnel and communities living in the area, additionally it has a big land-use footprint. In addition to

these effects that are related to the m mine site itself, the processing of the extracted resource is one of

the biggest sources of environmental impact (Holmberg et al. 2017) hence, the optimization of energy

and water use during processing should be in the focus of our improvement efforts.

    As mentioned in the previous section, the reclamation process is a vital part of the mining cycle. It

has a big potential of counteracting the negative impact made through exploration and mining and it

should be conducted with rigor.

2.3. The concept of Value

One of the most widespread tools in the academic study of entrepreneurship is the Business Model

Canvas (BMC), developed from Alexander Osterwalder’s doctoral dissertation (Osterwalder 2004). It

is constructed around 9 interconnected blocks that together help understand from a generalized point of

view, the operation of a business. A big portion of today’s growth in innovation and entrepreneurship

can be directly traced to the BMC’s universal appeal and intuitive visual construction (Payne et al.,

2017). One of its building blocks stands out by further developing into an extra canvas, the Value

Proposition Canvas (Osterwalder and Euchner 2019). It is intended to help business owners step in the

shoes of their customers and in this way know how to create value for them. The creation of value is

intimately related to doing business, an example of this is the definition of a business model found in

Osterwalder & Pigneur (2010) which illustrates how the concept of value lies at the core of business

propositions “A business model describes the rationale of how an organization creates, delivers and

captures value”.

    The concept of value has acquired a ubiquitous place in the fabric of business-making research.

However, despite its widespread presence in the business lexicon, researchers argue that its definition is

not something where consensus has been reached (Salem Khalifa 2004), (Harrington and Trusko 2014).

Hence it was essential for this study to pinpoint what it is understood as value. For this, the following

meanings provide some guidance

    The Cambridge English Dictionary (2022) defines the word value as:

“The importance, worth, or benefit of something for someone”;
How useful or important something is”
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    Other definitions found in the literature include:

“Not what the producer puts in, but what the customer gets out” (Salem Khalifa 2004)

    Or as expressed in the title of the article by Woodruff (1997)

‘Customer value: The next source for competitive advantage”

    From these descriptions, one can interpret that the concept of value is related to importance and

usefulness on a basic level, but most importantly it concerns the benefit that the customer gets after

using a product or service, being then when value is created.

    Ali & Cottle, (2019) provided an insightful perspective where the entrepreneurial performance was

reconceptualized around the value that entrepreneurs create and destroy for stakeholders and point out

that firms sustain themselves by creating value for multiple stakeholders. They explain that

entrepreneurship creates or destroys value when it enhances or degrades different capabilities of

stakeholders. Under their approach, positive performance is associated with value creation whereas

negative performance with value destruction. Their view, also analyzes entrepreneurial performance

with respect to the entrepreneur’s impact on society and the repercussions of success or failure in

entrepreneurship, being this measured in their perspective by the impact on the economic, social, and

psychological capabilities of all those who rely on the firm.

    Additionally, the interest in a product or service, coming from its potential or perceived value, can be

related to what in the end makes it possible for a business owner to capture customers which in turn

represents an impact on society.

    Part of the motivation of this study is to evaluate the potential contribution of UAVs to a less

environmentally damaging mining cycle. This, by including the environment as one of the variables in

the research, being environmental damage one of the pains that those involved in the mining cycle

experiment.  The concept of value comes in handy when analyzing whether the use of drones would

bring any positive effect to the environmental performance of the raw materials industry or not,

connecting this to how environmental changes can affect the capabilities of stakeholders, hence creating

or destroying value.

    Because of this, the project centered a considerable part of its efforts on analyzing the value that

drones can potentially bring to the raw materials industry and as a way of contributing to an extent to

the decrease of the environmental footprint of the industry. The use of the concept of value allowed the

formulation of specific questions for the interview.

    The use of the concept of Value Proposition, or simply Value for sustainability has started to appear

in recent literature and some authors have made some attempts of defining frameworks for “sustainable

value propositions” (Patala et al. 2016), (Vladimirova 2019). Here, the value for sustainability or value

for the environment lies in the benefits that the use of UAVs can have towards the reduction of our

negative impact on the environment when sourcing primary raw materials and in the increase of the

efficiency or optimization of the operations.
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2.4. Entrepreneurship as an enabler of the implementation of new ideas in

society

Taking a retrospective look at all the services and goods we enjoy as a society and that bring us quality

of life, it is possible to see how everything we use or enjoy, can be traced back to an entrepreneur. It

could be argued that the world was constructed at large, by entrepreneurs. Entrepreneurship is a key

component of society, which serves as a bridge for new ideas to reach us and ultimately transform

society. It is worth noting then, that new ideas, like the use of UAVs in the raw materials industry, even

if they hold a potential value for society, can fall short if they are not brought to society through

entrepreneurship. Entrepreneurship is the conduit to the implementation of new ideas in the form of

goods and services and, ultimately, to create value and have an impact on society. Figure 3.

2.5. Effectuation and causation

In the entrepreneurial process, decisions can be made through two distinct logics. Effectuation and

causation. In the effectuation model, entrepreneurs do not start with a predefined market, but identify

the set of possible given means (who they are, what they know, who they know) and create and choose

among several possibilities in a contingent manner and continuously take advantage of new

opportunities, being this a process that is more path or stakeholder dependent than goal-driven or

resource-dependent, in the causation logic entrepreneurs know their end goal and analyze and gather the

necessary resources to reach that goal. (Sarasvathy, 2008).

    Read et al., 2016 explain that the difference between the causal (managerial) logic vs the effectual

logic is that effectuation operates with the given means whereas the causation logic uses the given goals

to operate. Furthermore, entrepreneurs tend to transform such given means into something valuable and

apply the affordable loss principle which balances the reduction of the resources needed to launch a

venture with the resources that the entrepreneur is willing or can afford to lose, additionally embodying

the principle of affordable loss entrepreneurs also act with the principle of bootstrapping, which is

starting the business without taking on external funding, by using already available resources. Finally,

the effectuation process is influenced by changes in the external environment and the commitment of

Figure 3. Value creation through Entrepreneurship as a bridge element for New Ideas to have successful impact
on society
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different stakeholders. Effectuation involves a constant iterative process of review of the available

means. This can lead to re-formulating new goals and interactions with stakeholders which could loop

back to generating new means and new goals. All within a certain environment with constraints, that

also evolve. (Read et al., 2016).

2.6. Sustainability

By the early 70s after the book “The limits to growth” by Meadows, (1972) the debate on the concept

of sustainability took off. This still ongoing debate has impacted the way we view or relation to the

planet and to some extent, it has started to send a clear message out, showing how new practices are

needed to continue to satisfy societal needs while preserving the environment. There have been several

attempts to define sustainability and what a sustainable or unsustainable activity is. Defining this falls

beyond the scope of this thesis work. Here, when talking about sustainability or when using the term

“sustainable”, the following summarized definition based on the Brundtland report will be used as a

general base of understanding: “satisfying the needs of the present without compromising the needs of

future generations” (UNWCED, 1987). This project is primarily centered on the environmental side of

the discussion, nonetheless, it acknowledges that sustainability also entails social and economic issues

besides the preservation of the environment.

2.7. Integration of the concepts

The rationale behind this thesis is graphically represented in Figure 4. The background context,

explained in section 1.1, comprises blocks 1 to 5, (an isolated figure for the background context is found

in Appendix A). The Energy Transition (1), which we are pursuing to reduce our impact on the

environment (2), requires technologies that are dependent on a series of raw materials for their

construction (3) (Pommeret et al., 2022); minerals like Nickel, Cobalt, Copper, Rare Earth Elements

(REEs) or Lithium, to name a few.  The demand for these resources can be satisfied partially by the

input of recycled material and part of the need for new primary resources can be alleviated by keeping

the already extracted materials in the system through a circular economy (4). As revised earlier, in this

context of energy systems shift, the demand for materials is such that it is currently impossible to satisfy

it solely by recycling or similar approaches and we still need to include mined materials in the value

chain. (Herrington, 2021). However, the mining cycle can negatively impact the environment, which

can be seen as contrasting with the motivation behind the energy transition. Nevertheless, despite the

environmental risks involved, we still need mining, it is hence society’s duty to constantly strive to lower

the environmental risks involved in the mining cycle. The scope of this study comprises blocks 2, and

5-7 in Figure 4. (Graphically isolated in Appendix A) The analysis revolves around the ways UAVs (6)

can contribute to the raw materials industry, looking at possible ways in which entrepreneurs (7) can
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use UAVs to possibly help optimize the output of the mining cycle while helping reduce its

environmental footprint and in this way create value for society.

Figure 4. Graphical summary of the rationale of the study.
     In a nutshell, the Energy Transition (1) which we are pushing to reduce our impact on the Environment (2)
relies on Raw materials (3) for the key technologies that enable it and keeping materials in the loop (also known
as circular economy) (4) is not enough to satisfy the demand, we still need primary raw materials from the mining
cycle (5), however, it poses risks for the environment (2). Then, how canUAVs services (6), deployed by
entrepreneurs (7) create value for the raw materials industry and help optimize the operations and reduce its
environmental footprint?
    The dotted lines coming from the mining cycle and the circular economy signify that both contribute partially
to the necessary raw materials for the energy transition technologies. The “double dot, dash” appearance of the
“Optimize” and “Decrease” connections from the UAVs Indicates that both are a part of the possible way UAVs
can bring value to the raw materials industry. The green color represents a positive contribution. The red color
indicates a negative impact.
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3. Methodological framework
This chapter describes the research methodology that was followed during the project. Here, the research

design and strategy will be presented, together with the data collection and analysis process.

    The work was supported by 2 main data sources, a systematic compilation of the latest (2020-2022)

scientific literature on the use of UAVs in Earth Sciences and Mining, and the collection of primary data

through semi-structured interviews with different players in the mining cycle, namely service providers

(companies/individuals that provide services with UAVs to the mineral industry), Users of UAVs from

such companies (customers), researchers from academia and geological institutions.

3.1. Research design and strategy

Considering the research questions, it is possible to see that the task at hand comprises an exploratory

study.  Exploratory1 studies ask open questions to discover knowledge and gain insight about the topic

of interest, typically the research questions of an exploratory study start with “What” or “How”,

furthermore these types of opening for the questions tend to also shape the way the data is collected

(Saunders et al., 2019). It was considered that the type of research that best served the research questions

was qualitative research, which usually emphasizes words, and it allows the discovery of knowledge

about questions that are difficult to quantify. The qualitative research approach followed has an

inductive point of view where theory is generated out of the research; together with a position known as

interpretivism, meaning that the emphasis is on the understanding of the social world through an

examination of the interpretation of that world by its participants (Bryman, 2016).

    The sampling was of non-probabilistic nature, as it is not possible to choose the sample at random

from a sampling frame and the selection of samples/participants included an element of subjective

judgment (Saunders et al., 2019). The participants for the interviews were selected in a strategic way

seeking that their experience and knowledge would be relevant to the research questions. Both snowball

and heterogeneous purposive sampling. Snowball refers to finding new interviewees after the selection

of an initially small group of people relevant to the research, these relevant participants then propose

other participants with the experience or knowledge relevant to the research (Bryman, 2016). Purposive

sampling is confined to specific people who can provide the relevant information either because they

conform to the criteria set by the researcher (Sekaran & Bougie, 2016) furthermore, the judgment of the

researcher was used to choose participants with sufficiently diverse characteristics and provide

maximum variation in the data collection, this is known as heterogeneous purposive sampling and was

chosen as it is the scheme that best enables the reveal of the key themes in the data. (Saunders et al.,

2019).

1 Exploratory research is conducted to provide better general understanding of phenomena
when there are very few or no previous studies. (Collis, 2021)
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    The research analyzed multiple actors in different contexts within the sphere of UAVs in the mining

and exploration sector, which can be divided into different parts according to the explained mining cycle.

The research papers that were analyzed cover a wide range of applications, and the interviews were

conducted with actors in different areas of UAV surveying, including technology makers, academic

researchers, users, and service providers. All the questions from the interviews were developed to learn

from the interviewee and through that, answer the primary research questions. The approach to the

sampling was purposive sampling, as the research questions were set at the core of the sampling

considerations (Bryman 2016).

    Coming back to the research questions, the research methods should help in finding an answer to such

questions. The nature of the questions is qualitative, they are meant to set a big picture within an industry

and help conduct a value proposition analysis. The research relied on the use of scientific literature to

understand the technological state of the art as a starting base, and on conducting interviews with several

players within the industry: researchers, companies that already use drone tech for exploration and

management of raw materials, and potential customers.

    The research first establishes what are the capabilities and possibilities from the technological

perspective, even if they are not fully commercialized. This is supported by a review of scientific

literature using databases such as ScienceDirect, Web of Science, or Scopus.

    The findings of this literature research constitute a conceptual base that the researcher was able to

utilize when gathering the primary data through interviews.

3.2. Unit of analysis

The unit of analysis represents the level at which the data will be analyzed or the population to be studied

(Sekaran & Bougie, 2016). In this case, the unit is at the organizational level, the people that were

contacted belong to a certain type of company or organization, namely research institutes, mining and

exploration companies, and service providers that use UAVs for their offering. This group of individuals

allowed to analyze to a larger extent the use of UAVs in the mineral industry, or in other words, the

applications of a certain tool within a specific industry.

3.3. Data collection

The data collection process was based on a qualitative approach which is common for exploratory

studies, being interviews one of the most common methods of data collection. (Sekaran & Bougie,

2016). Of the three types of interviews one can conduct (Structured, Unstructured, and Semi-structured),

Semi-structured interviews were the chosen method, which consist of a number of premade questions

that help to define the areas to be explored, but also allow divergence to pursue an idea or response in

more detail. This flexibility enables the discovery of knowledge that is important to participants but may

not have previously been considered pertinent by the researcher. (Gill et al., 2008)
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     The study accompanied the collection of primary data through interviews with the content analysis

of secondary data, this attending to the need of using various evidence sources which helped to create a

better picture of the research and design a better interview guide. The nature of these secondary data

sources is explained in a later section of the report.

3.4. Scientific literature compilation and review.

The review of academic literature was carried out by using the following keywords together in distinct

combinations in the ScienceDirect database, google scholar, and in the general search bar of google

together with the name of the database, ScienceDirect or Elsevier: Drone(s), UAV, UAS, Exploration,

Mining, Geoscience, Monitoring, Geology” Geophysics, 3D Modeling, Photogrammetry Hyperspectral

Imaging, Electromagnetism, Gravity, Gravimetry, Magnetometry, surveying.

3.5. Interviews

The collection of data through interviews was carried out from April to June. Conducting a total of 11

interviews. One (1) interview in person and ten (10) online interviews with different players in the

industry. Semi-structured interviews were the research instrument, where a generic interview guide

(Available in Appendix B.) was developed and used flexibly with each interviewee, following up with

relevant questions to what they said. Table 1 presents the different interviewees that helped with their

insight for the primary data collection.

    As described earlier, the process of selecting the participants for the interviews was purposive

heterogeneous with the aim of gathering enough information from a wide range of types of participants.

It was considered that the main players or stakeholders to analyze and include the full picture of the

industry should comprise participants ranging from academia, all the way to the users or customers.

Taking to scientists/researchers would serve to get a good enough foundation to approach the other

players with a better understanding and to understand in-depth the state of the art. Talking to companies

that provide services using UAVs allowed to understand what is deployed today in the market and the

main challenges that services providers are facing and the approaches they have taken to achieve

success. Finally, as the first research question entails the illustration of the value that UAVs can bring

to the raw materials industry and considering (as it was explained in the conceptual framework) that

value is intrinsically related to the customer and what they get out of a service/product (Salem Khalifa

2004), it was highly pertinent to include customers of the companies that provide surveying services

with UAVs. Talking to these three spheres allowed to acquire a comprehensive view of the whole

industrial ecosystem of the UAV surveying field where the innovations of academia are put on the

market by instrument builders and surveying companies which serve the needs of customers such as

explorers.



16

    The process of contacting the potential interviewees was based mainly on contact through email and

short messages on their LinkedIn profiles. Starting with my own professional network and the experts

that I had access to through the university and companies that I knew about, sending an invitation email

to people that I considered would fall in any of the three categories already selected (Customer, Service

provider, Researcher). The pool of potential interviewees grew as I asked the first interviewees for more

potential interviewees, additionally, the review of research papers provided names of people to contact

and as the research evolved, the contacts of contacts on LinkedIn turned out to be a good source of

potential interviewees as well. Additionally, the company Radai, which kindly accepted to provide

guidance in several moments during the project through meetings for questions with them as non-

academic advisors (besides the formal interview I had with them which was used as data), helped me

with a list of potential people to contact which was very useful.

3.6. Secondary Data

During the exercise of literature search, additional data like datasheets from companies and information

from their websites was also gathered. This source of information provided valuable context information

useful for reacting with follow-up questions during the interviews. An additional, although less reliable

source of information, came from different posts on LinkedIn that populated the researcher’s feed while

the interviewing and networking process went by. Being this information sparsely distributed and not

the primary mean of data collection from the research design, it was not systematically coded in NVivo.

Nevertheless, it is pertinent to acknowledge that it influenced the way the research was conducted,

mainly in its later stages. Appendix C. compiles some UAV surveying companies that were found in the

secondary data.

3.7. Data analysis methodology

The fact that most of the interviews were conducted in a virtual call environment allowed its easy

recording, all the interviews were recorded. The audio recordings were transcribed with the aid of the

speech recognition tool Otter.ai to convert the audio files to text. The imperfections in the transcription

were manually corrected by listening and reading the initial automatic transcription.

    The analysis was based on grounded theory, where the data itself is used to find patterns and

contribute to the general body of knowledge (Bryman, 2016). This contribution to knowledge was

conducted through Thematic analysis, a method described by Braun et al., (2019) as a method for

capturing patterns – generally known as “themes” – across qualitative datasets which uses a reflexive

approach comprised of 6 phases: Familiarization, Generating codes, Constructing themes, Revising,

Defining themes, and finally Creating the report.  The transcription texts were coded with the aid of the

NVivo software using the open coding approach which aims to analyze the data by adding codes that

represent key characteristics to small units in the textual data and categorizing the concepts developed
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hierarchically (Wagner & Fernández, 2015). The coding process was conducted by having the research

questions as primary overarching nodes. After the research questions, sub-nodes that were identified

during the process of interview making and in the familiarization phase were created. This corresponds

to a deductive approach where an already state of knowledge was used as a base or as explained by Hall

et al., (2022) “Deductive inferencing begins with a generalization (i.e., the initiation, engagement, and

performance framework) and then examines observations (i.e., dependent variables used in

entrepreneurship research) to see if they support the generalization”. On top of the sub-nodes that were

created before the coding itself, upper-level nodes were created after the coding. All the text of the

interview was read in the NVivo software, and the inductive approach was incorporated in the Revising

stage to create these new nodes that were identified from the data itself and resulted in the final themes,

being inductive reasoning the approach where theory is built and grounded in the data itself (Saunders

et al., 2019). The sentences and information given by the different interviewees were categorized into

themes, storing in the theme the relevant section of the data plus an extra portion of transcription text

for the sake of context when reading back the coding.

    The pieces of text that were grouped in the themes were then organized in an external separate

document that contained all the useful information, categorized by theme. This document was then

pruned and read again in the process of putting together the Findings and Analysis.

3.8. Conflict of interest and ethical considerations

During the development of this project, it was possible to interact through interviews with several

stakeholders related to the value chain of raw materials, representing companies that provide services

using UAVs or clients of such companies and researchers. The present research is intended to be a

genuine contribution to the state of knowledge. There were no conflicts of interest in the making of the

project. The participants of the interviews were made aware of the purpose, the methodology, and the

way their answers would be used as an aid to reach conclusions in the project.
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4. Data description

This section gives a brief description of the type of data utilized so that the reader can judge the research

with sufficient knowledge of the process of the study.

4.1. Scientific research papers

The review of scientific literature after the latest comprehensive review that was found yielded a total

of 37 research papers from the years 2020 to 2022. Extending on the classification of UAV applications

for the mining industry presented by Park and Choi (2020) this study summarizes the most recent

advances in UAV technology through the mining cycle.

    Besides the review by (Park and Choi 2020), additional reviews were found like the work of

(Shahmoradi et al. 2020) or the very comprehensive Amira report on UAV Geophysics (Francke et al.

2020). However, Park and Choi (2020) provided the review that covered the broadest perspective. Their

review includes the whole mining cycle and is not restricted to a specific set of sensors, because of this,

that study was selected as a benchmark to filter the academic work to review and expand on what the

author achieved.

4.2. Primary interview data

The semi-structured approach followed allowed to theme the data gathered in the interviews by a mix

of inductive and deductive classification. Firstly, following a deductive approach, the main themes were

set to evolve from the research questions and the research questions provided a base to formulate the

interview guide. This was used to formulate primary themes that then were refined by inductively

analyzing the interview data to discover knowledge from the interviews themselves. This inductive

approach was utilized to create new nodes and sub-nodes for the final themes. The whole process is

illustrated in Figure 5.

Figure 5. Process of theme determination
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    The final result of the themes that cover the data can be seen in the next section. In the next chapter,

the results are shown and analyzed, using the themes as a conduit and extracts of the information

gathered in the interviews.

    Here, the research question is highlighted in italics, as this gave origin to the main overarching theme.

The main theme is indicated in bold. Each theme is divided into subthemes that also include sub-nodes,

which will be seen in the next section.

    Three main categories are highlighted. Users/customers, Service providers, and Researchers

Research question 1. In what way can the use of UAVs create value for the raw materials value
chain and the reduction of its environmental impact?

· State of the art

o Photogrammetry and Inspection
o Magnetometry
o The edge of development

· Value creation: optimization tool for the industry and sustainability
improvement.

o UAVs as an optimization tool
o Sustainability

Table 1. Different participants as interviewees during the primary data collection stage.
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Research question 2. What would be a potential roadmap for entrepreneurs to increase the
use of UAVs in the raw materials value chain and in this way create value for the industry?

· Entrepreneurial Aspects

o Having the right talent and skills
o Overlap with other disciplines
o Challenges
o Regulations
o Room for new entrepreneurs

4.3. Literature review on UAVs applied in the mining cycle

In this section, the main contributions from the reviewed papers are summarized. Reviewing the

academic literature on drones in geosciences, it was found that it is a topic that has been revised on

multiple occasions (Zheng et al. 2021), (Shahmoradi et al. 2020), (Lee and Choi 2016), (Ren et al. 2019),

(Dering et al. 2019) being the latest comprehensive review, the one provided by Park and Choi (2020).

    Porras et al. (2021) Gave an exemplification of the results that can be obtained in magnetometry by

using a Vapor magnetometer tethered on a Matrice 600 Pro Hexacopter. They highlighted the presence

of two bodies with high magnetic susceptibility in an area of legacy Copper-Cobalt-Nickel mining in

the Estancias Mountain Range of the Betic Cordillera in Spain. They propose the possibility of these

detected anomalies, potentially representing unexploited mineralized areas possibly related to a normal

fault in the south of the area.

    Pirttijärvi, et al. (2022) show the operating principles behind electromagnetic surveying (EM) and

their advancement in the development of a novel drone-based system called Louhi. Their third prototype

shown in the paper has two operation options, with the use of a fixed larger ground loop as the source,

or the use of a portable EM transmitter. The receiver is a 3-component EM receiver that can be used for

both operating modes, it is carried by a fixed wing, vertical takeoff UAV. This is part of a project funded

by the European Union (EU) under the project NEXT, which will continue developing under the

GoldenEye-project, funded by the EU’s Horizon 2020 research and innovation program. The system

is still under development, but they have shown that the system can deliver geologically significant data

in both operational modes.

    Kotowski, et al. (2022) Demonstrated a similar approach by conducting a survey near Münster in

Germany. Horizontal Electric Dipole transmitters were located on the ground while the receiver was

flown in this case with a multi-rotor system. They were able to model the conductivity of the study area

and found a good response up to 2 km from the respective transmitter. The conductivity was validated

independently with other geophysical methods, and it turned consistent with the local geology.
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    Parshin, et al. (2021) Conducted a time domain electromagnetic survey (TDEM) in a lightweight

multi-rotor system conducted in a real case scenario in the mountains of the east of Siberia. They present

a similar semi-airborne approach, where the receiver, an inductive sensor is towed by the UAV while a

galvanically grounded power transmitter line up to several kilometers long is on the ground and

connected to a pulse generator. They have highlighted the created technology, for which they hold a

patent as a potential replacement for ground surveys that also makes small-volume aerial electro

prospecting surveying available.

    Crawford et al. (2021) provided a methodology for detecting surface changes on a scale of 2-3 cm

after underground explosions, based on the combined use of an accurately GPS-measured grid of ground

control points and drone photogrammetry with a high-resolution DSLR camera. Their approach included

the use of 30 flights that allowed them to collect 1.4Tb of images for 239 ground control points with a

general separation between 60m and 30m. The ir surveying was conducted exclusively with images

close to the nadir direction (meaning taken in a direction pointing directly below the camera at an

orthogonal or perpendicular angle to the mean surface plane), they suggest that the use of more oblique

data could possibly yield even more accuracy.

    Török et al., (2020) Presented a methodology that combines the use of UAV collected data with laser

scanning data acquired on the ground to characterize fault zones in areas that are inaccessible in a quarry.

Additionally, their approach had also the objective of calculating the reserves of all the lithological units.

This study highlights the use of UAVs in combination with control field measurements and remote

sensing to model fault zones and be the basis for calculating geological reserves.

    Kong et al., (2021) Introduced a method for High-resolution digital outcrop models, based on UAV

photogrammetry integrated with a “structure-from-motion” technique. They established a digital

procedure based on mathematical algorithms for discontinuity detection, trace mapping, and quantitative

discontinuity characterization. They achieved a significant accuracy with errors in direction of

discontinuities of less than 5°, which are acceptable. They propose photogrammetry to potentially

become a routine method for on-site rock mass characterization.

    Honarmand and Shahriari, (2021) utilized drone-based photogrammetry was utilized for mapping

geology s part of the exploration process in the Shahzadeh Abbas Cu deposit in Iran. The mineralization

in the area is of vein types and follows the geological structures, to reach an accuracy of less than 5cm,

they utilized 70% lateral and 80% front image overlapping and used 220 temporary ground control

points. They utilized a digital elevation model converted to hill-shade together with orthophotos to draft

a preliminary geological map that showed structures and dykes. The map was finished based on

fieldwork data and the dykes with mineralization were mapped. The main contribution of the UAV

approach was to guide the field campaign with the preliminary geology map, resulting in time and cost

savings.

    Barton et al., (2021) studied a new area with big potential for the industry, in they explore the

expansion of geometallurgy to the mine scale with hyperspectral imaging, through a pilot study using
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drone and ground-based scanning. Their tests were conducted around the active Lisbon Valley copper

mine, including natural exposures, previously producing mines, highwalls, dumps, and leaching sites.

The approach included different mineral data classification methods, varying mineral spectral reference

libraries, comparison with ground geological and spectroscopic mapping and mapping as well as

integration with LiDAR data. With their approach, they were able to map with success, different clay

types, other phyllosilicates, carbonates, and sulfates. They were also able to distinguish lixiviant-

saturated areas and map distinct clays on the leach pads and found promising results for the mapping of

plants’ health. They highlighted as a particular application, the mapping of acid-consuming minerals,

and other minerals that are problematic for the geo metallurgical process, pinpointing problems areas

on the heap leach pad surfaces.

    Booysen et al. (2020) Showcased the very first direct mapping of REEs conducted with a lightweight

UAV hyperspectral system. The presented solution has the advantage of having a quick turnaround time

of less than a day and low detection limits of less than 200ppm for Nd. This approach was successfully

tested in two locations: Namibia and Finland. In the context of the energy transition we live in, this holds

enormous potential for the industry, not only to help suffice the current resources need but also to explore

in a more effective and less invasive way.

    Thiele et al. (2021) Developed a novel approach to correct hyperspectral data acquired from oblique

imaging. So far, the routinely applied hyperspectral imaging that had been done with UAVs, had been

almost exclusive to nadir image orientations. Oblique images are common in geological applications

due to differences in the terrain that quite often is rugged, additionally, the mounting of a push-broom

sensor (which gathers data scanning like the scan line of a photocopier) in a moving platform like a

UAV makes it necessary to do rigorous geometric corrections. Before this study, there was no correction

methodology that would allow to accurately produce hyperspectral data acquired obliquely by UAV

without any restriction of viewing angles or target geometry. The article presents an open-source code

to promote the use of UAV hyperspectral imaging. They demonstrated the code on a vertical cliff in the

Italian Dolomites and were able to map calcific vs dolomitic units and map the quantitative abundance

of clay/mica minerals and sand. Furthermore, they were able to characterize the geological architecture

to the seismic facies scale.

    Jackisch et al., (2022) Applied the combination of UAV multispectral imaging with magnetic

measurements to detect the possible lateral extent of a magmatic body in Greenland. This interpretation

of the extent of the magmatic body was possible thanks to the use of 3D magnetic inversion from the

gathered data in combination with drillhole data. Their study is a recent demonstration that the

combination of optical remote sensing with magnetic data, supplementing it with measurements from

the grand and drillholes brings advantages to mapping magmatic mineralized bodies.

    He, DuPlessis, and Barton, (2022) investigated the use of UAVs with hyperspectral imaging sensors

at the Safford Copper Mine, Arizona to map the distribution of minerals, pipes, ponded lixiviant, and

surficial features on the heap leach operation. They were able to detect kaolinite, muscovite, and gypsum
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on the leach pads, as well as the path of the stacker loading rocks, and drip lines. They propose best

practices for the use of hyperspectral remote sensing for leach pads, highlighting the building of a

reference library from ground-truth samples, the use of high spatial resolution for pipe systems and low

spatial resolution for minerals, scanning in the sunshine, and scanning before the leaching starts.

    Bemis et al., (2014) Showcase the advantages of using 3D photo-based surface reconstruction vs more

conventional approaches using grid mapping. In their paper, they show the applications of these models

in structural geology and paleo-seismology. They highlight that the data points are multi-dimensional,

meaning that they include besides the spatial x, y, and x, information on the texture and color of the

mapped surface as well. They show also examples of free and paid software that can be used for the

processing.

    Martelet et al., (2021) Combined multispectral and magnetic UAV surveying to map in detail the

geology of a mineralization in a Pseudo-Skarn deposit in French Brittany. They highlight that the work

done allowed to bridge the gap between field observation and a regional airborne magnetic survey. The

multispectral data enhanced the detailed geological mapping and the detailed drone magnetic survey

allowed to model the mineralization, which showed a remarkable magnetic anomaly, realistically within

its geological context thanks to the combined methods.

    Mitsuhata et al., (2021) Developed a drone-borne system to conduct low-altitude electromagnetic

surveying. The system includes a GPS receiver, a Wi-Fi Serial transceiver, and an ultrasonic distance

sensor to control the altitude of the EM sensor respectively to the ground. The system uses the towed

approach, hanging the sensor from a drone with ropes. They used test sites with buried vehicles to prove

the system and in wet vs dry fields to map the soil resistivity. Both types of tests were successful. The

vehicles were detected, and the resistivity of the soil was mapped at some depths, showing a clear

distinction between wet vs dry fields. The system is targeted towards shallow subsurface resistivity

measurements over large areas.

    Jackisch et al., (2019) Introduced a processing approach to integrate UAV multi-sensor data

combining optical remote sensing and magnetic data. The approach used both multi-copter and fixed-

wing UAVs that were deployed to map an outcrop of the Otanmäki Fe-Ti-V (Iron, Titanium, Vanadium)

deposit in central Finland. Two cameras were used, multi and hyperspectral, operating in the visible to

near infra-red parts of the spectrum, this, to identify dominant geological features and map the ore bodies

through iron-indicating proxy minerals, classifying with supervised and unsupervised image

classification. Additionally, three-axis flux gate magnetometers were used, in fixed-wing and multi-

copter platforms to evaluate the magnetic field at several altitudes. The strategy allowed the

straightforward mapping of the ore efficiently and with good spatial resolution.

    Tejado-Ramos et al., (2021) Explored how the demand for wolfram has increased, meaning that more

mining is necessary to satisfy such demand. They analyze then, the way that using remote sensing,

especially UAVs to recover spectral information can help mineral identification and existence,

improving the environmental impact with a wide range.
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    Smit et al., (2022) Showcased the first results of a semi-airborne EM system where a 3-component

induction coil transmitter is on the ground location whereas a fast UAV with a total field magnetometer

measures the response, in this case, the MagArrow sensor was used. This was motivated by the finding

of a large conductor at a depth of more than 400m in the Black Mountain Mining Complex in Northern

Cape, South Africa, by EM measurements made at the site. This UAV survey is a follow-up

investigation. In their study, they demonstrated that the use of the latest generation of UAV

magnetometer MagArrow in combination with advanced processing code is adequate to detect highly

conductive base-metal targets at a smaller cost than the conventional ground-based B-field EM

surveying.

    Jackisch et al., (2020) Showed a multi-sensor UAV approach to map a Carbonatite-hosting outcrop

in Siilinjärvi, Finland, in a brownfield exploration setting. The approach utilizes drone-borne

photography, multi and hyperspectral imaging, and magnetics. The data was processed by conventional

approaches but also using machine learning and validating with geological field mapping. The multi-

layered data set allowed to discriminate between the principal lithologic units and distinguish gangue

from ore-bearing rocks. The structural control of the lithological units was measured thanks to

photogrammetric modeling. They conclude that the presented approach can complement traditional

exploration workflows, increase efficiency, and maximize safety and reduce expenses.
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5. Findings
This section presents the findings of the research. The information is organized according to the themes

that were identified through the coding. Each Theme is expanded into sub-themes that divide the

findings into short graspable sub-themes and help narrate the analysis. The analysis is backed by specific

quotes taken from the interviews.

5.1. State of the art

To answer the first question related to the value of drones for the industry, it turned pertinent to first

analyze what the current state of the art of the applications of UAVs in the market is, to then look at

those applications as the base to establish what is the value that the use of UAVs brings now and could

bring to the industry in the future.

    The purpose of this section is to set the scene and summarize what are those missions or applications

that have achieved a considerable state of maturity, and which are those that are still in the early stages

of development but have a great potential for impact on the industry and are currently being pushed by

technology makers and researchers.

5.1.1. Photogrammetry and inspection.

When asking about the most common or most well-established applications of UAVs in geosciences,

the interviewees agreed that the use of camera drones to visually inspect and create 3D models through

photogrammetry are the kind of uses that are more accessible, which in turn makes them the applications

that have spread in the industry the most.

    When it comes to readily available solutions, it doesn’t get simpler than the use of an RGB (Red

Green Blue) camera. Drones capable of conducting video and photography surveying, have been on the

scene for several years now and are relatively easy to acquire nowadays. Applications such as

conducting safety inspections, stockpile measurements, slope analysis at the mine site, or topography

mapping, among other activities that can be supported by the gathering of data through an agile flying

camera system, are becoming part of the normal workflow of mining operations. Dr. Sam Thiele,

Researcher at the Helmholtz-Zentrum Dresden-Rossendorf, Helmholtz Institute Freiberg for Resource

Technology in Germany, explained that photogrammetry is now very well established and it's widely

used in the resources context at mine-sites, to estimate things as simple as the quantity of rock in a

stockpile, and for example to monitor the stability of slopes and do mine-face mapping, this being

powered by the possibility of using a cheap camera on a cheap drone to get accurate, high-quality digital

elevation information.

    This type of mission has reached a level of maturity that allows its deployment with relative ease.

Someone interested in conducting either inspection or photogrammetry can easily acquire equipment

and software that is readily available to conduct the surveys without much need for third parties. This
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of course represents an advantage for the end user, but at the same time enlarges the gap of what a

service-based company could offer with UAVs, making necessary the addition of higher complexity

surveys. The main commercial benefits, in this case, go to equipment and software manufacturers.

    Entrepreneurs that currently run a business providing UAV services to the raw materials industry

include additional applications beyond what is possible with an RGB camera, by including more

sophisticated sensors in their offering, like magnetometers or cameras sensitive to different parts of the

light spectrum.

5.1.2. Magnetometry

By far one of the techniques that has given some of the most important results and is also on the front

line of what the current service providers are providing to the industry, is the acquisition of magnetic

data. Solid solutions exist in the market such as the Fixed-wing approach developed by the Finish

company Radai, or the Mag Arrow by Geometrics, which can be towed by a multi-rotor UAV.

Magnetometry, also known as Magnetics, or Mag in short (informally), is quickly becoming one of the

flagship UAV methods around the world, due to its reliability and relative ease of deployment. However,

it requires more expertise with data handling, quality control in the field, and financial resources than

the previous type of mission.

    It is pertinent to mention that even though UAV magnetics is relatively young when compared to the

exploration industry, it evolved from traditional magnetometry which is nowadays a standard

geophysical surveying method that has been applied in the exploration industry for a long time, with the

difference that before, it was carried only either airborne through aircraft or on the ground by foot or

with vehicles like quad for example quad-motors. Here, the innovation was not the method itself, but

the platform which was used to carry it out. The robustness of the method has represented an advantage

for early movers like companies like Pioneer Exploration Consultants in Canada that commercialized

the first drone-mag system in the country. When talking to the president of the company, Michael Burns,

it was evident that developing an already trusted method to a new platform or market, allowed them to

rapidly get a good response from clients, providing a real example of what Ansoff, (1957) classified as

Market Development. In the conversation, he explained:

    “Magnetometer surveys have been around for a long time. But it was just changing the way that the

sensor was being carried. And so, it was adopted quite quickly, because everybody knows and uses and

trusts magnetic data. And it was an easy integration onto drone platform.”

- Michael Burns, president of Pioneer Exploration Consultants, Canada.

    UAV magnetometry has been applied with success in several parts of the world by pioneering

companies that have pushed the field forward for approximately the last 10 years. In Europe, a company

that lies at the forefront of innovation is the Finish company Radai which has developed a strong

workflow for magnetometry acquisition with their vertical takeoff fixed-wing UAV, accompanied by
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proprietary data processing, visualization, and waypoint editor software, a system with which they have

successfully conducted surveys beyond the visual line of sight (BVLOS).

    The application of magnetic surveys from drones has demonstrated the suitability of UAVs as a

platform for conducting the traditional geophysical surveys that are normally carried out on bigger and

heavier aerial platforms, or more slowly on land. This has sparked the demand for other types of

measurements, which represent the next stage of technology development.

5.1.3. The edge of development

This section presents those applications that stood out the most as the more developed or widespread in

the industry as well as those that represent the highest advancements in technology.

5.1.3.1. Electromagnetism (EM)

In classical applied geophysics, electromagnetism is a well-developed technique that has a place

together with other powerful techniques like gravity. However, Airborne electromagnetism is a

technique that is more complex than magnetometry. Magnetometry is a passive method, meaning that

relies on a field that is already present. It measures already existing magnetic fields, without the need of

a transmitting source, only an instrument to read the present fields, coming for example from magnetized

rocks. On the contrary, EM surveying needs a transmitting source that actively produces an

electromagnetic field which interacts with the subsoil. If conductive materials are present, the response

of the subsoil can be measured as an induced electromagnetic that is generated by the interaction with

the field sent by the transmitter. EM systems are composed of a transmitter and a receiver. Furthermore,

they need big transmitters, which poses a challenge to the application of the technique by UAVs. The

bigger a sensor, the heavier it gets, and weight is one of the main limiting factors for a drone, besides

the mobility issues that a big transmitter involves. The main current challenges in the development of

EM systems for drones were highlighted when talking to service providers that use the UAV platform

for their work, and despite the challenges are trying to develop it. In conversation with Ari Saartenoja,

the CEO of Radai OY in Finland, a company that is currently developing their own EM UAV system,

it was found that “the EM system requires a lot from the drone itself …the system is not so lightweight,”

he highlighted also how “you’ll need to know let's say, extremely accurately how the transmitter is

sending signal and how the receiver is receiving” talking of accuracy of around 30 nanoseconds, besides

the requirement of knowing the orientation of the sensor system.

    As shown in the review of scientific literature, there has been a big push in the development of EM

with drones, however, most of those systems are still experimental or have not made it yet to the market

at the industrial level. In the interview with Michael Burns from, Pioneer Exploration, he pointed out

that “The transmitter loop is what is kind of holding us back” and added that “if you want to detect larger

targets you need a large loop”. He mentioned how certain approaches that require some kind of “rethink



28

of the method of acquisition” have been experimented with, having some success. This is the case of the

approach that flies only the receiver whereas the transmitter loop is laid on the ground. However, he

indicated that the challenges are that those systems are expensive to develop and, experimental, and the

type of data that would be the output is uncertain. He helped also to put this in perspective from the

entrepreneur’s side, explaining that the companies that operate in the space of UAV surveying are not

big enough to spend their daily revenue to develop a new sensor pipeline that may or not work,

nevertheless, he highlights that there is big work potential if somebody is able to successfully develop a

UAV EM system.

5.1.3.2. Hyperspectral imaging

One of the techniques where the vanguard of research is being focused is the use of Hyperspectral

imaging. Hyperspectral imaging uses specialized cameras with sensors that can detect electromagnetic

radiation beyond the visual spectrum, which is what our eyes can perceive. This is a technique that has

been in use for several years in remote sensing from satellite missions or aircraft surveys from planes or

helicopters. However, in the last two years, small enough sensors that can be carried on a drone have

appeared in the market, being the leader in this sphere the company, HySpex. The field of UAV

hyperspectral imaging is a nascent one, with big potential, where significant research and development

are yet to be done. The advantage of this method is that it can help to map the composition of exposed

faces of rock and pinpoint the presence of specific minerals. To the date of writing of this work, the

wavelengths that are available in a drone-portable size are the visible near infra-red, which allows to

detect mainly iron-bearing minerals (Henrike Wöhler et al., 2018), and the Shortwave Infra-red (SWIR),

which have been successfully used to map clays and carbonates in outcrops. Dr. Thiele explained that

with the SWIR range common alteration minerals like sericite, chlorite, or carbonates can be identified

as well as certain problematic minerals for the processing.

    Dr. René Booysen, Researcher at the Helmholtz-Zentrum Dresden-Rossendorf, Helmholtz Institute

Freiberg for Resource Technology in Germany, who specializes in the applications of Hyperspectral

imaging, explained that one of the biggest challenges involved in using hyperspectral imaging is the

need for big corrections, for which a standard procedure has not yet been developed she explained that

the lack of a standard pipeline for the corrections is the biggest hindrance for the widespread application

of this method, adding that “Unless you are a specialist in that field, it will be difficult for a geologist to

go buy a drone, put a sensor on it and fly it because you will not be able to correct the data…”

Nevertheless, she recognizes that recently there has been an increase in the work done with these types

of sensors and how there are a few research groups who are working on it, that have produced research

papers from which one could follow their data correction steps, but “nobody has actually made any type

of software that you would be able to use for that”
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     All these challenges, both for EM and Hyperspectral imaging, constitute entrepreneurial

opportunities on their own, however, even the companies that are working in the field haven’t been able

to develop a system that is good enough for industry-level surveying.

    Taking the technological challenges aside, and leaving the research and development to research

institutions, who have the time and resources to develop by trial and error, to then deliver to de industry,

could be the path that service providers may need to take. In the meantime, despite the mentioned

challenges, somebody interested in services with hyperspectral data would not see themselves with their

hands tied, as there are sensors available in the market that are ready to mount on a drone, as it was

explained by Michael Burns who described that the HySpex, Mjolnir VS-620 sensor they have flown

“has phenomenal data”. However, he pointed out that it’s a heavy sensor of around nine kilograms or

~20 pounds.

    The next stage of development for UAV hyperspectral imaging would be the miniaturization of the

Long Wave infra-red range (LWIR), which would allow the detection of a wider range of minerals than

today, including quartz, however, this development is still far due to the need of ultralow temperatures

for the sensor, which make the system too heavy for a drone, explained Dr. Thiele.  However, the

advancements that made possible the use of the SWIR range on drones are recent, and as Dr. Booysen

explained, 5 years ago using SWIR on a drone was not possible and within a 3-year span she has seen

the miniaturization of SWIR sensors and now using them on a drone is possible. This is a sign of the

fast pace of development that hopefully brings small enough LWIR sensors in the coming years.

One of the biggest challenges that the use of UAV Hyperspectral data faces today is the number of

corrections that the data needs. Dr. René Booysen, when asked to reflect on potential contributions from

entrepreneurs or industrial players highlighted that a first step would be to standardize the data

corrections: “Somebody making a toolbox or workflow so that anybody can use it to correct the data.

That will be the first step for industry”. Additionally, she also mentioned that right now hyperspectral

imaging is still too expensive, and this makes it difficult for companies, resulting in very few companies

using hyperspectral sensors on drones nowadays.

    However, as analyzed, hyperspectral imaging on UAVs is a relatively young environment that has

been evolving rapidly and has a wide range of applications, so an opportunity for entrepreneurs would

be to use them not only for geological or mineral-related services but as part of a wide offering using

the same type of sensor to satisfy a varied pool of customers. Dr. Sam Thiele elaborated on this idea:

“you could probably run a company doing that, especially if you diversify outside of the mining sector.

You can use it for mining, but there's also applications for inspection of concrete, for example, you can

potentially identify weakened areas of concrete much better than you can visually, or in agriculture

where you can look at plants’ health. So, I think there's room for sort of diversified hyperspectral drone

companies that are broader than just mining but include mining…”
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5.2. Value creation

The interview process, particularly when talking to the group of people representing the customers’ side,

allowed to understand the main value that they have gotten from the use of drones, especially in their

exploration campaigns.

5.2.1 UAVs as an optimization tool

The main result is summarized in the words of Dr. Thiele: “I think we should think of drones as being a

tool for optimization”. Drones represent a tool that has enabled agile, fast, and easy access to data that

is of high quality. Erik Lundstam, an exploration geologist with more than 25 years of experience in the

exploration field, currently working as an independent consultant, and involved with the Australian

company Alicanto minerals, explains that for his current work on the exploration of VMS deposits in

Sweden, he has utilized with great results the UAV-Mag system of the Finnish company Radai to gather

his data in a survey of approximately 12000 line km in 2 days, something that with the ground-based

approach would have taken around 8-10 weeks with a full team of people doing the survey. Some

additional advantages that he highlighted are that the UAV system can fly closer to the ground than a

plane, having the closest elevation of 30m. With this distance from the ground, due to the technical

characteristics of aerial magnetic surveys, the UAV uses a spacing between the lines of the data

acquisition that make a more densely packed grid of data, which gives better results than with an aircraft,

very close to the quality of data one can get with a ground-based survey but several times faster.  This

same vision of the time efficiency improvement with the drone-based Magnetic surveys vs the

alternative, which is ground-based, was shared by another user of UAV magnetics, Janne Kinnunen,

Senior Project Geologist at Mawson in Finland. He explained that in comparison the same area that

would be surveyed by 2 skiers over a month, would be surveyed with the drone in 2-3 hours, however,

he explains that the data gathered on a ground-based survey is more accurate, with the trade-off of the

time.

     I interpret what these two customers have said as evidence of the place that UAVs have in the industry

and how their use creates value. In the case of Magnetic surveying, which is one of the methods that are

on the frontline now, they provide data with similar quality to that of ground surveying but considerably

faster, which can be also translated into a reduction of operational costs as there is less need for a team

working for a long time. UAVs in the geophysical surveying sector lie in between traditional aircraft

systems and ground surveying, making possible the reduction of time and optimizing the targeting to

smaller areas where if needed small and focused ground-based studies can be conducted.

5.2.2. Sustainability

Besides improving the availability of data and optimizing its acquisition, drones hold the potential of

contributing to the sustainability efforts of the raw materials value chain in different stages of the chain.
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Throughout the interview process, sustainability was an area where interviewees agreed on the existence

of potential, however, this value for sustainability was not obvious to all the respondents, being their

responses to this aspect different. This could be a sign of what the main selling point of UAVs for the

bulk of users lies in, being this the fast and good quality data, that UAVs can provide, having the added

value of being less invasive. Nevertheless, even if – as expressed by one of the interviewees–   it is not

a make-or-break characteristic, I consider that it is an important point of added value that deserves

attention. Even though not 100% of the respondents were able to pinpoint an immediate relation to

sustainability, several of them brought interesting perspectives that I had not considered prior to the

interviews.

    Björn Heincke, geophysicist and researcher at the Geological Survey of Denmark and Greenland,

who was the coordinator of the MULSEDRO Project in Denmark, agreed that the use of UAVs “is

environmentally friendly, it’s cheap, it is non-invasive, and non-disturbing” he also pointed the

difference with doing for example surveys with a helicopter, where if you use a helicopter “you need

more resources and also a lot of fuel”. As it has already been highlighted, the results show that UAVs

primarily fill a niche between airborne (using aircraft) and ground surveys, and hence it could be debated

to what extent is possible to make a direct comparison.

    It is also pertinent to make a distinction between the exploration and exploitation phase. Janne

Kinnunen from Mawson highlighted how there is a common misconception when it comes to the impact

of exploration, which generally tends to be mixed together with the mining phase, which has a

considerably larger footprint. He described the two disciplines by saying “Exploration is research work,

but mining is industrial work” and described how people associate the works of exploration to open pit

mines. He explained that even if it is true that people can do a bad job and disturb more than necessary,

in his context in the exploration campaigns he has been part of in Finland, there is no need for cutting

lines of trees to build temporary road as the forestry industry has developed an already good network of

access roads, which according to him, also decreases the need for transporting equipment through

helicopters as is the case in other parts of the world like Canada or South America where access by road

is not possible. This is a particular case where the specific work conditions of the country make the case

for an exploration activity that is nowadays less invasive than in other parts of the world, however, in

remote areas that have not been very developed, drones have more to bring to the table

    Dr. Booysen narrated how unsuccessful attempts of finding ore deposits can leave unnecessary

disturbances on the environment which can be avoided by using a UAV survey before any drilling. In

her research she has been able to detect Rare Earth Elements (REE) with the aid of UAV hyperspectral

imaging, she and her team went to Namibia to a site where a company had made some failed attempts

of finding REE in a big Carbonatite body, the company started drilling the main body based mainly on

the fact that it was a big carbonate body and this type of rock, in general, can be associated to REE

however they didn’t find what they were after. Dr. Booysen’s team flew a survey in the area and

effectively confirmed the absence of REE, this is something which if done prior hand could have saved
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not only time and money for the company but avoided all the associated disturbance of building

temporary roads for the drilling campaign which the company embarked mainly based on old maps.

    The advantages of drone surveying as a non-invasive platform were also confirmed by Michael Burns,

CEO of Pioneer Exploration, who pointed out that even if that is not the main reason why most clients

look for drone surveying (being cost reduction and faster timeframe the main selling points), UAVs are

indeed a good solution environmentally.

“…Previously you had to cut lines to do geophysics, you had to cut trees down and make a path through

the bush, and then the geophysics surveyors would come in and survey those lines. Now we can show

up without that extra crew and fly that survey quite quickly. That helps to alleviate those environmental

impacts. The drones are a lot more efficient; we're using a much smaller, more efficient aircraft, we

burn a lot less fuel. It’s a good solution environmentally...”

- Michael Buns. CEO Pioneer Exploration Consultants, Canada.

    It was also found that the benefits of UAVs for the sustainability of the Raw Materials value chain,

spread beyond the Exploration stage. Dr. Thiele explained that in the case of active open pit mining, the

possibility of mounting a hyperspectral camera on a UAV and gathering data as the operation evolves,

can help detect de distribution of minerals, especially problematic minerals and tailor the processing, he

highlighted “if you can improve your grade control by even a few percent, that can offset energy costs

in crushing by a huge amount”. This is an important point as on average, 4% of the global energy

consumption is invested in the size reduction of the ore through crushing and grinding (Jeswiet and

Szekeres, 2016). Additionally, regarding the inclusion of the kind of mineral maps that hyperspectral

imaging can provide in the mine site, Dr. Thiele reflected that if a very smart system that sorts the rocks,

they are going into the metallurgical processing that extracts the minerals is implemented, there could

be “big impacts in terms of reducing environmentally damaging mine waste or energy waste by crushing

rocks that you don’t have the ore in it.

    When talking to both Dr. Thiele and Dr. Booysen, they mentioned that part of the development in

hyperspectral technology has been related to applications in agriculture. Here, these uses of drones in

agriculture could be transferred for example to monitor plant health during the mining phase, and in the

reclamation stage.

    Finally, the operation of a surveying company could be used in favor of an improvement of social

sustainability, an example of this is the case of the Finish company Radai. In the conversation with them,

it was found that they look for local people when they conduct surveys outside of their country, these

local people are trained to conduct the survey, and do quality control and assurance.

5.3.  Entrepreneurial aspects

The interview process allowed to also discover some of the variability in the reasons why current

entrepreneurs in the field have entered this market and what was the approach that took them to success.
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Some saw the opportunity to exploit their knowledge and experience and others just wanted to create

something new and happened to have good skills and be in the right place at the right moment. Here we

see the contrasting view of two CEOs that have built their surveying company in different parts of the

world. Michael Burns, Geoscientist and CEO of Pioneer Exploration described they saw a good

opportunity to be disruptive in a space where they could build a market for themselves and offer

something that companies had had a need and there was a real demand for. In the case of Radai, as

expressed by their CEO, who is a mathematician, they “just wanted to develop something and figured

out that one possible idea was to start measuring magnetic fields” but they “didn’t think so much that it

was going to be a business” but somehow they heard that people were buying that type of services and

at the same time drones came to the market and they kept working on it and evolved to what the company

is today. In their case, at the very beginning they started investigating the possibilities with a sensor that

was not very famous and old, Ari Saartenoja described that the professionals in the field were even

skeptical about the sensor. In this case, the outsider perspective allowed them to push through and gain

enough knowledge. He explained “if we would have studied geophysics, we would’ve never started this

company, because our sensor was not so famous and professionals in the field, they didn't trust the

sensor. But we didn't know, or we thought: we have a strong mathematical background. I had studied

mathematics and my friend physics, we just look at the data, we understood that this is good enough,

but geophysicists didn’t see it like that… So, we just pushed forward, we were just like out of the box”.

    A different story is the one behind the formation of Pioneer Solutions in Canada. Michael Burns, who

is a geologist with wide experience doing exploration geology since he was a student, for multiple types

of commodities and in different sites, including remote helicopter-supported exploration camps. During

his years of experience, geophysics has been also one of the tools he has worked with, he explained how

in 2014 they started looking at drone technology to do Mag surveys specifically, and for the first time

strapped a magnetometer to a drone for a survey in the US. In his case, it can be interpreted that his wide

experience and the context in which was involved since his early professional life allowed the framing

of how to enter the market with a new type of service. Part of the reason for involving the use of magnetic

surveys from a drone is the added value that would enable to secure a market, he elaborated on this Idea

saying: “…If you're just a geologist, it's, it's a bit more difficult to grow a services company if you're

just doing geological based services because you can only charge so much for a person. But if you're

doing a service like geophysics, there's a lot of value added there. So, we saw geophysics as a good route

to enter, but we wanted to do something a bit different. And there was no one doing this at the time. So,

we thought it was a really good opportunity to enter the space and take advantage of being the first one

to market. But it was not changing or introducing a new survey method or survey type… Magnetometer

surveys have been around for a long time. But it was just changing the way that the sensor was being

carried.”
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5.3.1.   Having the right talent and skills prepare you for future opportunities

Looking at the history of the formation of the company Radai. It was observed how their case

demonstrated that having the right talent at the right moment helped them succeed by taking advantage

of an opportunity that was presented. One of their breakthrough moments was the approval of a grant

for the development of their systems, at the time, they had a person in the company with a background

in electrical engineering that was doing a Ph.D., they applied for a grant from a private natural resources

foundation to develop their electromagnetic system and it went through successfully. As explained by

Ari Saartenoja, their CEO “If that wouldn't have happened, I think we wouldn't have started to build our

own instrument at all. He also added when explaining the beginnings of the company that when finally,

Markku (Current Chief Geophysicist) joined the company “the data quality raised to the much higher

level”

5.3.2.  The field overlaps with other disciplines that drive the innovation as well

The field of UAV surveying for the mineral industry overlaps with other applications that have pushed

forward the sensors and software, from the inspection of infrastructure to today’s cutting-edge

hyperspectral sensors which as explained by Dr. Thiele is a rapidly emerging area, probably mostly

driven by agriculture in the push to get extended spectral range on drones to extract attributes of crops

to measure for example where to fertilize. These developments have, in turn, big applications in

geosciences, giving the opportunity to business makers to potentially focus not only on serving the

mineral industry but several with the same type of equipment.

5.3.3.  Challenges that entrepreneurs have faced in their process

The process of creating and running a business poses challenges on its own. It was found that some of

the problems go beyond the financial aspects that one could most immediately think of. Some of the

most mentioned challenges were the task of developing instruments, and very often the regulations to

the weight of drones, operating beyond line of sight, and transporting batteries.

    Markku Pirttijärvi, the chief Geophysicist at Radai expressed that before his work at Radai he had not

been involved in building instruments himself and pointed out how building instruments is a challenge

on its own, “a different story all together”.

    Dr. Thiele highlighted that “traveling with batteries is almost impossible” and explained how if

driving to the place of the survey is not possible, “we basically have to buy a new set of batteries when

we arrive” this involves additional challenges like the planning for the arrival of the ordered batteries,

setting them up for the survey and then having to leave them behind when getting out of the country.

This challenge is present for service providers in the world, Michael Burns agreed that this is indeed a

challenge and confirmed that they also face similar issues. On this challenge, Dr. Thiele added:
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   “Battery suppliers can get special permissions to ship batteries. But if you’re not producing the

batteries, then it’s very hard to get equivalent permission. And so that’s why it’s easier to buy batteries,

have them shipped by the manufacturer and, then go there with our drone and meet the batteries

there…”

    - Dr. Sam Thiele, Helmholtz Institute Freiberg for Resource Technology, Germany.

    The issue of the variate regulations in different parts of the world was highlighted several times, Dr.

René Booysen explained  “if you are a drone company in Germany, and you have a pilot's license in

Germany, you can work in Germany…You cannot go to Spain, if you if you want to do a project in

Spain, you would have to either hire a company in Spain to fly a drone, or you have to get your pilot's

license in Spain as well.” This is an issue that is not only important for the license to fly the drones, but

the kind of service one can provide in different parts of the world as the limiting weight of the payload

is also different from country to country. For Dr. Björn Heincke, the solution lies in creating better drone

regulations that allow the use of heavier payloads or in the miniaturization of sensors to the point that

the system complies even with the strictest regulation.

    On the other hand, it could be argued that another way of looking at the issue is that if the service

provider has to get a license to operate a UAV above a certain weight, instead of focusing on avoiding

the need for a license by using a single ultra-light sensor, a company could take the opportunity of having

to apply to a license pass a minimum weight, to use multiple/heavier sensors as it has to get a license

anyways.

5.3.4. Regulations on flying Beyond Visual Line of Sight (BVLOS)

The issue of having different regulations in different countries when it comes to flying beyond the visual

line of sight was one of the most reported problems. Different approaches were found. Some companies

decide to hire and train somebody from the local place where they are going to survey as they know the

regulations and can get the respective licenses more easily. Others, prefer to fly with the visual line and

operate within what the regulatory framework allows without the BVLOS license.  Michael Burns

explained that the problem with the visual line of sight approval lies in the time you have to wait to

obtain it, which doesn’t necessarily match the time requirements of the client.

    “Typically, a client will sign the proposal and put a contract in place for services, and they want us

to start as soon as possible because it's weather dependent, or they have other types of logistics too. So,

we can't wait for two or three months to get the BVLOS approval. So, we operate within visual line of

sight.”

- Michael Burns, president of Pioneer Exploration Consultants, Canada.
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5.3.5. Room For New Entrepreneurs

One of the main outcomes of talking with all the interviewees was that it served as a path to discover

opportunities for new entrepreneurs or aspects that could be of interest for someone that is looking into

the creation of a UAV surveying company, some of these opportunities are described next.

5.3.5.1. Integration of multiple data sources

    Geology is an integrative science that takes upon the knowledge of different sub-disciplines to create

its knowledge. Hence, the combination of data from different sensors could be de ultimate stop for an

entrepreneurial venture dedicated to drone surveying in the mining cycle.

    “… if you could use a hyperspectral sensor on a drone and map the surface and then afterwards,

integrate that with drone borne magnetics. To know what's going on underneath. That would be

excellent.”

- Dr. René Booysen, Helmholtz Institute Freiberg for Resource Technology, Germany.

5.3.5.2.  For some of the applications there is nowadays a supporting infrastructure

For some specific cases, it was found that there is a supportive environment that can make it easier for

an entrepreneur to enter the market, from software to process data to multiple drone makers and sensor

makers that have started to build miniaturized sensors to serve those interested in surveying with a drone.

One example of this, is the company Radiation Solutions Inc, in Canada which has recently built a small

enough radiometric sensor to conduct U Th K, measurements with a drone, with a new sensor that

weights around 3 kg, this mainly was pushed by the demand of the market that has asked to develop this

type of sensor.

    Michael Burns also provided some insight that allowed to see that if somebody is interested and has

the resources can combine different off-the-shelf products to create their drone surveying system. “You

can really put together business off the shelf with the components out there right now. …there are

magnetic sensors that are off the shelf and can be flown on a drone; radio metrics; hyperspectral, which

we've flown; VLF which is another sort of EM type of survey …”

5.3.5.3. Battery marketplace

As explained before, one of the problems that entrepreneurs in the field have experienced is the issues

related to traveling with batteries. This challenge could be a potential window of opportunity for

someone to create an international market battery leasing marketplace for people that need to use

batteries in distinct parts of the world but can’t travel with them, being drone surveys one of the benefited

fields among other industries as well.
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5.3.5.4. The most reachable fields have been already filled

It is also important to understand what the niches are in which drone surveying services can still prosper.

As explained in the state-of-the-art section, photogrammetry and inspection services have evolved to

the extent that nowadays they are relatively easy to do. When talking about this, Michael Burns

highlighted that with photogrammetry “you can't really make a business out of it, because everyone can

do it. So, it's hard to convince someone to pay you to go fly photogrammetry when they just do it

themselves nowadays”, Dr. Sam Thiele agreed on this vision, expressing: “I think that the obvious niches

have been largely filled. And that is, you know, photogrammetric surveying,”

    This is an important aspect to highlight. If an aspiring entrepreneur is interested in starting their

business by using only the capabilities of a camera drone, in the realm of raw materials, as the industry

has evolved, this might not represent the best way forward. It would be necessary to introduce some

added value like the use of other measurements like geophysics.

5.3.5.5. The better business model and supporting trend

To investigate how much room there is for new UAV surveying companies to appear, the interviewees

were asked if in their experience, are the end users themselves (like exploration companies) who gather

the data or if the business model of an external service provider is how they see the way forward.

    To explain this, the example of ground geophysical surveys was utilized by Michael Burns to illustrate

that the service provider model is better for the customers. “Ground survey equipment's been around for

years and it's not too often that companies get their own ground service equipment and just to do one

project.” Here an important aspect to consider is the cost of the instruments themselves vs the number

of times that a single project owner would use them. With an approximate investment of more than 100

thousand dollars to set up and start flying properly and if a client has only one job or one job to do a

season it is not worth it for them to purchase the equipment and it is better to hire a company to conduct

the survey for them.

    Sam Thiele added, related to this question that there would be some situations, for example, in which

if a mining operator wanted to survey their mine, for example, once a week, or before every blast, they

could consider it worthwhile to train someone and employ someone to do that in-house. However, he

highlighted that “the majority of companies would prefer to outsource that”.

From this, it can be interpreted that the best model is the service provider approach, but then it must be

ensured that there are multiple clients for the type of survey provided and that the need for the service

is sparse enough for an individual client so that they don’t buy all the equipment themselves, and more

importantly, it is key to offer some added value beyond inspection or photogrammetry.
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5.3.5.6. Outlining unsatisfied customers’ needs

During the interview process, the participants were asked for those applications of UAV technology or

improvements that they wish were possible but are not yet in the market. This was also asked to the

researchers. The reasoning behind this question was to try to dive deeper into the possible opportunities

for entrepreneurs and try to picture what the future might bring to the field.

It was found that the more sought-after applications are EM surveying and Gravity, which are methods

that nowadays are applied in the industry from aircraft. From those two, the EM system is the one that

is closer to being fully deployed in the industry as there are teams in the world that are developing it,

like the company Radai or those covered in the research papers.

    Moreover, it was also possible to find that there is interest in the Long Wave Infra-red range for

hyperspectral imaging as it would greatly expand the number of minerals that we can detect. Additional

mentions included making the systems more structurally robust so they can handle rain or eventual

crashes, and, incorporating the capability of autonomous operation in a complicated 3D environment

like open pit mines or underground mines without the need for input from the pilot. Finally, it was also

pointed out by Bjørn Heincke that the integration of data from multiple sources is the future direction

where work should be focused.



39

6. Analysis and discussion
The first research question was related to the value that UAVs can bring to the industry, for this it was

necessary to analyze the state of the art of its applications and the niche that UAVs occupy to then map

where and how they can contribute.

6.1.  The niche that UAVs occupy and where they can contribute
Coming back to the conceptual framework, which started by picturing the raw materials value chain

(Figure 2), the first three (3) steps of the chain were highlighted as the scope where UAVs might

potentially contribute: exploration, mining, and processing. Through the interview process and the

analysis of the reviewed literature, it was possible to see that UAVs effectively hold the potential of

contributing to the three mentioned stages, even though the most outstanding applications that were

discovered through the primary data are in the exploration phase.

    For Exploration, the major contribution has come from the use of geophysical methods to provide

information on the possible presence of ore deposits underground, being Magnetometry surveys the

method that stands out as being the most widely developed, existing current interest in the possible

future development of Electromagnetic and Gravity systems, which would increase the level of

completeness of the suite of UAV geophysical methods. It was also determined that there is interest

from users in the possibility of conducting UAV Radiometric Surveys, which has led some

instrumentation fabricants to construct smaller-scale systems. However, it is still a system that is in its

infancy and suffers from the challenge that the way the sensor operates (by counting particles that hit a

detector) reducing its size (to make it portable by a drone) impacts the particle count, as the sensor has

less area to interact with the particles, which in turn creates the need of flying very low. Regarding

geophysical surveying, it was determined that drones are not likely to replace airborne surveys as they

work on different scales, nor fully replace ground-based surveys as the level of detail these provide is

still better, however, they have filled a gap between these two very detailed (ground-based) and very

broad scales of work (airborne on aircraft). UAVs provide a better resolution than traditional airborne

surveys and are suitable for the project scale rather than a regional (country-sized) scale, additionally,

they provide a level of data quality that is close but not as good as the one gathered by ground surveying

but at a significantly faster pace and have reduced the wait time for completion of a survey from months

to days.

    Besides the geophysical methods, those instruments that are an inheritance of developments of remote

sensing, namely hyperspectral imaging, are one of the latest breakthroughs of the UAV surveying

instrumentation, being developed in the last three (3) years. Particularly, the sensors that can gather data

in the Shortwave Infra-Red side of the electromagnetic spectrum, which allows the detection of for

example carbonate and clay minerals and making possible to map their distribution on a surface.

Mapping the distribution of minerals on a surface has immediate advantages for the exploration process,

which is precisely in charge of investigating the presence of an accumulation of a mineral(s) of interest.
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However, these sensors operate by the interaction that light has with the surface, hence it must be

exposed to the light, and a heavily vegetated area would difficult its utilization, furthermore, they

provide the composition of the surface but not the distribution underground. This can be thought of as a

problem, however, it is a matter of knowing what method is suited for what purpose as there is no single

sensor that solves every problem. Hyperspectral imaging was portrayed by the interviewees as one of

the methods where more potential is held, being its application extensible to not only exploration but

also mining and even processing.

    In the mining stage, one of the applications that with today’s state of the art is being more and more

utilized is the modeling of mining projects in 3D, mostly by photogrammetry on open pit mines. These

types of models are useful for the miners to model the distribution of their minerals of interest in an

immersive 3D digital copy of the terrain, which helps with the planning and monitoring of the operation.

These kinds of measurements, together with a simple inspection campaign with a visual camera, have

reached a level of maturity that the most common scenario nowadays is that the interested end-user has

learned to do them on their own, which has implications for aspiring entrepreneurs in the field, who

would need to provide added value. In the mining stage, hyperspectral measurements can also be useful

as mapping the composition of the surface as the operation advances can help optimize the operation

tailoring the extraction process to the accumulation of minerals, additionally, if a registry of such

information is kept, it helps to reduce the ambiguity of geological interpretation by different personnel

that may come during the life of a project, as the compositional maps are an absolute value which doesn’t

depend of the interpretation of the expert.

    For the processing stage, the use of hyperspectral imaging as the operation advances might be useful

for the metallurgical engineers in the process of grade control (the process of controlling how much of

the valuable mineral is present in the extracted material) before sending the material to crushing and

grinding to concentrate the valuable mineral. This could potentially have advantages in terms of energy

savings and reduction of ecological footprint, as the processing of unwanted material would be reduced,

the extraction would be better centered in the necessary material and less gangue (non-valuable) material

would be sent to processing, saving energy, and avoiding the disposal of unnecessary waste to the

environment. Additionally, UAVs could be used to monitor the spread of harmful substances like dust

or the occurrence of acid mine drainage with the aid of hyperspectral images that would allow detecting

these harmful components or their effects on for example plant health.

    After the mining stage, in the reclamation process, UAVs could be used to monitor the progress of

the environmental restoration process, by visual inspection or by utilizing the capabilities of multi and

hyperspectral imaging that nowadays are used in agriculture, which could yield information on how the

reintroduced flora is adapting to the newly renewed surface.
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6.2. The Value that drones can bring to the Raw Materials Value chain

Looking at Figure 4 Conceptual Framework and Background System. The background system

constitutes the blocks after Exploration and Extraction. The conceptual framework includes all from

value to that later block, also including the concept of Societal environmental footprint. Starting from

the Energy transition which we are pushing to reduce our environmental footprint. This transition relies

on Raw materials for the key technologies that enable it and keeping materials in the loop (also known

as circular economy) is not enough, we still need primary raw materials, but their exploration and

extraction pose risks to the environment, then can UAVs, deployed by entrepreneurs creating value, help

optimize the industry and reduce its environmental footprint? in the conceptual framework, it can be

seen that the study asked whether the use of UAVs could contribute in any way to the Raw materials

value chain and, contribute to reducing the negative environmental impact that the extraction the needed

resources for the clean energy technologies might have. Reflecting on the concept of value, in the

conceptual framework it was highlighted how authors in the recent literature have focused on developing

when/how value is created but not that much on defining what it is, hence the notion of usefulness, or

what the customer gets as being the value, was utilized to gather the data in the interview process. Now

to discuss what value the industry can get, the model of Value Proposition Canvas (VPC) found in

Osterwalder et al., (2014) will be used to briefly summarize the value of UAVs for the mining cycle,

which is presented in Table 2. These elements of value are further developed and discussed in the

following section.

CUSTOMER PROFILE VALUE MAP

Jobs

· Find Resources

· Extract Resources

· Process Resources

· Deliver Raw Material

Products and services

· Geophysical methods

· Hyperspectral imaging

· 3D modeling

· Inspection

Pains

· Difficult terrain

· Seasons and time dependency

· Environmental Footprint

· Uncertain distribution of minerals

Pain relievers

· Agile system

· Time efficient service

· Mineral mapping

· Non-invasive surveying

· Environmental monitoring

Gains

· Increase the supply of Raw Materials

· Optimization of Operations

· Decrease Environmental impact

Gain Creators

· Prevent effects of unsuccessful

exploration campaigns

· Fast acquisition of data

· Higher resolution than airborne systems

· Useful information for grade control

Table 2. Value of UAV surveying for the Raw Materials industry through its Mining Cycle Stages. Based on
the Value proposition canvas by Osterwalder and Euchner, 2019.
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    The study allowed to uncover two areas where UAVs bring value to the raw material industry:

optimizing its operations (which indirectly helps to increase the availability of raw materials) and

contributing to the reduction of its environmental impact.

6.2.1. Optimization of the industry

 In the theoretical framework, it was discussed what the concept of value is. That section presented that

value is related to benefits, usefulness and what the customer gets out after using a product or service.

Here, the users are the exploration and mining companies. The value of UAVs for the raw materials

value chain could be associated with the optimization of the exploration phase, reducing the time that

data acquisition normally takes, reducing costs and risks involved in flying an aircraft, and making it

possible to gather data from areas that are difficult to access, thanks to the agility and versatility of the

UAVs when flying. UAVs can be seen as a tool for optimization.

6.2.2. Reduction of environmental impacts

It is important to start by saying that UAVs won’t make mining environmentally sustainable, however,

they do hold potential for the reduction of the negative impacts of the mining cycle on the environment,

being this search for reduction of negative impact in my opinion a much-needed constant endeavor that

shouldn’t stop, it was highlighted in bold in Table 3. The thesis work helped to see that UAVs are a non-

invasive solution that helps gather valuable information without disturbing the environment as it doesn’t

need to touch nor interact directly with the environment. This has implications for the reduction of the

need for activities like cutting lines of vegetation to create access to equipment or building temporary

roads in the exploration phase or the reduction of emissions due to the use of helicopters.

    During the discussions with the interviewees, it was debated whether this is a worthwhile contribution

of the UAVs. The aim of the exploration phase is finding resources to extract, which ideally (if the

valuable materials are found in a viable quantity) leads to the opening of a mine. Opening a mine creates

a much larger disturbance in the area than the exploration phase and would affect what any careful

exploration campaign could have tried to protect. However, as expressed, that could be the case only if

the exploration project makes it to a mine, considering the current success rate of less than 1% of

exploration projects progressing to establish a mine (Victoria State Government, Australia, Department

of Jobs and, 2022) or as put by Gandhi & Sarkar, (2016, pp. 159–198) who say that a mineral occurrence

has a low chance of becoming a mine of maybe 1 in 1000, the care of making low environmental impact

exploration should not be disregarded. In the findings section, it was shown how UAVs can help avoid

the impacts of unsuccessful exploration as they can be used to increase the level of certainty in the

geological interpretations to define whether there is mining potential or not without disturbing the

environment. Additionally, as the energy transition advances, the dependence of the green energy
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technologies on raw materials has become more evident (Herrington, 2021), however, if the real interest

behind, is truly enabling the decrease of humanity’s environmental footprint and not just taking

economic advantage of the demand of raw materials that these new technologies cause. I believe the

industry should dedicate a great part of its efforts to a constant improvement of its environmental

performance, developing new ways of finding, extracting, and processing the resources in a way that is

less harmful to the environment to have a coherent way of action with what is portrayed as the

motivation. The constant reduction of environmental impact should be a priority rather than an add-on.

As an additional final reflection note, it could be considered how it has been suggested that sustainably

minded business models have an important potential of boosting the financial performance of a firm,

(Ilyas & Osiyevskyy, 2021), this could be also another reason to continuously strive for better

performance in the environmental impact of the different activities of the mining cycle.

    Beyond the exploration phase, UAVs hold the potential also to improve the energy consumption

during the mining and processing stages, a UAV hyperspectral campaign in open pit mines can help to

optimize the extraction and crushing process, avoiding a waste of energy on processing waste material,

and then disposing it to the environment. Additionally, they can be useful for the environmental

monitoring of the area during mining operations, surveying to inspect the health of the surrounding

environment and for the presence of contamination with phenomena like acid mine drainage. Finally,

UAVs could also potentially be used to upcycle waste material left on waste dumps or tailings. A

Hyperspectral campaign could map the surface of old tailings and find the potential of for example Rare

Earth Elements.

6.3. UAV entrepreneurship in the raw materials sector

The second research question concerned the way that entrepreneurs can contribute to the raw materials

value chain by increasing the applications of UAVs in the mining cycle.

    As discussed in the conceptual framework, most entrepreneurs in general tend to shape their decision

process through the process of effectuation, which leverages the resources that the entrepreneur has

within reach, their context, the people that know and such, to build the business not trying to control the

future of the venture but applying the principle of affordable loss and not necessarily having a specific

ultimate outcome or goal. On the other hand, the process of causation, emphasizes the control of the

future of the venture by predicting the outcomes, visualizing an end goal, and purposely designing a

path to achieve that goal, including the resources that are needed. Sarasvathy, (2008) suggests that the

most common path for entrepreneurs is that of effectuation.

    When analyzing the type of gaps or opportunities that there are for entrepreneurs to develop new

services, one may argue that due to the level of development of the field, where the most obvious niches

have been already filled, the discovered opportunities that were described in the findings section, like

developing new Electromagnetic Surveying systems, creating miniaturized sensors that are light enough
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for a drone, or developing software for quick hyperspectral data processing,  would deviate from the

principles of effectuation and would be more of a causative endeavor, as it comes with a set of objectives

and requires resources that most likely a single entrepreneur doesn’t have in hand to, for example,

bootstrap (for example using an already owned computer or space) as it could be the case with a simpler

type of mission like inspection. And hence it might seem more complicated for new entrepreneurs to

appear, given the current state of the art that in my opinion hinders the new venture creation by pure

effectuation. However, even though effectuation and causation might seem like contrasting ideas and

opposed to each other, a mixed approach could be the roadmap for the new generation of UAV surveying

entrepreneurs. Mixed approaches between effectuation and causation have been already proposed by

authors that see them not as opposites but as part of a dynamic strategic decision-making process

(Reymen et al., 2015).

    Seeing how different new potential applications of UAVs might require more resources from the

effectual point of view, I classified the potential opportunities in terms of the needed resources.

Analyzing the needed resources for the determined objective is close to causation, however, the

classification according to needed resources allows for the potential assumption of where different

entrepreneurs could act through effectuation according to their available resources. This view was

illustrated in Figure 6.

    The current state of the art allows for 3 possible paths for entrepreneurs to enter into the UAV

surveying market, Market development through the launching of already existing services/sensors in

new markets like different locations; Technology development to improve the current surveying options

(increase number of applications) and/or contribute to miniaturization of sensors; and the Resolution of

external challenges like regulations by for example providing training, creating battery marketplaces or

autonomous navigation systems. It would be advised that engaging in these routes be carried out in

collaboration with current service providers. The level of entrepreneurial/effectual needs varies, being

Figure 6. Conceptual map of a potential entrepreneurial strategic roadmap for possible new ventures with UAVs
in the Raw Materials sector.
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the lowest for market development, and the highest for technology development. The resolution of the

external challenges requires a mix of resources, being the training on international regulations and

marketplaces low resource demanding whereas the creation of an autonomous navigation system

requires similar resources to the creation of new sensors.

6.4. Limitations of the study and future investigation

The current study was conducted over the course of one academic semester, which brings limitations to

the number of experts that could be contacted, and the activities made for the project. For future

investigations of a longer timeframe, it would be interesting to perhaps accompany one of the

interviewed companies that are developing new services in their whole journey and match this with the

entrepreneurial theories, perhaps as a case study. Additionally, it would be valuable if these future

studies could include the acquisition of new data gathered through new/experimental types of UAV

surveys to illustrate and understand deeper the process and challenges beyond the perspective of

interviewees and scientific literature.

    One of the main sources of data was the use of interviews with different stakeholders. A possible

limitation to the results is that the answers of some of the interviewees gave significantly better

information that was relevant to the research questions than the answers by others. This made that their

input was included with more frequency in the results.
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7. Conclusions

This section presents the main conclusions of the study, organized in several subsections.

7.1. The most widespread applications

Through the process of purposive qualitative research, using semi-structured interviews and research

papers as sources of data, it was possible to establish a picture of the state of the art of applications of

UAVs in the mining industry, the first step of the value chain of raw materials. The state of the art can

be presented in order of innovativeness or readiness level, which is inversely proportional to the level

of complexity, the more complex a mission is, the less spread is in the industry. The most widely spread

solutions are those that don’t require sophisticated sensors and can be used by any user with relative

ease. This is the case of photogrammetry, and inspection with RGB cameras, systems that are, as

described by one of the interviewees, “rudimentary” when compared with other techniques in the realm

of geophysics. One may think that these fields that are easy to get into, represent the best chance for an

aspiring entrepreneur to get on board this field, however, the widespread level of these solutions makes

it so easy and cheap, to the point that interested clients like mining companies may conduct these surveys

themselves without the need of the entrepreneur.

    More innovative uses beyond the mere construction of 3D models are being proposed, like the making

of preliminary geological maps, the measurement of discontinuities, or the measurement of how much

the ground sinks in between explosions for underground mining. Still, those are very particular cases,

and it seems tricky to build a new business only with them.

7.2. Magnetic surveying

Following in the level of readiness and market penetration, are the magnetic surveys. The tests of

attaching a magnetometer to a drone have been conducted for about a decade already, and there are

consolidated commercial solutions in several parts of the world, such as GEM Systems, Mag Arrow,

Radai, and MGT (Mobile Geophysical Technologies). From the entrepreneurial perspective, this type

of mission requires a bit more knowledge from the surveyor and there is still room to operate by using

the service provider approach. Depending on the monetary and knowledge of the entrepreneur, the path

of constructing the commercial solution with off-the-shelf equipment or buying components and

building/modifying custom equipment are available options.

7.1. Hyperspectral Imaging

Hyperspectral imaging would come next in the level of technology readiness, as there is already a vendor

in the world that provides a sensor that can be mounted on a drone and provides very good data. Whereas

in the case of EM systems, to the extent that this study was able to determine, there are experimental
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setups but not commercial industry-level systems. The Hyperspectral realm, however, is still in the early

stages of development, despite having been out in the hands of researchers and users for a few years

now. From the point of view of effectuation, it could be harder to form an entrepreneurial venture, as

these sensors are expensive, and their data processing pipelines are not fully developed yet. However,

if the resources are found, this kind of service could be hiding strong potential.

7.4  Electromagnetism

Electromagnetism comes in next, as mentioned, there are several studies carried out, mostly in the form

of semi-airborne surveys with transmitters on the ground and a receiver flown. To the level of the

information found, there are no commercial solutions yet offering UAV EM on an industrial scale. This

method holds great entrepreneurial potential, it comes from a very trusted method in exploration

geophysics, and the main hindrance is in terms of the payload capacity and logistics of flying larger

transmitters to detect larger underground bodies. If these challenges are overcome, it could be argued

that the entrepreneurial potential could potentially surpass the one from Hyperspectral imaging, simply

because it is more common in the classic pipeline of exploration, only that it would be carried on a

different platform than the usual. One example of an ongoing project, found through secondary data, is

the Eurostar project AGAVE, which aims to develop UAV time domain electromagnetic mapping

(TEM) operations. It is coordinated by the University of Southern Denmark and has the participation of

important industrial partners like SkyTEM. At the moment of writing this thesis, the AGAVE project

has had tests only, with no published results yet.

7.5. Other surveying instruments

Lastly, other measurement systems that are coming, and are worth mentioning are gravity and

radiometric surveying, there are reports available in conferences, and through the secondary data, it was

possible to determine that the interest in both methods is big and that pertinent people are working on

each type of sensor to finally bring it to market. Radiometric has the problem that its detection relies on

a crystal that is receiving counts of alpha particles coming from isotopic decay. To make a sensor flyable

on a drone, size and weight reduction are necessary, however, if the size of the sensor is reduced, the

surface of the crystal that receives the counts of the particles is smaller and the response could be poorer,

to counteract this, it would be necessary to fly lower to catch the particles closer to the source. Flying

lower is something that a drone can do better than any other platform, so there is potential. Nevertheless,

after talking to the interviewees, the major opinion is that they will not replace traditional airborne

surveys on aircraft but would fill a niche in between.

    UAV gravimetry could have great potential for the industry and combined with the other geophysical

methods, it would definitely bring the detection of underground bodies to great new heights, this type

of campaign has been difficult to develop due to several corrections that are needed, and the fine-tuned
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level of measurement that is needed. However, it is likely that in a few years, UAV gravimetry becomes

a consolidated procedure, as there are projects like the DroneSOM project, launched on 2022, which

aims to “commercialize drones to collect gravity and electromagnetic data and interpret the collected

data with integration and modeling software”.

7.6. UAVs as an optimization tool and to reduce the environmental

impact of the industry

In terms of value, it was possible to establish that UAVs are an optimization tool that helps solve some

problems in the mining industry. Their main value points are agile, fast, lightweight, and equivalent

quality operation. Additionally, it can cut down surveying campaigns from months to days or weeks.

Saving not only time but money.

    In terms of sustainability, the drone system brings benefits from the very first type of operation, the

setting of the topography. They can be used to acquire topography data in places where the topography

is not available or simply outdated and increase safety and risk assessment, additionally, they incur little

to no disturbance for the surrounding communities and starting with this type of operation may help in

the success of permitting. But one of the biggest creators of value for sustainability is avoiding entering

remote areas that in reality are dominated by nature, if the first stages of the exploration process are

conducted with drone systems piloted from a safe distance, in the case of not finding a deposit, the

unnecessary move of camp, drilling equipment, or even ground geophysics equipment and avoiding the

unnecessary cut of trees and disturbance of the landscape in areas where nothing is found. A more

interesting proposal is the use of hyperspectral imaging together with the geometallurgy of the site to

detect minerals that are problematic for the concentration process, and adjust the process to the

variability of the mine, which could represent an optimization of the operation to save energy, an

important aspect as approximately 4% of the global energy consumption comes from the comminution

process (size reduction through crushing and grinding the ore material) alone (Jeswiet & Szekeres,

2016), and more than 40% of the energy used in mining is invested in overcoming friction (Holmberg

et al., 2017) in the size reduction and concentration stages. Moreover, if companies involve local people

in their business operations with drones, that could represent a big contribution to social sustainability.

    Other benefits of the use of drones in the mining cycle come from the remediation part, they can be

used to monitor the ecological restoration programs and check the health of vegetation as it recovers.

During the operation of the mine, they could be used to detect the travel of contaminants such as acid

mine drainage with hyperspectral imaging or to measure plant health yet again in the surroundings,

which would be related to the travel of dust.

    Additionally, they could be a great tool for the exploration of legacy or even current tailings, mapping

the composition of their surface with hyperspectral sensors to detect valuable components, as it has been

demonstrated the detection of rare earth elements is possible with UAV hyperspectral imaging.
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On the preventive side of the spectrum, drones bring excellent value to monitoring inaccessible locations

in a new front of mine in underground sites, perhaps to control potential hazards before sending workers,

like unstable roofs, or the presence of gases. Also, they can be used with the simplest tools, like an RGB

camera to monitor the stability of mine walls or tailing ponds.

And finally, the fact that the detection and success rate could be increased, has repercussions on the

sustainability aspect, fewer failed attempts to find resources mean less impact on the environment, and

if the success rate is increased that also helps with the overarching goal of contributing with the

necessary raw materials that are needed in society.
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Appendix A. Background and Scope of the project

Here an extract of Figure 4 is used to show the Background and Scope of the study.
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Appendix B. Interview Guide

As mentioned in the methodological framework, the primary data collection method was through semi-
structured interviews. For this, a base of premade questions was used to start the conversation, but with
the freedom of deviating according to de flow of the encounter. The guide was used also to help the
author remembering what to ask in order to solve the research questions.

1. Can you talk a bit about your work with drones in geosciences?

2.  Why/how did you get involved/interested in this field?

3. What kind of applications of drone surveying you see as the more valuable and why?

4. In your context, what are the main applications that you have seen available in the market and
which ones you see as still being in early stages?

5. Is there any application or service with drones that you wish was possible?

6. Do you think we can relate the use of drones in the mineral industry to sustainability?
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7. Is there a particular area of further development that represents any kind of hinderance for the
widespread use of drone-based services? What would be needed to overcome these challenges?

8. What kind of companies/services you picture that could exist in the future using drones in
geosciences?

9. Do you think it is better if companies specialized in drone surveying give their services to
other companies and agencies or do you see it more feasible if each company or agency learns and
gets the equipment to do things themselves?

10. What is your opinion in multisensory vs single sensor drones?

11. What do you think would be the most immediate untapped potential in the development of
drone applications for geosciences.
12. Do you have any success stories to share?

13. What are you working on right now?
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Appendix C. Examples of service providers working with proprietary instrumentation
Here, a non-exhaustive summary some companies that serve the UAV surveying community with their own technology around the world are presented. The
compiled information comes from secondary data, available online in the companies’ websites, datasheets, or publications.

COMPANY SURVEY SOLUTION COUNTRY AREAS OF
BUSINESS SPECIFICATIONS WEBSITE

SCIENTIFIC
ARTICLES /

DATA SHEETS

ECA Group
Geophysics mini UAV
(Gasoline UAV IT180-
120)

France

Robotics, automated
systems, simulation

and industrial
processes. Multiple

industries

Fluxgate 3D Magnetometer. Cylindric enclosure. Range of
70 uT and Precision of 5 nT
• Resistant to wind gusts up to 60 km/h  •Endurance up to
120 min
• Payload up to 5 kg
• Range up to 3 km (10km optional)
• Autonomous and manual navigation
• Day and night mission - Survey at low speed and around
5m high.

https://www.ecagroup.
com/en/success-

form/16788-
geophysics-mini-uav-
geophysics-mini-uav

Geophysics Mini
UAV | Eca Group

Danian Tech

4 Rotor aeromagnetic
system

China
Drone developing and

Unmanned aerial
exploration

1m ultra-low altitude fixed-altitude flight ability, Accuracy
of up to 2nT. designed for 1:10000, 1:5000 and 1:2000
scale mapping

http://www.daniantech
.cn/product/202103072

35161004.html
-

• Vertical take-off and
landing aeromagnetic

system

• Fixed-wing industrial UAV, Equipped with 5 fluxgate
sensors, GPS input, altimeter, 200 Hz sampling rate, 1 Hz
real-time data output rate, WLAN download interface, 15pT
noise., suitable for 1:10,000 scale measurement and
working in rain and snow.

• span: 4.5m
maximum take-off weight: 55Kg (sea level)
Take-off and landing method: vertical take-off and landing
power system: Lithium battery, gasoline engine
cruising speed: 120～150Km
maximum speed: 160Km
maximum ceiling 5000m
Maximum battery life: Sea level: 6h (empty state) 4.5h (full
load state)
powerplant: Altitude 4000m, 3h
Maximum load (oil + load): 15kg

http://www.daniantech
.cn/product/202103072

37141006.html

-

-
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COMPANY SURVEY SOLUTION COUNTRY AREAS OF
BUSINESS SPECIFICATIONS WEBSITE

SCIENTIFIC
ARTICLES /

DATA SHEETS

GPR System 6 Rotor caried system. the radar data is geotagged via GPS
http://www.daniantech
.cn/product/202103072

310421008.html
-

China
Aerospace

Science and
Technology
Corporation

(CASC) +
Geological

survey of China

Aeromagnetic survey
system mounted on CH-4
military grade
reconnaissance drone
(capable of a 3500–5000
km range and a 30- to 40-
hour endurance)

China - Caesium vapor magnetometer + Fluxgate magnetometer -

JU Xing et al.,
(2020)

Auto-Translation

Radai Ltd.

UAV Magnetic Field
data measurement, data
processing and
modelling, Thermal and
Infra-red imaging, digital
elevation modelling,
Environmental
modelling. EM System
under development.

Finland
Drone-based

environmental and
geophysical surveys

-Digital 3-component fluxgate magnetometer
  -3 orthogonal components
  -Noise level ±0.5 μT
  -Dynamic range ±100 μT
  -Sampling frequency up to 100 Hz
  -In-house data processing software utilizing equivalent
layer modelling
  -Proton precession magnetometer base station, sampling
frequency 1Hz

Radai Ltd. |
EXPLORING EARTH

Jackisch et al.,
(2020)

Terremys

Multi-scale aeromagnetic
surveys from 1 to 150
meters using a measuring
system weighing less
than 500 grams.
Compensated system free
of interference from the
drone.

France

Magnetic Geophysical
Surveying. Own

equipment developed
in-house

Multi rotor and fixed wing fleet, adaptable to payloads from
1-6 sensors (2-10kg)

Home - Terremys -
Lightweight UAV
Magnetic Surveys

Mercier de
Lépinay et al.,
(2021)
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GEM Systems
Ground, Airborne, and
UAV Magnetometry
instrumentation.

Canada
Supplier of advanced
magnetometers and
Gradiometers

DRONEmag™: Ultra Light-Weight Potassium
Magnetometer
  Sensitivity: 0.022 nT @ 1 Hz (GSMP-25U) / 0.0002 nT @
1 Hz (GSMP-35U)
  Resolution: 0.0001 nT
 Absolute Accuracy: +/- 0.1 nT
  Heading Error: + / – 0.05 nT
  Dynamic Range: 15,000 to 120,000 nT
  Gradient Tolerance: 50,000 nT/m
  Sampling Intervals: 1, 2, 5, 10, 20 Hz
  Operating Temperature: -40°C to +55°C

Gem Systems | Gem
Systems Advanced
Magnetometer

GEM_Drone_Ma
g-
GSMP_35U_201
8_AUG.cdr
(gemsys.ca)

GEM Systems
Ground, Airborne, and
UAV Magnetometry
instrumentation.

Canada
Supplier of advanced
magnetometers and
Gradiometers

AirBIRD
  High Sensitivity Magnetometer
  Light weight AirBIRD with 10 meter tow cable.
  Sensitivity: 0.0002 to 0.022 nT @ 1 Hz
  Resolution: 0.0001 nT
  Absolute Accuracy: +/- 0.1 nT
  Heading Error: +/– 0.05 nT
  Dynamic Range: 15,000 to 120,000 nT
  Gradient Tolerance: 50,000 nT/m
  Sampling Intervals: 1, 2, 5, 10, 20 Hz
  Operating Temperature: -40°C to +55°C

Gem Systems | Gem
Systems Advanced
Magnetometer

GEM_UAV_Sol
utions-
AIRBIRD_2018_
August_v3.cdr
(gemsys.ca)
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GEM Systems
Ground, Airborne, and
UAV Magnetometry
instrumentation.

Canada
Supplier of advanced
magnetometers and
Gradiometers

AirGRAD
  Lightweight vertical gradiometer
  Two (2) GSMP-35U/25U High Sensitivity Magnetometers
  Light weight AirGRAD with 10 meter tow cable.
  Sensitivity:0.022 to 0.0002 nT @ 1 Hz
  Resolution: 0.0001 nT
  Absolute Accuracy: +/- 0.1 nT
  Heading Error: +/– 0.05 nT
  Dynamic Range: 15,000 to 120,000 nT
  Gradient Tolerance: 50,000 nT/m
  Sampling Intervals: 1, 2, 5, 10, 20 Hz
  Operating Temperature: -40°C to +55°C

Gem Systems | Gem
Systems Advanced
Magnetometer

GEM_UAV_Sol
utions-
AIRGRAD_2018
_August.cdr
(gemsys.ca)

GEM Systems
Ground, Airborne, and
UAV Magnetometry
instrumentation.

Canada
Supplier of advanced
magnetometers and
Gradiometers

HAWK UAV Helicopter and MONARCH Fixed Wing
Gradiometer
  Sensitivity: 0.022 to 0.0002 nT @ 1 Hz
  Resolution: 0.0001 nT
  Absolute Accuracy: +/- 0.05 nT
  Dynamic Range: 15,000 to 120,000 nT, (250,000 optional)
  Gradient Tolerance: 50,000 nT/m
  Sampling Rate: 1, 2, 5, 10, 20 Hz
  Operating Temperature: -40°C to +55°C

Gem Systems | Gem
Systems Advanced
Magnetometer

GEM_MONARC
H_UAV_Feb201
7_Kovacs.cdr
(gemsys.ca)

Geoscan

Manufacturer of
unmanned aerial vehicles

and developer of
photogrammetric data
processing and three-

dimensional data
visualization software.

Russia
Low-altitude multi-

rotor towed magnetic
survey

Sensitivity: 1 pT/√HZ
Measurement range: 20000 nT – 100000 nT
General deviation error: < 0,3 nT
Measurement frequency: 1000 Hz
Feedback loop bandwidth: 30 Hz
Sensor angle range: ± 45°
Operating temperature range: – 20 to + 40 °С

https://www.geoscan.a
ero/en/services/aeroma

gnetic_survey

Manual in
Russian

https://download.
geoscan.aero/site-
files/401/Geosca
n_401_Manual.p

df
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MGT (Mobile
Geophysical

Technologies)

UAV Magnetometry
systems and UAV Radio

EM systems
Germany

Near-surface
geophysical

consulting company
specialized on

unmanned airborne
geophysical sensor
technologies. Data

Collection, processing
and Interpretation.

design and
development of

drones and,
geophysical

measurements

Magnetometer:
  Sensor weight 105g
  Noise < 20pT/ѴHz (typical < 15pT/ѴHz)
  Long-term stability < 10 nT per year
  Orientation X, Y, Z
  Range ±65 μT
  Orthogonality <0.02°
  Temperature range -20 to +75 °C
Flying Platforms
   20 min (double and single magnetometer) flight time
Hexa-copters
   Electric engine fixed wing Mag. 30 min flight time
   Photogrammetry system

MGT - Mobile
Geophysical

Technologies (mgt-
geo.com)

-

HySpex (Norsk
Elektro Optikk)

Hyperspectral Imaging
Instrument development Norway

Photonics instruments
based on based own
in-house technology

HySpex Mjolnir: First hyperspectral imaging system,
designed for UAVs with true hyperspectral data for all
pixels.
  V-1240, VNIR spectral range (400 - 1000nm)
  S-620, SWIR range (1000-2500nm)
  VS-620 Combination of two previous. Full range 400-
2500nm

HySpex

Datasheet V-
1240

Datasheet S-620

Datasheet VS-
620

Geometrics Inc. MagArrow U.S.A.
Geophysical

instrumentation maker
since 1969

Laser pumped caesium vapor (Cs133 non-radioactive) total
field scalar magnetometer
  Operating Range 20.000 - 100.000nT
  Gradient Tolerance 10.000nT/m
  Noise sensitivity: 0.005nT/√HZrms
  Sampling rate: 1000 Hz

Bandwidth 400Hz

MagArrow UAV-
Enabled

Magnetometer -
Geometrics :
Geometrics

MagArrow
Datasheet

Radar MMS UAV Magnetometry
systems Russia

Radio-electronic
systems, precision

instrumentation and
software.

Towed and Fixed wing UAV magnetometer systems
  Measurement Range: f 20000 to 100000 nT
  Sensitivity 0.4 pT/√Hz
  Gradient Stability: 20000
  Recording Frequency 1000 Hz

Unmanned
magnetometry system
"BD-MS-01" (radar-

mms.com) ; Radar MMS
DatasheetGeological

exploration:
aeromagnetic survey

of UAVs (radar-
mms.com)
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