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Copernicus data to boost raw material source management:

Illustrations from the RawMatCop Programme

Abstract
Earth Observation (EO) data can become an essential tool in the transformation of a raw materials sector
that aims to reconfigure its model of operation. The high demand for the mineral resources necessary for
the transition to a carbon neutral and circular economy conflicts with the increasing difficulties of finding
10  new deposits. As the sector heads towards embracing circularity and reducing the environmental impacts,
a clear focus has been set on developing appropriate tools to boost the efficiency of mineral resource
management, both technologically and economically. In this scenario, the Sentinel satellites of the
European Copernicus program come into play. Despite being satellites considered medium resolution, they
provide great temporal and spatial coverage in a continuous record, which makes them tools with great
15  potential for the raw materials sector. However, the lack of applications in the raw materials sector suggests
that these technological advances have remained underrated by sectoral actors. The RawMatCop program
was designed to bridge this gap. This program, co-funded by the European Commission and EIT
RawMaterials, aims to develop applications and promote the use of Copernicus data in the raw materials
sector to contribute to a safe and sustainable supply of mineral resources. The presented applications can
20  be grouped into three categories covering the whole mining cycle from exploration to exploitation and post-
mining. Two of the presented case studies cover the study of primary sources including exploration of Iron
Oxide Copper Gold mineralisations to identify high-potential mining areas and mapping of informal gold
mining and its environmental impacts. Another project focused on secondary sources tackled data
applications for grade mapping and sample optimisation in mining residues. And the forth project focused
25  on monitoring ground stability related to mining activity. The results demonstrate the high cost-
effectiveness of Sentinel 1 and 2 in extending ground-based measurements to larger areas, especially when
these are hard-to-reach areas. Finally, the presented projects examine the industrial and social impacts of
technological innovations, as well as contribute to the achievement of prominent European Union policy
objectives and the United Nations Sustainable Development Goals.
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1. Introduction

35  The increasing demand for raw materials globally, specifically for Critical Raw Materials (CRMs), has
positioned the management of the material supply chains as a priority in the agenda of the European
commission (EC) (Ferro and Bonollo, 2019). CRM classification by the European Union (EU) depends on
meeting two main parameters: economic importance and supply risk (Martins and Castro, 2019). Many of
the identified CRMs are essential in the European Green Deal and different sectors such as green mobility,

40  electronics, health, steelmaking, defense and space exploration (COM, 2019). The provision of CRMs is
crucial in these sectors not only due to their contribution to production costs, but also given sustainability
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considerations (Ferro and Bonollo, 2019). Historically, the main source of raw materials in Europe has been
mining activities within the continent. However, over the last decades, mining exploration and extraction
activities have diminished considerably in Europe due to growing concerns over the environmental impacts.
Moreover, production costs are lower outside of Europe. These developments have, nonetheless, been at
odds with the vital role of mining to fuel the growing demand for raw materials (EC, 2008, 2017). Multiple
factors, such as low public acceptance following reported negative environmental and social impacts, have
influenced the development of mining activities, especially in the EU (EC, 2016; Mancini and Sala, 2018).
Re-opening abandoned sites, exploring new mineral sources, recycling and substitution of materials could
represent strategic solutions to meet the high demand for CRMs. Hence, since 2008, the EC through the
Raw Materials Initiative, presented new strategic implementations to foster sustainable supply from
European sources; to make sure to have access of international markets of raw materials and enhance the
resource efficiency and recycling (EC, 2008). To reach the presented objectives, different solutions within
projects are presented. Developing a modern technologically-advanced small-scale mining concept is one
of the solutions, which can be considered to support the raw materials value chain in the EU (Sidorenko et
al., 2020). Specific attempts are done to ensure the reasonable and sustainable critical raw materials supply
for the strategic Action Plan on Batteries, including cobalt artisanal mining (Mancini et al., 2021). Besides,
there are several strategies which focus on improving the material efficiency, with design, substitution,
reusing and recycling the materials (Karakaya et al., 2021). In all presented projects, the strategies that
address cleaner and more efficient mining are directly linked to advanced technologies that monitor mining
activities and their impacts. These technologies include, notably, use of diverse sensors to collect real-time
data, advanced mining equipment, and the use of remote sensing techniques acquired using various
platforms such as satellites and drones.

The growing role of satellite imagery in different sectors is expected to have a considerable impact on the
future of societies and economies, with the market predicted to grow from $350 billion to $2.7 trillion over
the next three decades (WEF, 2020). Copernicus, a greatly ambitious Earth Observation (EO) data source,
has been identified as a priority by the EC regarding mineral resource management (Jutz and Milagro-
Pérez, 2018). It is a programme that provides accurate, timely and easily accessible information to improve
environmental impact monitoring, better understand the effects of climate change, and enhance resource
management. Copernicus provides vast amounts of data corresponding at medium spatial resolution in six
thematic categories that contribute to a more sustainable future: i) land management, ii) marine
environment, iii) atmosphere, iv) emergency response, v) security and vi) climate change. The programme
is directed by the EC, in partnership with the European Space Agency (ESA). ESA manages the data
collection by 30 satellites, and is responsible for the overall Copernicus initiative, setting requirements and
managing the services (https://www.esa.int/ESA). The Sentinels are six types of satellites that host optical
and radar sensors and aim to meet the practical demands of the Copernicus programme since 2014.

The adoption of Copernicus data throughout the mining cycle could be decisive for sector’s contribution to
the achievement of the goals set forth by the European Green Deal (COM, 2019). Firstly, in the context of
the Green Deal, the uptake of satellite technology, within and beyond the raw materials industries, can be
transformational for the European economy, supporting the transition to a new circular economy model and
driving sought-after job creation and growth. The use of satellite imagery across European industries will
lead to the development of value-added resources and services, helping create new market segments,
strengthening the innovativeness of industrial players and generating business opportunities.

Secondly, the anticipated proliferation of Copernicus uptake across Europe can help strengthen the EU’s
digitalisation capacity and equip the labour force for the ongoing digital transformation. The ambition for
Europe to champion a robust digital transition strategy has been codified in “A Europe fit for the Digital
Age” (EC, 2020a), one of the high-level European Commission priorities between 2019-2024, as well as in
the Green Deal (COM, 2019).

Therefore, the satellite technology, specially, the global and frequent coverage of Copernicus imagery can
help safeguard a sustainable supply of critical raw materials coming both from inside and outside of the
EU. As an example, to facilitate the sustainability of mining with a minor environmental impact with
specific attention to the necessity of the CRMs exploration (Tejado-Ramos et al., 2021), or in general

2


https://www.esa.int/ESA

95

100

105

110

115

120

125

characterize the large-scale geological formations with high precision and their changes through time
(Booysen et al., 2021).

Finally, enhancing the adoption of Copernicus data can improve greatly the transparency of sectoral
operations. The free, open access nature and high-resolution characteristics (spatial and revisit time) of
Copernicus has the potential to transform the availability of information on activities related to the raw
materials’ value chain. This can have considerable implications for sectoral actors, specifically regulatory
bodies, consumers and industry. Copernicus can provide an unmatched tool for public authorities to monitor
mining activities and ensure compliance along European and foreign supply chains. This is of uttermost
importance to EU decision-makers and the EU public, whether concern over conditions supply chains
originating outside of the EU is high. Likewise, the accessibility and volume of the data can make it an
extraordinary and reliable source for consumers and society as a whole to become informed and empowered
in the green transition. Moreover, the availability of reliable, comparable, and verifiable information can
be extremely beneficial for relationships between the mining industry and local stakeholders. It directly
contributes to building trust and obtaining a Social Licenses the Operate (SLO) which refers to the
acceptance of an extractive activity by the local community and stakeholders (Leena et al., 2019).

The RawMatCop programme is the focus of this paper. It is a collaboration between EIT Raw Materials
and the European Commission extending from 2017 until mid-2021. Among various programme activities,
RawMatCop funded a diverse collection of short research projects at the intersection between EO and the
raw materials sector. Such projects provide a solid foundation for the development of digital competences
and skills among sectoral stakeholders, ultimately supporting the European Data Strategy’s goal to make
Europe a leader in a data-driven society (EC, 2020b). The objective of this paper is to present a selection
of these projects, to illustrate the various successful cases, and to examine the contribution of such activities
to technological innovations, to the European Union policy objectives, and to the United Nations (UN)
Sustainable Development Goals (SDGs). RawMatCop’s projects have utilized EO data in different pilot
sites (see Fig.1), during the period. These projects explore different applications, highlighting the
importance of using EO data for the safe and sustainable supply of mineral resources. The use of Copernicus
data, freely available Sentinel-1 (radar) and Sentinel-2 (multispectral optical) and their applications to
different fields, benefits, and limitations are addressed.
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Fig. 1. RawMatCop Project constellation (2017-2021). The four projects described in this paper are Cop-Piles, IOCG-
SENSE, CopX and InTarsis (highlighted).
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2. Materials and methods

In this paper, four projects are presented as they demonstrate the potential of Sentinel data (Sentinel-1 and
Sentinel-2) for the mineral resource sector. The “COP-Piles: Sample optimisation in stockpiles/tailings, for
grade mapping of raw materials” project explored the characterisation and mapping of raw materials in
mining residues and sample optimisation using Copernicus data (Sentinel-2). The importance of using
satellite data is highlighted for the characterization of mining residues by geostatistical tools. Similarly, the
“TOCG-SENSE: Integration of space-borne remote sensing data with geophysical and geological data for
exploration of Iron Oxide Copper Gold (I0OCG) mineralisation” project focused on IOCG exploration and
on the optimum procedures for integrating space-borne remote sensing data with other geoscientific data.
The project relied on Sentinel-2 data from the High Arctic with excellent geological exposure and minimum
data interpretation problems caused by vegetation cover. Project “CopX: Geospatial mining transparency
through Copernicus and MapX” employed Sentinel-2 multispectral optical data for the detection and
mapping of small-scale informal mining and its environmental impact over a study area. It developed an
approach that will be implemented to cover the region of Antioquia, Colombia. The research for this project
was carried out in collaboration with the United Nations Environment Programme (UNEP) and
UNEP/GRID-Geneva. Finally, the “InTarsis: A ground monitoring system combining Sentinel-1 and
seismic” project examined the importance of ground stability control for safe and sustainable mining.
InTarsis deliverables included an automated web tool to improve the monitoring capacity of the mining
stakeholders. As an additional result, this project helped bridge the gap between complex Sentinel-1 data
and partners in the mining sector through training sessions using a user-friendly platform. All topics are of
great importance to the sector and have the potential to be implemented in future projects.

2.1 cop-piles project

Background and objectives: The COP-Piles project explored raw materials mapping and sample
optimisation in mining residuals, using geostatistical analysis (Matheron 1971) and Earth Observation data.
This research is of strategic importance since it focuses on the recovery of CRMs from mining residuals.
The depletion of in-situ reserves, paired with the increasing need to use lower grade materials and with
advances in recovery and processing technologies, have driven the recent revaluation of stockpiles and
tailings (mining residues) as material sources (Kasmaee et al. 2010 and 2018). Moreover, the rise of
environmental and legal barriers to access primary mineral sources across the world (this is notably the case
in the European Union) have led to a growing economic interest in the processing of secondary raw
materials and resampling of mining stockpiles and other forms of mining waste (Tiess, 2010, Blengini et
al., 2017). Recently, environmental aspects have resulted in a generalized search for more effective
management systems of mining residuals in mining sites which consider waste as a valuable potential future
resource (Garbarino et al., 2020). Therefore, there is a growing need to characterise mining residuals (grade
and tonnage calculation) in order to assess the feasibility of their “re-use” or “re-mining”.

Case study and data: The COP-Piles project has used data from an active case study in Greece. The
Bauxite mining Residues (BR) is located 136 kilometers from Athens in the gulf of Corinth. The material
contained within the residue is red mud from an aluminum processing plant which piles since 2010 daily
(around 2700 tones per day). The red mud residues contain aluminum, iron, vanadium, and titanium.
Different groups of data were collected for the research including: in-situ samples (daily data of grades),
Sentinel-2 images (to monitor the piling procedures and remote sensing studies), and a stereo image
acquired by the PLEIADES satellite (acquisition date: 2019-05-23 with the resolution of 0.5 meter) (see
Fig.2).
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Research approach: Remote sensing analysis (spectrum view, histogram and correlations of bands, band
ratios and classification approaches) was performed on Sentinel-2 images presenting materials which were

piled between March and July (2019). Daily data
corresponding to the months of March to July was

used to map the strategic metals grades (iron, \St‘m/

aluminum and vanadium). Data belonging only to 1— p -——" r—
two months was selected as reference data since || Datacollestion | | 55a%c ‘ gl PLEIADES
during this shorter period only one thin layer of | | o T T 1
materials was piled in the BR and overlap of Data nalysis Unsupervised | Ststical DEMand
materials could be avoided. Hence, it was possible e | | et Tepoesohy
to monitor materials piling within two Sentinel i ' T

images (an image at the end of April presenting N Bandratios: | TransformedData

piled materials during March and April, and the < qausfi-nm iy, i ] Ehieaisi
e simu. 7

second image at the end of July presenting piled N > \ /

materials during June and July). To map grade | : .
variability, conditional Gaussian co-simulation was - Gradomaps forlonArmimmand | | Valdaicnand |
used using the Turning bands algorithm

(Lantuejoul, 2002; Journel and Huijnregts, 1991). l _ _ _
In-situ samples acquired during two months /o fig:2. Flowsheet of Cop-Piles project

(transformed into Gaussian variable) were approach

considered as the conditional variable and band-

ratios (Laterite band-ratio for aluminum, ferrous silicate band-ratio for iron and band-5 for vanadium) (Van
der Werff and VVan der Meer, 2016), were considered as auxiliary variables. Grade maps of iron, aluminium
and vanadium from different simulation realisations were obtained showing the materials variability during
March-April and June-July (Kasmaee et al., 2021; Bruno et al., 2021). The stereo image of PLEIADES was
used for validation and the BR volume of the identified digital elevation model (DEM) (see Fig.2).

2.2 10CG-SENSE Project

Background and objectives: This project established optimum procedures for the integration of space-
borne remote sensing data with other geoscientific data and information for Iron Oxide Copper Gold
(IOCG) mineral exploration. Due to the economic importance of these deposits given their attractive size
and content of major raw materials, the relevance of IOCG deposits has continuously increased over the
last two decades, placing them among the most important classes of ore deposits. Accordingly, I0CG
deposits play an important role in the global raw materials market (Kolb and Stensgaard, 2009; Sandrin et
al., 2009) and there is great demand-driven pressure to increase their supply globally.

The data procedures developed in this project were verified and evaluated based on data from Greenland.
Using Greenland as a case study can contribute to increase the feasibility of exploration investments in a
mineral-rich but challenging area. Mineral exploration in Greenland is in general very challenging and can
lead to high investment costs due to the logistical issues arising from the lack of transportation
infrastructure, the large size of the study area and adverse weather conditions. These adversities can be
discouraging for investors. Improving the capacity to focus exploration on high potential areas is therefore
of outmost importance, since it can help avoid wasting resources on areas with low mineral potential,
thereby reducing investment risks. An important g 3 Flow sheet of IOCG_SENSE project OPJective  of
the project was consequently to evaluate how Sentinel-2
data can be utilised to guide field exploration teams in their work and increase the efficiency of fieldwork.

Since the differences in spectral absorption characteristics of many minerals are subtle, selecting an efficient
method to extract the spectral signature is essential. Extraction a set of meaningful spectral signatures or
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A Sentinel-2 L1C
the process of classification. Several methods Product
for feature extraction and dimensionality ‘If
reduction of multi- and hyperspectral data in Geophysical
mineral exploration field exist. For example, Pre Processing Maps
principal component analysis (PCA), band ‘If v
ratio, wavelet transform, and linear Lineaments &
discriminant analysis (LDA), among others, Alteration Ma €= Processing Layer gridding
. . . ps
have been introduced in the literature
(Abdolmaleki et al., 2018).
Case study: The area selected for
examination in Greenland is Inglefield Land v
in Northvyest Greenland. Inglef!eld Lfand_has Data Integrating
been subject to a number of investigations
with the aim of providing data for mineral wly
exploration (Dawes, 1999). A combined Mineral potential
airborne magnetic and transient mapping
electromagnetic survey was performed 1994 \l; Fiold data
followed by work in 1995 including Validating €| (Geochemical data,
geological investigation,  mineralisation mineral occurrences)
studies and regional geochemical survey.
Geological research was also carried out in

Inglefield Land in 1999 by the Geological
Survey of Denmark and Greenland (GEUS). The objective was to complete the 1: 500 000 geological map
and follow up the work on known and newly fund mineral occurrences in the area (Thomassen et al., 2000).

Research approach: In this research project, two tiles of Sentinel-2 Level 1C data covering the study area
were utilised. After preprocessing the satellite data, principal component analysis, band ratios and filters
were used to produce evidential remote sensing layers. Geophysical data (magnetic and electromagnetic)
were combined with Sentinel-2 data to obtain information at depth (Rasmussen et al., 2003). A Fuzzy
Analytic Hierarchy Process (FAHP) was applied to calculate the weights of each evidential layer and then
fuzzy operators were used to integrate those values (Abedi et al., 2013). The final product, in the form of a
prospectivity map, can be employed to generate a specific map to guide successful and optimised
exploration activities. These maps can identify optimised areas for mineral exploration, increasing the
efficiency of the process by integrating a new technological development (freely accessible Copernicus
data). Finally, the map produced by the project was validated using results from previous research which
included soil samples of the study area and had identified mineral occurrences and mapped high
concentration of Fe sulfide. Fig.3 outlines the research and methodology approach employed in the project.

2.3 CopX project

Background and objectives: “CopX: Geospatial mining transparency through Copernicus and MapX” is
a project that aimed to provide new insights from Sentinel-2 data on the detection and mapping of small-
scale informal mining and its environmental impacts. The results of the project were integrated into MapX
(https://mapx.org), an online open platform for mapping and visualising geospatial data on natural resources
(collaboration with UNEP and UNEP/GRID-Geneva). The project contributes to the important debate on
the sustainable use of natural resources. Small-scale mining occurs in various parts of the developing world,
providing a livelihood to many households in poor and rural areas (Carstens, 2017). Unfortunately, these
activities have major environmental and social impacts. Particularly in Colombia, informal mining activities
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lie at the heart of the country’s complicated armed conflict (Power, 2002; Rettberg and Ortiz-Riomalo,
2016).

Case study and data: CopX focused on the mapping of informal alluvial small-scale gold mining or placer
mining in Colombia. Field visits to mining sites in the municipalities of El Bagre and Zaragoza in the
department of Antioguia along with stakeholder meetings were carried out in December 2018 and March
2019. This knowledge was utilised in the processing of Sentinel-2 data in order to train the machine learning
approaches and to obtain insights into the needs of the decision-makers.

Research approach:

The work carried out within CopX aimed to first assess the possible use of Sentinel-2 data to identify mining
sites and distinguish them from other bare soil areas in the region. Such identification has been previously
carried out using multispectral Landsat data in combination with airborne acquisitions (UNODC, 2018).
However, Sentinel-2 had not been utilised or assessed for such an application prior to the CopX project.
The second objective of CopX was to achieve an in-depth understanding of the development dynamics in
mining areas through the study site.

The mine-detection procedure involved the use of field

knowledge and an understanding of the mining process,

particularly knowledge that each excavation requires a

mining pond that is used in the mining process. Thus, CopX age
utilised a novel approach that aims at detecting mining ponds reference spectra pre-processing
along with their corresponding excavated bare soil and I

tailings. This approach included the supervised classification |mige

of Sentinel-2 data followed by a post-classification procedure classification and

to correctly identify bare soil that is in the vicinity of isolated P rocessing

water bodies (Ibrahim et al, 2020). Supervised learning was i

carried out using a support vector machine classification \dentifying mining
approach of Scikit-learn in Python (Pedregosa et al, 2011),

and post-classification analysis was carried out using the Temt)oral
GeoPandas package (Kelsey et al., 2020) in Python. To e
understand the temporal dynamics in the area, change change detection

detection was used along with a sequential pattern mining
analysis by Sequential PAttern Discovery using Equivalence
classes (SPADE) (Zaki, 2001). This was implemented by the

Al
Mapping and
quantifying
vegetation loss,

Mapping and
understanding the
dynamics in mining
activities

evegetation, etc,

“arulesSequence” package in R Programming (Diaz and T
Buchta, 2019). SPADE allowed the identification of changes <Pubnshmg e on Mapx>
and trends annually and seasonally since 2016 (the start of the

Sentinel-2 mission). Figure 4 shows the flowchart of the
work. As project CopX aimed to achieve its objectives, it faced  Fig. 4. Flowchart of the CopX project

a major challenge in the preprocessing of Sentinel-2 data and

the detection of clouds and shadows in the study area. Thus, in the scope of CopX, an approach was
developed for the identification of pixels affected by clouds and shadows over Antioquia, Colombia
(Ibrahim et al., 2021).

2.4  InTarsis project

Background and objectives: The extractive industry must ensure a sustainable and safe supply of mineral
resources, and one of the main hazards it has to deal with is ground instability. Earthworks, digging and
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pumping change soil mechanical properties and can provoke landslides and collapses that could have
serious consequences economically, environmentally and in terms of loss of human life. The overall
objective of the project is to contribute to a safe and sustainable extraction of mineral resources by
improving the control over the integrity of the mining facilities. From a regulatory point of view and also
following their own interests, mining companies are obliged to strictly control stability within their
facilities, especially with regards to tailings-dams and open-pits. Terrestrial-monitoring systems are limited
to discrete measuring-points (inclinometers, extensometers or GPS monitoring). These techniques are very
precise but not suitable for covering large areas, especially when access is difficult or risky. By contrast,
satellite data provides regular good resolution measurements even in remote sites.

Sentinel-1, which is in orbit since 2014, has shaken up the Synthetic Aperture Radar (SAR) world offering
a wide range of opportunities, including ground motion monitoring at a scale useful for engineering work.
By means of the interferometry of SAR images (INSAR), several studies show the capacity of Sentinel-1 to
measure millimetric deformation in mines and civil constructions such as dams, roads, and bridges (Alex
Hay-Man et al. 2017, Fernandez et al. 2016, Riccardi P. et al. 2017). The power of Sentinel-1 data for
monitoring ground motion at the mining scale lies in its sensitivity, zero-cost, high revisit time, ubiquity
and automation. However, this technology is rarely used by the mining sector due to the complex processing
required. InTarsis is a project led by the CSIC that aimed to bridge this gap, standardising the use of radar
images and improving the monitoring capacity in the sector by means of an automated algorithm that
reduces processing requirements to a minimum.

Case study and data: The pilot site is located in Minas de Riotinto, an emblematic area with mining
activity going back for more than 5000 years (Tornos F., 2006). Ore deposits are related to the Iberian
Pyrite Belt massive sulfides, a vast Hercynian structure of 250 x 30 km covering Spain and Portugal. After

the site was abandoned in 2001, activity in the Riotinto
mine resumed in 2015, but only in the eastern open pit. Sentinel-1 m
The western pit (Atalaya pit) remains inactive. The
study focuses on the historical Atalaya pit and
coherenﬂresholds

surroundings where several instability problems have catalog
been identified such as landslides, subsidence, and query
collapses of galleries (Marzan et al. 2018). Our specific
changes surpassed
o 'new : velocity :
Image changes
? !
yes

objective is to demonstrate that Sentinel-1 data is a tool
that the mining companies can integrate and normalise
for monitoring ground instabilities.

Research approach: To achieve the objective of
InTarsis, a monitoring algorithm is being implemented
to automate the processing of every new Sentinel-1
image (available every 6 days) and provide an update of
the deformation field (see Fig. 5). The algorithm works
in three main steps. First, a regular query of the
Copernicus catalog is performed and new images are

graphic
output

processing
loop

downloaded. Then, the processing loop is relaunched
including the new images. Finally, the results are plotted ~ Fi8- 5. Flowchart of the InTarsis algorithm

and examined for velocity and coherence changes, and when thresholds are surpassed alerts are displayed.
The algorithm was based on the free GMTSAR software of INSAR processing. It is being tested in the
Riotinto mine demonstrating the capacity to monitor surface deformation at a mining scale with millimetric
precision.

These four projects of the RawMatCop program have developed appropriate tools to improve the usability
of Copernicus data in the mining sector. Despite all projects are based on the use of Sentinel-1 and 2 images,
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different methodologies have been developed according to the specific objectives of each project (Fig. 2 to
Fig. 5). Considering that the main objective of the RawMatCop program was to promote the use of
Copernicus data in the mining sector, the acquired capacities of researchers and the improvements achieved
have led to the ideation and realization of different free courses, to share knowledge and to improve the
capacities of mining stakeholders in Earth Observation technologies.

3. The Global Initiatives

The United Nation Sustainable Development Goals is the UN’s comprehensive document for sustainable
development, covering environmental, social, and economic objectives for future societies (UN General
Assembly, 2015). Due to the sensitivity of mining activities and their relation to the global existential risk
if the SDGs are not achieved, an awareness supporting SDGs in any project is essential (Cernev and Fenner,
2020).

Many of the SDGs for 2030 can only be attained with the contribution of minerals and metals in different
industrial sectors (Mancini and Sala, 2018). The projects presented in this paper highlight how Copernicus
data can be applied to improve practices in the raw materials sector in the areas of exploration,
environmental impact mapping, tailing valorisations and the prevention of landslide hazards. In this
process, several SDG goals have been supported (Fig.6).
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Fig.6. An overview of contribution to SDGs by the four projects COP-Piles, IOCG-SENSE, CopX, and InTarsis

All projects support SDG8 (Decent Work and Economic Growth) and SDG9 (Industry, Innovation, and
Infrastructure) through the use of state-of-the-art Copernicus data to extract insights for the raw materials
community. Furthermore, they contribute to SDG3 (Good Health and Wellbeing) and SDG12 (Responsible
Consumption and Production) by tackling topics such as waste management, non-invasive mineral
exploration, informal mining and is impacts, and improving the control over the integrity of mining
facilities. The contribution of each project to specific SDGs is summarised in Table 1:

Table 1. Supported SDGs by RawMatCop projects and their applications
| Project | SDGs | Explanation |
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COP-Piles SDG8 (Decent Work and Economic Growth) To support the reassessment of waste as a new source of
SDG9 (Industry, Innovation, and | raw materials;
Infrastructure) To reduce, recycle, revaluate and reuse of landfill mining
SDGL11 (Sustainable Cities and Communities) | residuals;
To increase the economic potential of mining wastes and
reducing their negative environmental impact;
To integrate Sentinel data and Geostatistical modeling
contributions
IOCG-SENSE | SDG7 (Affordable and Clean Energy) To identify the high potential areas for mineral deposits in
SDG8 (Decent Work and Economic Growth) exploration campaigns;
SDG9 (Industry, Innovation, and | To use Sentinel data and Machine Learning (ML)
Infrastructure) techniques contributions;
SDG13 (Climate Action) non-invasive and non-destructive approaches
SDG15 (Life on Land) developments;
To shift to the clean energy technologies
CopX SDG1 (End Poverty) To improve the management systems of extractive
SDG8 (Decent Work and Economic Growth) resources and livelihoods of the concerned rural
SDG9 (Industry, Innovation, and | communities;
Infrastructure) To mitigate the environmental impact of extractive
SDG11 (Sustainable Cities and Communities) | activities affecting the water quality and vegetation loss
SDG16 (Peace and Justice; Strong Institutions)
InTarsis SDG?7 (Affordable and Clean Energy) To have a positive impact on the supply of mineral
SDG8 (Decent Work and Economic Growth) resources to sustain our new technology-based economy;
SDG9 (Industry, Innovation, and | To deployment the clean energy technology by providing
Infrastructure) safer and more sustainable mineral resources;
SDG11 (Sustainable Cities and Communities) | to reduce the environmental impacts by improving
SDG13 (Climate Action) monitoring capacity;
SDG15 (Life on Land) To control the global warming by reducing mining risk and
improving mineral supply efficiency

Moreover, the structure of the RawMatCop programme includes the delivery of short courses
(https://eitrawmaterials.eu/eit-rm-academy/rawmatcop/rawmatcop-academy/) for sectoral actors to
share and disseminate the results of all research projects. This enables a clear contribution of the programme
to SDG4 on quality education. Notably, the four presented projects among others collaborated for the
delivery of a four-day practical course from 2017 to 2021 (six editions, two in presence and four online),
with participants from industry, research, academia, the public and the non-profit sectors. The main
objective was to provide state-of-the art training in the use of remote sensing and Copernicus data for the
raw materials sector.

Finally, RawMatCop, contributes to SDG5 (Gender Equality) through active presence and contribution of
women researchers who remarkably represented 50% of team of 2018-2019 and 43% for the whole program
2017-2021, confirming the notable presence of women in the value chain of the Copernicus programme
(Jagaille et al., 2020). This accomplishment is particularly noteworthy since mining has not been
traditionally an equal-opportunity sector for genders (Tekinbas and Deonandan, 2021).

4. Results and Discussions

In all presented projects, results demonstrate the great potential of Sentinel-1 and 2 data to improve
profitability, safety, and impact reduction of mining activity. It is also to be mentioned the importance of
integrating spatial observations with ground base data (reflectivity, lab analysis lithology, GPS, infield
samples, geophysical data, etc.). This integration is necessary to calibrate the satellite images with ground
truth points and thus be able to extend the local measurements to the coverage provided by the image (swath
of 100 km and 250 km for Sentinel 1 and 2 respectively) in a cost-effective way. This is a huge improvement
that Sentinels can bring to an exploration or monitoring plan.
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In the COP-Piles project, the collection of the available data, the preliminary statistical analysis and the
remote sensing studies created the possibility to map metal-grade variability for the bauxite residues of
Greece. Three main metals were chosen for grade mapping due to their high concentration inside the bauxite
residuals and also given their prominence in European CRMs strategies. Iron and Aluminum were chosen
since they have a higher concentration within the bauxite residues and are strategically important for
processing plants. In addition, Vanadium was choosing as it is a CRM and given it is of strategical
importance for the European Union. Hence, the V.0s grade map was fundamental to evaluate the
possibilities of recovering CRMs from bauxite residues in Greece. The main outputs of the COP-Piles
project were the grade variability maps for Iron, Aluminum and Vanadium (see Fig.7) in a temporal range
from March to July 2019. What’s more, throughout the research process not only grade variability maps
were created but also the piling of materials during the five months of study was monitored. The use of
remote Copernicus data was fundamental in the project, since in-situ sampling from mining residuals was
costly and challenging.
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In the contrary of COP-Piles project, in which
metal grades were obtained for a small area, in
IOCG-SENSE project, the main objective was to
identify prospective areas in a large particular
region for mineral exploration. To this end,
multi-source data (remote sensing data, airborne
magnetic and airborne electromagnetic data)
were integrated to produce a mineral
prospectivity map or a mineral favorability map.
The final maps identifying the most prospective
exploration areas were obtained with the
integration of fuzzy operators (see Fig. 8). IOCG
deposits were selected as the target of this study
since they contain major resources which are | ' T B
prominent in the global raw material market. The ' ‘ ———
main output of the IOCG-SENSE project was the
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delivery  of  cost-effective, timely and

comprehensive solutions for mineral exploration.
The final delivery was a prospectivity map with
areas classified in three groups (high, moderate and low) according to the potential of IOCG deposits in
Inglefield land. While in Fig.7, integration of Copernicus data with in-field samples created the detailed

Fig.8. Prospective map based on FAHP technique in the
Inglefield land
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grade maps (for iron, aluminum and vanadium), the prospective maps defined the probability of IOCG
potentials in a large area (Fig.8).

While targeting and monitoring in COP-Piles and IOCG-SENSE dealt with targeting spectrally distinct
features in small-scale and large-scale study areas, project CopX’s challenge was the lack of spectral
distinction of mining bare soil and commission errors of sediment and other bare soil pixels were major.
Thus, an approach targeting a unique spatial setting was considered where bare soil required the presence
of small mining ponds to be considered a positively detected mining areas. The results obtained from the
CopX project were diverse but of relevance to stakeholders and decision makers in the mapping of mining
sites and understanding of the activity
dynamics in the region. Two
achievements could be highlighted.
Firstly, CopX led to the creation of a
methodology using free data for
mapping placer mining sites in
Colombia.

Fig.9. Alluvial mining (excavated soil
with mining ponds) at the border of
El Bagre and Zaragoza detected
using sentinel-2 data acquired on the
18th of February, 2020.

fl Detected mining zones
Bare excavated soil
Il Mining ponds

RGB Sentinel-2 on 2020-02-18
'}
ol 0 1 2km

Secondly, the project identified both mining bare soil and mining ponds. This is a novel identification
approach that emphasizes the importance of including mining ponds in the calculation of surface areas
affected by mining activities. Fig.9. shows a map of the detected mining sites composed of bare soil in the
vicinity of mining ponds. In the investigated region, the area of mining ponds detected is equivalent to
approximately 43% of the corresponding detected excavated soil.

The InTarsis monitoring system is the unique project that focused on Sentinel-1 and established a
monitoring baseline. This has been done through the analysis of the deformation field around the target
zone: Riotinto’s inactive Atalaya pit. Four main deformation zones were identified. Three of them related
to passive waste dumps showing subtle subsidence probably due to weathering. The fourth zone was the
most conspicuous (Fig. 10), which belongs to the inactive Atalaya pit. The eastern wall showed a downward
movement of up to 8cm/year. This is a convergence zone between a shale contact and a fault zone that
weakens the wall and divides it into blocks. On the surface, movements between blocks and landslides are
observed. The results correlates very well with the ground GPS monitoring network operated by the mining
company (see Fig.10). The coverage improvement with respect to GPS data provided by Sentinel-1 data is
remarkable, especially in the inaccessible terraces where no safe GPS measurements were possible. The
last presented application results demonstrated the important potential of Sentinel-1 images to highlight the
unstable areas, monitoring the evolution of the targets and controlling new occurrences.
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Fig.10. Inactive Atalaya pit in
Riotinto. Circles in the map
represent velocity values from
Sentinel-1, green means stable and
red subsidence. The squares are
GPS ground measurements.
Velocity is in LOS (line of sight)
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graphs show cumulative
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The presented projects can facilitate Social License to Operate (SLO) agreements for mining activities since
the open nature and high quality of Copernicus data improve transparency, efficiency and safety:

COP-Piles results have shown that the low cost and continuous monitoring offered by Copernicus
data can drive investment in the recovery of valuable materials (including CRMs) from mining
residuals. This could represent a considerable investment opportunity for the more than 4.7 billion
tons of mining waste and 1.2 billion tons of tailings waste (four categories of ferrous metals, non-
ferrous metals, industrial minerals, and coal) stored all over European Union (Charbonnier, 2001).
What’s more, the robust monitoring power of Copernicus can also help shape social attitudes and
reassure environmental agents of the desirability to exploit abandoned mining waste.

In the IOCG-SENSE, the project’s results can foster increased industrial investment in exploration
activities by discovering local mineral deposits in the target area through the utilisation of
Copernicus data. Moreover, inclusion of Sentinel data in the analysis allowed for the design of a
more focused exploration programme at a reduced economic cost and also with a smaller
environmental footprint compared to present day procedures. In addition to exploration companies,
it is anticipated that methodologies and tools developed (e.g. the data processing algorithms) can
also be of general interest for multidisciplinary researchers dealing with interpretation of
geoscientific data.

CopX project demonstrated the fundamental role of the development agencies and authorities
active in the study, monitoring, planning, and creation of policies for the extractive industry. Such
agencies have not yet fully tapped into the potential of Earth Observation and thus CopX aimed to
provide them the means to exploit this technology through a case study evaluating informal mining
and its dynamic behavior. The resulting information can contribute to suitable planning in the
issuing of mining titles and licenses and in development mitigation and remediation campaigns in
impacted regions.

The InTarsis project demonstrated that Sentinel-1 is an unbiased measurement tool to improve
control, safety and transparency in mining context. Therefore, InTarsis can facilitate regulatory
compliance, in line with the makeover that the industry urgently needs to be accepted and viable in
the future.

An additional advantage of the monitoring tools based on Sentinel data is the capacity to access the historic

catalogue of images, which means that it is possible to perform analysis in the past. This will provide a
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picture of the situation before any intervention on a site and can be used as a reference for its restoration or
for the management of potential conflicts.

5. Conclusion

Four different research projects funded by the RawMatCop Programme (2018-2019) are presented to
demonstrate the potential of Sentinel-1 and 2 satellites to improve a safe and sustainable supply of mineral
resource. The thematic developments cover the mining cycle from mineral resources exploration to the
disposal and reuse of waste. The results show the potential of Copernicus free data for the raw materials
sector. The COP-PILES and IOCG_SENSE projects demonstrate the potential of Sentinel-2 to cost-
effective mapping of mineral variability at a small scale (mining residues) and at large scale (resource
exploration in a remote area). On the other hand, the CopX project demonstrates the potential of Sentinel-
2 to monitor informal mining activities in remote and unsafe areas and assess their impacts, contributing to
efforts to mitigate affected sites and allow planning for efficient interventions. Finally, the InTarsis project
demonstrates how Sentinel-1 is capable of monitoring ground stability in mining facilities, contributing to
the safety of mining activities. Moreover, it’s pointed out that the ground truth measurements are required
to correlate Copernicus data and together integrate into a holistic system to improve exploring and
monitoring capacity of mining stakeholders.

Fig.11. Examples of contributions of Earth observation to the mining sector

In addition to being aligned with EU priorities and the UN Sustainable Development Goals, the results of
the RawMatCop program highlighted the future prospective potentials in Raw Materials sector within
different applications. Results demonstrated that the implementation of Copernicus data can generate
profitability for the mining sector in a short period of time and can results in great added value to the sector
(Fig. 11). With the EU aiming to integrate new and existing EO tools to improve best practices in the mining
sector, innovation can only be expected to increase in the sector while providing new accuracy and quality
measures for new EO-based products. Thus, with planned future satellite systems and their capabilities,
EO-derived services will be essential for operational mining applications of the future.

Acknowledgement

This paper includes four research projects related to the RawMatCop Programme (2018-2019), funded by
the European Commission and EIT RawMaterials. The authors would like to thank Dr. Rima Dapous,
Wesley Crock, Dr. Patrick Nadoll, Ms. Eliane Furuyama and Sven Kreigenfeld from EIT RawMaterials
and supervisors: Professor Roberto Bruno and Professor Emanuele Mandanici from University of Bologna,

14



555

560

565

570

575

580

585

590

595

Dr. Efthymios Balomenos from Mytilineous S.A, Professor Thorkild Maack Rasmussen from Luled
University of Technology, Professor Eric Pirard from University of Liege, Dr. Pierre Lacroix from the
University of Geneva and UNEP/GRID-Geneva, Mr. David Jensen, Ms. Inga Peterson, Mr. Juan Bello, and
Ms. Luisa Lema from UNEP, Mr. Rafael Sanchez the secretary of mines at El Bagre, Ms. Janneth Zoraida
Duque Quintero and Ms. Ana Castana from Corantioquia, Professor Jose Fernandez and Mr. Joaquin
Escayo from IGEO-CSIC, Professor Ramon Carbonell and Dr. Martin Schimmel, for their important
feedback and suggestions; and the Atalaya Mining company for their support. Finally we would like to
thank Dr.Francesco Tinti for the encouragement behind the paper creation.

References

Abdolmaleki, M., Fathianpour, N., Tabaei M. (2018). Evaluating the performance of the wavelet transform
in extracting spectral alteration features from hyperspectral images. International journal of remote sensing.
39 (19), 6076-6094. https://doi.org/10.1080/01431161.2018.1434324.

Abedi, M., Torabi, S.A., Norouzi, G.H. (2013). Application of fuzzy AHP method to integrate geophysical
data in a prospect scale, a case study: Seridune copper deposit. Bollettino di Geofisica Teorica ed Applicata
54(2). DOI: https://doi.org/

Alluvial gold exploitation: Evidences from remote sensing, 2016. Tech. Rep. May; United Nations office
of Drugs and Crime; 2018. URL.: http://www.biesimci.org/Documentos/Documentos.html

Blengini G.A., Nussa P., Jo Dewulfa J., Nita V., Talens Peiro L., Vidal-Legaza B., Latunussa C., Mancini
L., Blagoeva D., Pennington D., Pellegrini M., Van Maercke A., Solar S., Grohol M., Ciupagea C. (2017).
EU methodology for critical raw materials assessment: Policy needs and proposed solutions for incremental
improvements. J. Resour. Policy, 53, 12-19. https://doi.org/10.1016/j.resourpol.2017.05.008.

Booysen, R., Gloaguen, R., Lorenz, S., Zimmermann, R., Nex, P.A.M. (2021). Geological Remote Sensing,
Editor(s): Alderton, D. and Elias, S.A. Encyclopedia of Geology (Second Edition), Academic Press, Pages
301-314, ISBN 9780081029091, https://doi.org/10.1016/B978-0-12-409548-9.12127-X.

Carstens J. (2017). European Policy Brief - Strategic Dialogue on Sustainable Raw Materials for Europe
(STRADE) No. 09/2017: The artisanal and small- scale mining (ASM) sector and its importance for EU
cooperation with resource-rich developing and emerging countries. Tech. Rep.; URL:
www.STRADEproject.eu.

Cernev, T., Fenner, R. (2020). The importance of achieving foundational Sustainable Development Goals
in reducing global risk. Futures, 115, ISSN 0016-3287, https://doi.org/10.1016/j.futures.2019.102492.

Charbonnier, P. (2001). Management of mining, quarrying and ore-processing waste in European Union,
Study made for DG Environment, European Commission Co-ordination by December 2001 BRGM/RP-
50319-FR.

COM (2020) 98 final. A new Circular Economy Action Plan For a cleaner and more competitive Europe.
https://ec.europa.eu/environment/circular-economy/pdf/new_circular_economy_action_plan_annex.pdf

Diaz, D. and Buchta MC. (2019). Package arules Sequences, vs.0.2-22. Tech. Rep.; 2019. URL:
https://cran.r-project.org/web/packages/arulesSequences/ arulesSequences.pdf.

15


https://doi.org/10.1080/01431161.2018.1434324
http://www.biesimci.org/Documentos/Documentos.html
https://doi.org/10.1016/j.resourpol.2017.05.008
http://www.stradeproject.eu/
https://ec.europa.eu/environment/circular-%20economy/pdf/new_circular_economy_action_plan_annex.pdf

600

605

610

615

620

625

630

635

640

645

EC- European Commission (2020). Europe Fit for the digital age: Empowering people with a new
generation of technologies. https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-
age_en

EC- European Commission (2020). European Data Strategy, Making the EU a role model for a society
empowered by data. https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-
age/european-data-strategy_en

EC - European Commission (2017). Raw Materials Information System (RMIS): Towardsv2.0 - An Interim
Progress Report & Roadmap. Publications Office of the European Union, Luxemburg.

EC - European Commission (2016). Raw materials score board, European innovation partnership on raw
materials, Luxembourg.

EC - European Commission (2008). The raw materials initiative - meeting our critical needs for growth and
jobs in Europe. Technical Report. Belgium, Brussels.

EC - European Commission (2007). EU Ferrous & Non-Ferrous Metals Industry. Report, 32 p.

Fernandez J., Centolanza G., Escayo J., Duro J., Mallorqui J. J., Garcia-Cerezo P. and Morales A. (2016).
A deep analysis of the Siles dam (Jaén, Spain) area with Sentinel-1 data. AGU fall Meeting 2016, poster
presentation.

Ferro, P., and Bonollo, F. (2019). Materials selection in a critical raw materials perspective. Journal of
Materials and Design. 177, 107-848, https://doi.org/10.1016/j.matdes.2019.107848.

Garbarino, E., Orveillon, G., Saveyn, H.G.M. (2020). Management of waste from extractive industries: The
new European reference document on the Best Available Techniques. Resources Policy, 69,
https://doi.org/10.1016/j.resourpol.2020.101782.

Journel, A.G. and Huijbregts, C.J. (1991) Mining Geostatistics. 1st Editon, Academic, London.

Jutz, S. and Milagro-Pérez, M.P. (2018), 1.06 Copernicus Program, Comprehensive Remote Sensing, 1,
150-191.

Hay-Man Ng, A., Ge, L., Du, Z., Wang, S., Ma, C. (2017). Satellite radar interferometry for monitoring
subsidence induced by longwall mining activity using Radarsat-2, Sentinel-1 and ALOS-2 data,
International Journal of Applied Earth Observation and Geoinformation, Volume 61, September 2017,
Pages 92-103, ISSN 0303-2434, https://doi.org/10.1016/j.jag.2017.05.009.

Ibrahim, E., Jiang, J., Lema, L., Barnab, P., Giuliani, G., Lacroix, P., & Pirard, E. (2021). Cloud and Cloud-
Shadow Detection for Applications in Mapping Small-Scale Mining in Colombia Using Sentinel-2
Imagery. Remote Sensing, 13(736), 1-20.

Ibrahim, E., Lema, L., Barnabé, P., Lacroix, P., & Pirard, E. (2020). Small-scale surface mining of gold
placers: Detection, mapping, and temporal analysis through the use of free satellite imagery. International
Journal of Applied Earth Observation and Geoinformation, 93, 102194,
https://doi.org/https://doi.org/10.1016/j.jag.2020.102194

16


https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age/european-data-strategy_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age/european-data-strategy_en
https://doi.org/10.1016/j.matdes.2019.107848
https://doi.org/10.1016/j.jag.2017.05.009

650

655

660

665

670

675

680

685

690

695

Jagaille, M., Stéphenne, N., Aguilar Moreno, E., Fiore, G., Riedler, B., Monfort Muriach, A., & Antoniou,
N. (2020) Women in Copernicus, Global analysis of the survey, October 2020,
http://womenincopernicus.eu/

Karakaya, E., Sari, E., Alatas, S. (2021). What drives material use in the EU? Evidence from club
convergence and decomposition analysis on domestic material consumption and material footprint.
Resources Policy, 70, https://doi.org/10.1016/j.resourpol.2020.101904.

Kasmaee, S., Tinti, F., Buno, R. (2018). Characterisation of metal grades in a stockpile of an Iron Mine
(Case study- Choghart iron mine, IRAN). Journal of RGN zbornik,. DOI: 10.17794/rgn.2018.2.5, 2018.

Kasmaeeyazdi, S., Mandanici, E., Balomenos, E., Tinti, F., Bondua, S., Bruno, R. (2021). Mapping of
Aluminum Concentration in Bauxite Mining Residues Using Sentinel-2Imagery. Remote Sensing, 13, DOI:
10.3390/rs13081517.

Bruno, R., Kasmaeeyazdi, S., Tinti, F., Mandanici, E., Balomenos, E. (2021).

Spatial Component Analysis to Improve Mineral Estimation Using Sentinel

2 Band Ratio: Application to a Greek Bauxite Residue. Minerals, 2021, 11, 549. https://doi.org/10.3390/
min11060549

Kasmaee, S., Gholamnejad, J. Yarahmadi Bafghi, A., Mojtahedzade, H. (2010). Reserve estimation of the
high phosphorous stockpile at the Choghart iron mine of Iran using geostatistical modeling. Journal of
Mining Science and Technology. 20,0855-0860. https://doi.org/10.1016/S1674-5264(09)60295-7.

Kolb, J., Stensgaard, B. M., (2009). Iron oxide copper gold mineralising systems in Greenland. Geology
and Ore,13, 1-12.

Lantuejoul C. (2002). Geostatistical Simulation: Models and Algorithms. Berlin: Springer. DOI:
10.1007/978-3-662-04808-5.

Leena, S., Karina, U., Jungsberg, L. (2019). Social license to operate in the frame of social capital exploring
local acceptance of mining in two rural municipalities in the European North, Resources Policy, 64, 101498,
https://doi.org/10.1016/j.resourpol.2019.101498.

Mancini, L., and Sala, S. (2018). Social impact assessment in the mining sector: Review and comparison
of indicators frameworks. Resources Policy. 57, 98-111. https://doi.org/10.1016/j.resourpol.2018.02.002.

Mancini, L., Eslava, N.A., Traverso, M., Mathieux, F. (2021). Assessing impacts of responsible sourcing
initiatives  for  cobalt: Insights from a case study. Resources Policy. 71,
https://doi.org/10.1016/j.resourpol.2021.102015.

Matheron, G. (1971). The Theory Of Regionalized Variables And Its Application. Ecole Nationale
Supérieure des Mines de Paris, Mathematical Statistics, 211pp.

Martins, F. and Castro, H. (2019). Significance ranking method applied to some EU critical raw materials
in a circular economy — priorities for achieving sustainability. Procedia CIRP. 84, 1059-1062.
https://doi.org/10.1016/j.procir.2019.04.281.

Marzan, |., Escayo, J., Marti, D., Tornos, F., Ruiz, M., Andres, J., Schimmel, M., Luzén, F., Carbonell, R.,
Fernandez, J. (2018). Integration of SAR and passive seismic data for monitoring mining activities (Minas

17


https://doi.org/10.1016/j.resourpol.2020.101904
https://doi.org/10.1016/S1674-5264(09)60295-7
https://doi.org/10.1016/j.resourpol.2019.101498
https://doi.org/10.1016/j.resourpol.2018.02.002
https://doi.org/10.1016/j.procir.2019.04.281

700

705

710

715

720

725

730

735

740

Riotinto, SwW Iberia). EGU2018, Vienna 8-13 April 2018.
https://presentations.copernicus.org/EGU2018/EGU2018-15651_presentation.pdf

Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B, Grisel O, Blondel M, Prettenhofer P, Weiss
R, Dubourg V, Vanderplas J, Passos A, Cournapeau D, Brucher M, Perrot M, Duchesnay E. (2011). Scikit-
learn: Machine learning in Python. Journal of Machine Learning Research; 12, 2825— 30.

Power T.M. (2002). Digging to development? A Historical Look at Mining and Economic Development.
Tech. Rep. A report prepared for Oxfam America

Rasmussen, T.M., Thorning, L., Secher, K. (2003). Airborne geophysical data from Greenland. Geology
and Ore. 3, pp.12. https://www.yumpu.com/en/document/view/21401125/airborne-geophysical-data-
from-greenland-geus

Reichl, C., Schatz, M. (2019) World Mining Data 2019. BNMT, pp. 264.

Rettberg A, Ortiz-Riomalo JF. (2016). Golden Opportunity, or a New Twist on the Resource-Conflict
Relationship: Links Between the Drug Trade and Illegal Gold Mining in Colombia. World Development;
84:82-96. URL: http://dx.doi.org/10.1016/j.worlddev.2016.03.020. doi:10. 1016/j.worlddev.2016.03.020.

Riccardi P., Tessari G., Lecci D., Floris M., and Pasquali P. (2017). Use of Sentinel-1 SAR data to monitor
Mosul dam vulnerability. EGU General Assembly 2017, Vol. 19, EGU2017-13098.

Sandrin, A., Edfelt, A., Waight, T. E., Berggren, R., EIming, S. A. (2009). Physical properties and
petrologic description of rock samples from an IOCG mineralised area in the northern Fennoscandian
Shield, Sweden. Journal of Geochemical Exploration, 103(2-3), 80-96.

Sidorenko, O., Sairinen, R., Moore, K. (2020). Rethinking the concept of small-scale mining for
technologically advanced raw  materials  production. Journal of Resources Policy,
https://doi.org/10.1016/j.resourpol.2020.101712.

Tejado-Ramos, J.J., Chocarro-Le6n, M., Barrero-Béjar, I., Valverde-Calvo, A., Ferreras-Moreno, M.,
Giraldo-Pavén, F., Tarragona-Pérez, C. (2021). Enhancement of the sustainability of wolfram mining using
drone remote sensing technology. Remote Sensing Applications: Society and Environment, 23,
https://doi.org/10.1016/j.rsase.2021.100542.

Tekinbas, E. and and Deonandan, K. (2021) Gender in mining governance: Opportunities for pol-
icy-makers, International Institute for Sustainable Development, https://www.iisd.org/sys-
tem/files/2021-03/gender-mining-governance.pdf

Tornos F. (2006). Environment of formation and styles of volcanogenic massive sulfides: The Iberian Pyrite
Belt. Ore Geology Reviews. 28(3), 259-307.

Thomassen, B., Pirajno, F., lannelli, T. R., Dawes, P. R., Jensen, S. M. (2000). Economic geology
investigations in Inglefield Land, North-West Greenland: part of the project Kane Basin 1999. Danmarks
og Grgnlands Geologiske Undersggelse Rapport, 100(98), 42.

Tiess, G. (2010). Minerals policy in Europe: Some recent developments. Resour. Policy, 35, pp 190-198.

Van der Werff, H., and van der Meer, F. (2016). Sentinel-2A MSI and Landsat 8 OLI Provide Data
Continuity for Geological Remote Sensing. Remote Sensing, 8, 883. https://doi.org/10.3390/rs8110883

18


https://presentations.copernicus.org/EGU2018/EGU2018-15651_presentation.pdf
https://www.yumpu.com/en/document/view/21401125/airborne-geophysical-data-from-greenland-geus
https://www.yumpu.com/en/document/view/21401125/airborne-geophysical-data-from-greenland-geus
https://doi.org/10.1016/j.rsase.2021.100542
https://doi.org/10.3390/rs8110883

745

750

755

760

UN General Assembly, 2015. Transforming Our World: The 2030 Agenda for Sustainable, Development.

United Nations, New York.

Zaki MJ. SPADE, 2001. An Efficient Algorithm for Mining Frequent Sequences. Machine Learning; 42,

31-60.

https://eitrawmaterials.eu/eit-rm-academy/rawmatcop/shortcourse2019/

https://mapx.org

https://www.esa.int/ESA

19


https://eitrawmaterials.eu/eit-rm-academy/rawmatcop/shortcourse2019/
https://mapx.org/
https://www.esa.int/ESA

