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Glossary

Term Definition References
Accident Failure of a system, due to unexpected conditions.
Accidental Unexpected and extraordinary operating conditions of a system
(or abnormal) deviating from normal conditions and resulting in a potential failure, a 49 CFR 192.503
conditions malfunction
Outcome of an event positively or negatively affecting the objectives.
" . . ISO 31000,
Initial consequences can also escalate through cascading and cumulative (2008)
Conseguence effects. Consequences can be direct when they occur on the short term And L q
ndreoni an
immediately after the risk event, or indi hen th r
i . ediately after the risk event, or indirect when they are generated by Miola, 2014
direct consequences
Conditions and processes through which natural ecosystems - and the
. . ) . Costanza et al.,
Ecosystem species that make them up - sustain and fulfill human life through the (1997);
service production of ecosystem goods the harvest and trade of which Daily ('1997)
represent an important and familiar part of the human economy. '
Eai Event that negatively alter the achievement of the functions of a
ailure

Impacted Area

Indicator

Mining project
(or “mine”

Ordinary
(or normal)
conditions

Performance

Probability

Risk

Risk aggregation

Risk assessment

system.

Geographical space that is influenced by the occurrence of a risk event.

Variable that represent a specific quantity, a state, or interactions that
are not directly accessible or may be difficult to estimate.

Temporary set of coordinated and controlled activities — with start and
finish dates, conforming to specific requirements, including the
constraints of time, cost and resources — that undertakes a process to
exploit a geological deposit.

Operating conditions of a system that represents as closely as possible
the range of performance, use, activity that can reasonably be expected.

Capability of a structure, a component or a system to perform the
functions for which it was designed.

Measure of the chance of occurrence expressed as a number between
0 and 1, where 0 is impossibility and 1 is absolute certainty.

Effect of uncertainty on objectives. Risk equals the product of probability
and consequences. It can be positive, when it enhances the expected
objectives and negative, when it worsens them.

Process to combine individual risks to obtain a more complete
understanding of risk.

Overall process of risk identification, risk analysisand risk evaluation.
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Kandziora et al.,
(2012)

(IS0 100086,
2017);
(PMI, 2004)

IEC 62368-1,
(2010)

Talon and Curt
(2016)

ISO 31000, (2008)

ISO 31000, (2008)

ISO 31000, (2008)

ISO 31000, (2008)



Risk event

Risk management

process

Risk perception

Risk scenario

Socio-Ecological
System

Stakeholders

System

System
component

System function

Territorial Mining

Scenario (TMS)

Territory

Vulnerability

Occurrence or change of a particular set of circumstance.

Systematic procedure consisting in communicating, consulting,
establishing the context, identifying, analyzing, evaluating, treating,

monitoring and reviewing risk.
Stakeholder’s view on a risk.

Result of a simulation that foresights some possible alternatives and
future realities involving the occurrence of a series of risk events during
normal (RSo) or accidental (RSa) operating conditions.

A system composed of biogeophysical components and human actors
(individual and collective) in mutual interaction. They provide ecosystem
services that satisfy societal needs and support human well-being.

Any person or organization that can affect, be affected by, or perceive
themselves to be affected by a decision or activity.

Any set of connected, interacting, interdependent processes and group
of units forming an integrated whole which drives itself or is driven to
achieve one or several specific goals, in a dynamic and active
environment, through the performance of specific functions.

Characteristic element part of a specific system which assures the
achievement of the performances and the functions of the whole
system.

Characteristic purpose of a system as well as the values provided by it.

Result of a simulation that foresights some possible alternatives and
future realities involving different land-planning strategies for the
development of mining activities at the territory level.

Integrative space of physical phenomena and human and societal
relationships, a conformation of morphological characteristics and
heterogeneous distribution of its resources. The territory is a Socio-
Ecological System.

Intrinsic properties of something that create susceptibility to a source of
risk that can lead to a consequence. See Table.
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General introduction

In the current context of worldwide natural (e.g. climate change) and human (e.g.
population growth) changes, mining industries must respond to a growing demand for minerals
and metals while facing critical social and environmental challenges (Aznar-Sanchez et al.,
2019). Since socio-economic development should not compromise socio-environmental
integrity, the concept of sustainability has been introduced into mining through “the adoption
of practices (...) that result in environmental and social improvements over traditional resource
development methods, as well as negative impacts, while maintaining the health and safety of
mine workers and the interests of stakeholders and affected communities” (Gorman and
Dzombak, 2018).

Indeed, mining projects are the source of both positive (i.e. opportunities) and negative
(i.e. losses) risks of different natures: social, environmental, economic. Such risks overcome the
mere sphere of the mine sites themselves and affect the territories in which these activities are
located. Furthermore, when opportunities are outweighed, negative outcomes of mining
rebound on mining operators through sanctions or oppositions, leading to considerable
entrepreneurial risks and financial losses (Bergeron et al., 2015).

Hence, mining activities should be evaluated according to the level of their positive
and/or negative contributions to the socio-ecological system in which they are located.
Moreover, the assessment of these contributions should focus on all the coexistent and
variegated mine-types located within a given territory. For such reasons, we claim that mining
projects are a matter of land-planning rather than simple standalone industrial objects. Fig. 1
presents the conceptual reciprocal interactions between a mine and the territory, as a socio-
ecological system. Mining provides services to the human sphere but at the same time affects
ecosystem services delivery and, thus, the satisfaction of the corresponding human needs.

The engagement of mining into land management relies on multiple factors of different
orders. One of them concerns land-use, which means questioning on which purposes a territory
is intended to be managed for and what are the potential positive or negative risks associated
to such uses. For instance, what is the level of ecosystem services supply that a given land-use
can guarantee for the viability of human society? As a matter of land-planning, mining is also a
(geo)political key-issue, considerably tied to governance factors and global market trends. This
implies the questioning of which development model(s) and future scenario(s) decision-
makers, public authorities and civil society might choose for a given area (e.g. municipality,
region, country) and what implications might be derived.

A wide range of tools are currently used for industrial risk assessment (Tixier et al.,
2002): such tools are designed to be performed at the mine-scale, often on one project at the
time. Also, from a regulatory point of view, socio-environmental impact statements are



required by many legislations worldwide. However, by our knowledge, no tools are specifically
designed to account for the technical specificities and the variability of mining activities or for
their integration into land-planning strategies at the territory level.

This PhD thesis researches how mining activities and their specificities can be included into
land-planning strategies based on their level of risks. Whether one or more mining projects
should be developed on a territory implies political answers and political objectives. This thesis
has the purpose to suggest a new way to look at this question and to propose a pluridisciplinary
approach to support decision-making and land-planning through the development and
comparison of potential alternative scenarios of mining development, according to their risks.
These scenarios do not involve one single mine localized in a specific site but multiple and
variegate mine types distributed in a given territory.

In order to operationalize this approach, a methodological framework has been developed
based on existing methods and adapted to our purposes. The methodology has been tested on
gold mining in French Guiana for a first application.

It is important to underline that this study does not propose a method to detail the level of
risk (for which specific methods already exist) but to compare territorial scenarios based on
their global level of risk and discuss them. The approach proposed in this study is an analytical
approach to simulate and compare potential scenarios — rather than predict them — for
decision-making purposes in a sector highly affected by uncertainty.

The thesis is divided in eleven chapters, grouped in four parts. Part | is destined to present
the general context of the study. Three general concepts are behind the approach we wish to
present: “mining”, “territory” and “risk” as well as their interactions (Chapter 1). The first part
addresses as well the philosophy and the objectives of this thesis, the methodological
framework developed to apply our approach and finally the case-study on which a

demonstrative application will be performed (i.e. gold mining in French Guiana) (Chapter 2).

Parts Il and Ill reflect the structure of the methodological framework followed to apply our
approach to the selected case-study. Part Il shows the first part of this demonstrative
application. The territory and mining systems are detailed (respectively in Chapters 3 and 4)
and combined to obtain multiple territorial mining scenarios (TMS) (Chapters 5). The risks
related the TMS are then identified and used to develop two different risk scenarios related to
the normal and accidental functioning of the mining projects (Chapter 6).

Parti Il presents the final steps of the application, which consist in the assessment of the
different risk scenarios independently (Chapter 7 and 8). Finally, the results of each risk scenario
are combined in order to assign a global score to each territorial mining scenario (Chapter 9).



Part IV is destined to the discussion of the proposed approach and its demonstrative
application (Chapters 10-11). Advantages and gaps are addressed along with the future
perspectives and challenges that future studies should consider in order to improve our
approach.

Mining activities as integral part of a Socio-Ecological System

Environmental manageme
Perception

Exploitation,
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and use
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Figure 1 Integration of mining projects in Socio-Ecological Systems taking into consideration the reciprocal interactions
between biophysical and human processes. Original, based on Bennet et al., (2009) and Berrouet et al., (2018) conceptual
representations.






Part | — General context and objectives of the thesis






Chapter 1. Mining, territory and risks

This first chapter aims to introduce the three key-concepts of the current thesis: mining,
territory and risk assessment. The chapter reviews the unique features of a mining system and
its integration in wider territorial units (i.e. a socio-ecological system). As it will be detailed, the
interactions between a mining system and the territory where this activity is performed can
result in different outcomes (i.e. risks) that affect both the territory and mining projects them-
selves. These risks and the emerging difficulties for their assessment are here described in
order to underline the current need for holistic and integrative approaches of risk management
applied to the mining sector at wider spatial scales for land-planning purposes.

1. The mining system

For the methodological purposes of the current thesis, a mining project is here
considered as a technical system whose main function is the exploitation of a mineral deposit
in order to supply marketable products, with the objective of answering a world-wide demand
for raw materials. In this section, the technical and operational dimensions of mining activities
are described before a synthetic description of their reach at a world-wide scale.

1.1. What is a mining project?

As other human activities, mining is a socio-technical system characterized by complex

interactions between humans and various technical processes at different spatio-temporal
scales (Badri et al.,, 2012; Pactwa et al., 2018). A mining system could be considered as an
organized set of connected mining processes (i.e. mining phasing), a scheme of facilities,
tangible and intangible assets (e.g. exploitation engines, processing plants, mining licenses)
and human resources needed to achieve one main goal: the extraction of minerals and/or
metals from orebodies. It requires a special investment or allocation of resources such as
capital, and completion within a specified time period (Allen, 2006).
From a traditional business perspective, a mining project is an investment business project
which seeks an economically viable geologic deposit to explore and, in case, to extract in order
to originate one or several marketable products (Lechner et al.,, 2017). The mining techniques
involved for the exploitation of the deposit, the size of the project it-self and the
entrepreneurial structure of a mining project can take a wide range of forms, according to the
targeted commodity, the technical and financial capability of the mining operator and external
factors related to the territory where mining is performed (e.g. regulatory frameworks, climatic
conditions, accessibility of the mine site).



1.2. Mining phasing

Technically speaking, the exploitation of a mining deposit follows four main phases (Fig.
2). The first phase of prospecting and exploration has the purpose of defining and delimiting
the geologic deposit. The spatial scale of the prospecting is considerably broad, during strategic
exploration, in order to detect geochemical anomalies and tightened increasingly as the target
deposit is identified, delimited and the reserves are estimated (Charles et al., 2017).
Once the results of mineral prospection are promising, the second phase involves scoping,
prefeasibility and feasibility studies of the mining project, its planification, financing and finally,
its construction (Kister et al., 2017). This phase has the purpose to evaluate the construction
and operational costs in order to assure the financial and technical viability of the project
before its operation. Every technical aspect of the mining operation is defined during this
second step (e.g. ore exploitation techniques, mineral processing method, waste and water
management procedures, site rehabilitation and mine closure) along with a general state of the
art of the mine site, the identification of the related impacts likely to occur, the measures and
safety procedures to reduce and stop the dysfunctions, the dismantling and reorganization of
the mine site and its infrastructures, the monitoring and the anticipation of the residual risks
(Poulard et al., 2017).
The third phase consists in the exploitation of the deposit, the processing of the extracted
materials and their transformation into marketable products. This phase involves as well the
management of wastes, water and processing residues as well as the progressive rehabilitation
of the mine site.
During the final phase, the mining operator must implement the rehabilitation measures that
have been detailed during the prefeasibility and feasibility studies (potentially modified and
adapted all along the operation of the mine). This phase aims to return the mine to its initial
state and it is accompanied with land reclamation measures, the application of procedures to
stop, reduce or compensate socio-environmental dysfunction that the mining project might
generate (e.g. reduction of acid drainage from old uncovered mine wastes, revegetalization of
the mine site) (Poulard et al., 2017).

PLANNING,
DEVELOPMENT
PROSPECTING & OPERATION CLOSURE
CONSTRUCTION
Prospecting Exploitation and
.. . . k i . .
auThortl.zatlo;,tregil.onalf :.I-z[im?:arzltc‘iir:;isall Ore exploitation, mineral Socio-environmental
exploration, detection o i impacts state of the art and
geochemical anomalies, studies, financer research, trarf)s:‘z(;:'\s;?ognar\:vdaste panalysis, definition of
identification and selection of prefeasibility study, management reh’abilitation mitigation methods,
targets, estimation and feasibility study and ore 9 works revegetalization and land
evaluation of resources reserve definition, EIAS, reclamation

construction

Figure 2 Mining phasing and the main tasks performed by mining operators for each phase
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2. Mining performances at the territory level: a call for sustainability in the mining
sector

The main objective of a mining system is the exploitation of a geological deposit for the
production of marketable raw materials. This goal is achieved through the satisfaction of
specific technical and operational performances. A performance is defined as the aptitude or
the capability of a mining system or its components to perform the functions (i.e. objectives)
for which it was designed (i.e. exploit the mineral deposit) (Talon and Curt, 2017).

However, in order to achieve such objective, mining activities might generate a wide
range of outcomes that could exceed the mine site it-self, and positively or negatively affect
the territory in which mining is performed. The territoriality of mining has been highlighted by
scientific literature and public authorities during the years, in order to underline the need of
the implementation of more pertinent land planning strategies for mining regions. During the
last decades, the issue of sustainability has been increasingly addressed in the mining sector
through the integration of socio-environmental performances intended to switch mining
projects from mere business activities to development-aiming projects.

The territorial footprint of a mining project is thus represented by the nature of its
performances and how mining contributes to the socio-ecological functions (i.e. ecosystem
services delivery, well-being enhancement) of the territory in which mining is performed.

2.1. “Traditional” vision of mining activities as business projects

The consideration of a mining project as a system aiming at the only extraction of a
given commodity from a business-based perspective represents the traditional vision of mining
activities. This vision is nevertheless significant since in some regions it is more complex to
efficiently integrate development and mining sustainable performances for political,
regulatory, technical, cultural and socio-environmental factors.

During all the mining life cycle, a wide range of technical, operational and financial performances
must fulfill such primary business functions. These performances are related to all the internal
aspects of a mining project (Badri et al.,, 2012), including internal processes (e.g. methods and
work procedures), systems (e.g. technical, management and organizational) and persons
(within the organization or externally in interaction with the organization). They concern mining
techniques (engineering, energetic performances, etc.), labor force (occupational safety and
health performances, working conditions, training of workers, etc.), the geological deposit
(existence and size of the deposit), production (financial viability, productivity and profitability
performances, access to capital, subcontracting, etc.), logistics (accessibility to the site,
communication, etc.) (Mancini and Sala, 20128; Pactwa et al., 2018). Technical, operational and
financial performances depend also on legal and political requirements such as the possession
of a mining license and the fulfillment of all the regulatory obligations, including the respect of
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national and international public policies and potential political support from local
Governments where mining is performed.

The level at which mining performances are or are not guaranteed depends intrinsically
on the structural and functional organization of the different components of the mining system
(e.g. human, material and immaterial assets) like any business activity. Mining components vary
considerably according to the targeted commodity, the type of geological deposits and mining
techniques employed but also to the structure of the mining company and external socio-
economic factors. Durucan et al., (2006) perform a Life-Cycle Assessment on mining projects
describing the links between each structural component of a mining project (Fig. 3).
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Figure 3 Boundaries of a mining system described by Durucan et al., (2006) for a Life-Cycle assessment

2.2. Mining and Territory: a Socio-Ecological approach

As mentioned, as other human activities, mining might be an essential source of income
and a potential driver for economic development (e.g. creation of wealth, job opportunities,
technological development, raw materials supply, local business development, social
infrastructures expansion) (Amirshenava and Osanloo, 2019), especially in regions where the
opportunities for other economic activities might be limited. Mining is also the potential source
of negative outcomes of different natures affecting ecosystem services supply (e.g. soil, water
and air degradation, fragmentation of natural habitats), the derived socio-ecosystem services
and, hence, human well-being (e.g. poor health condition, social conflicts, insecurity) (Badri et
al., 2012; Schimann et al., 2012; Falck and Spangenberg, 2014; Nguyen et al.,, 2017; Bansah et
al., 2018). Such impacts often exceed the perimeter of the mine-site and affect the territory
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where the mining project is located. However, unlike some other human activities, mining
presents a peculiar feature, since it does not question project location (Castilla- Gomez and
Herrera-Herbert, 2015).

Despite the many definitions given by scientific literature (Simone et al., 2018), in this
thesis, a territory is defined as every Socio-Ecological System (SES), composed of biogeophysical
components and human actors (individual and collective) in mutual interaction (Blair and
Buytaert, 2016; Gotts et al., 2018): socio-ecosystems are affected by human activities and in
turn, they provide ecosystem services — or disservices — that might satisfy societal needs and
support human well-being (Schulze et al., 2017; Berrouet et al., 2018; Gotts et al., 2018) (Fig.
1). This definition is independent from any administrative, geographical or biophysical
boundaries that might be inferred (e.g. municipality, water catchment, region, nation). A
territory system has, thus, two main functions to which a mining project must contribute as
well. On one side, the delivery of ecosystem services, as the “benefits supplied to societies by
natural ecosystems” (Daily, 1997; Costanza et al.,, 1997) and on the other one, the support of
well-being as a global assessment of a person’s quality of life (WHO, 1997; Dodge et al., 2012).

2.3. Mining and sustainable development

Because of its negative impacts, during the last decades mining has increasingly come
under the spotlight of international media and civil society criticism, and experienced increased
conflicts and opposition from local communities (Hilson, 2002a; Falck and Spangenberg, 2014,
Conde and Le Billon, 2017). This has pointed out the urgency for mining operators to consider
in our modern society the concept of sustainable development and to include standards for the
improvement of environmental and social mining performances (UNDP, 2018). Mining projects
started being considered through a holistic approach as a part of a larger system — rather than
as an industrial object left alone — integrating both a human and natural component on a
broader spatial scale (Fig. 1). The consideration of mining projects as contributing parts of a
larger socio-ecological system allowed a major shift from the traditional vision of mining as
mere business activity towards a modern vision of potential development projects (Falck and
Spangenberg, 2014; Singh and Singh, 2016).

The rise of sustainability and development concerns, as well as the associated new
regulatory frameworks, encouraged industrials to take into consideration the socio-
environmental and governance dimensions of mining (Christmann et al., 2016; Husted and
Sousa-Filho, 2017). Despite this switch has not been made clear yet, this new dimension allows
the incorporation of new socio-environmental and “sustainable-development (SD)
performances” that may be sought by mining operators (Azapagic, 2004; McLellan et al., 2009;
Hodge, 2014; Nguyen et al., 2017; Betancur-Corredor et al, 2018; Pactwa et al, 2018;
Zvarivadza, 2018; Amirshenava and Osanloo, 2019; Aznar-Sanchez et al., 2019). Among them,
several international initiatives propose the integration of the frameworks proposed by the
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International Finance Corporation (IFC) or the Equator Principles (UNDP, 2018; Equator
Principles, 2020) in the mining sector.

At the international level, SD performance indicators for mining have been proposed
withing the Global Reporting Initiative (GRI) (Azapagic, 2004; GRI, 2013; Mancini and Sala,
2018). Mancini and Sala (2018) reviewed and compared all these different frameworks for
socio-environmental indicators to be integrated within the mining sector, including the GRI
indicators and the Sustainable Development Goals (SDGs). At the national level, countries such
Australia, have developed their own handbooks and guiding manuals to implement SD
performances into mining activities (Australian Government, 2011).

The SDGs have been set by the U.N. General Assembly set in 2015 — as part of UN
Resolution 70/1 and the 2030 Agenda —to be achieved by the year 2030: these 17 goals include
the three different dimensions of sustainability (e.g. zero hunger, good health and well-being,
land and water quality, education quality). The relevance of SDGs in the mining sector has been
pointed out by multiple authors (Mancini and Sala, 2018; Monteiro et al., 2019; Kumi et al.,
2020) and a White Paper published by the U.N. presents the discussion of what should be
considered to implement SDGs specifically in the mining industry (UNDP et al., 2016) (Fig. 4).

For instance, the Responsible Mining Index evaluates the performances of single mining
companies and their achievement of the SDGs (RMF, 2020).

The International Council of Mining and Metals (ICMM) proposes also an index to assess
the worldwide contribution of mining to the socio-economic development of each country
based on multiple existing performance indicators (ICMM, 2012; ICMM, 2016).

Other initiatives concern the framework defined within the Earth Observation Miners
(EO Miners) project, supported by the European Commission (http://www.eo-miners.eu ), that

aims to facilitate and improve the interaction between the mineral extractive industry and
society in view of its sustainable development while improving its societal acceptability (Falck
and Spangenberg, 2014).

General SD indexes have been proposed over the years in order to measure SD
performances. For instance, Amirshenava and Osanloo (2019) review and combine different
methods in order to propose a quantitative assessment methodology for SD-related impacts in
the mining sector. Or else, Dialga, (2018) try to estimate SD indexes per each mining country.
A quantitative model has been proposed by Husted and Sousa-Filho., (2017) in order to assess
the impact of sustainable governance practices on environmental, societal and governance
(ESG) performances including country-level variables such as country stakeholder orientation
and country financial stability risk. Other authors discussed specific aspects of the mining
industry, such as the implementation of SD performances within the mining design phase
(McLellan et al., 2009), or in other cases the integration of SD through new innovations and
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technologies for mining activities (Aznar-Sanchez et al., 2019). Few papers are discussed on a
commodity-basis: Betancur-Corredor et al., (2018) point out the challenges and constraints to

meet more sustainable conditions in gold mining sector while Hoadley and Limpitlaw, (2004)

focus on artisanal and small-scale gold mining.
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Figure 4 Major issues areas for mining and the implementation of SDGs (UNDP et al., 2016)

2.4. Mining activities as development projects: the integration of new performances

Therefore, to the traditional operational performances of a mining project, which are
related to its technical and economic viability as a business project, a new range of social,
economic and environmental performances have been integrated. Such performances involve
the capability of a mining project to support and contribute to the well-being and growth of
the territory where it is located while avoiding environmental degradation (Fig. 5). For instance,
economic performances might concern the economic profitability of the mining activity outside
of the project-itself, i.e. to the surrounding human and physical environments. They include
contributions to local and national incomes, the generation of foreign exchanges, raw materials
supply, business and employment opportunity development. Social performances include the
support to local livelihood (local direct and indirect employment, promotion of local commerce,
education improvement, infrastructure improvement, societal acceptance, etc.), to the
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preservation of human health (related to potential impacts on air, soil, water and other natural
resources that may affect health of local community and their safety), human rights (child labor
interdiction, respect of indigenous rights, control on the development of illicit mining
communities, gender equality, etc.), land-use and planning contributions (residential,
agricultural and urban areas maintain and support, adequate distance from sensitive areas,
etc.), product responsibility (customer health and safety, materials stewardship),
communication and stakeholders involvement (Voinov et al, 2016). Environmental
performances are represented by the capability of mining operators to preserve the bio-geo-
pedological resources and ecosystems of a territory, avoiding their bio-physical and chemical
degradation but also implementing measures for the restoration of the site, revegetalization
and land rehabilitation.
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Traditional business P
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Definition of the mining
deposit Environmental Economic
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Financial viability and

profitability
Traditional
Technical operational Social business
skills performances performances

Figure 5 The transition from the traditional connotation of mining activities as merely business projects to projects integrating
SD performances

2.5. Socio-ecological vulnerability of mining territories

Based on what has been presented until now, a mining project is much more than a
simple and local industrial object. Its functioning and its outcomes — positive or negative they
might be — exceed the mine perimeter and may affect the functioning of a larger territorial
system. Therefore, the management of a mining project and the assessment of its risks —
depending on the implementation or not of the mentioned performances — cannot overlook
the specific features and the vulnerability of the SES where mining is performed. At the same
time, decision-makers and land-planners should account for the peculiar interaction between
the territory, its vulnerability and the different mining activities there located: both project-
management and land-planning decisions should be performed on different spatial scales.

The definitions of vulnerability are very variegated (Table 1). They are not unanimous,
and some terminological gaps should be addressed. For instance, the definition of Muller et al.,
(2011) focuses on the susceptibility to experience damage, limiting vulnerability only to
“negative” events affecting the functioning of a system. Based on the general definitions
presented in Table 1 and the consideration of a territory through a SES approach, territorial
vulnerability to mining might be considered as the socio-ecological vulnerability, i.e. the socio-
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ecological conditions and processes of a territory that determine its level of exposure and
susceptibility to — positive or negative — stresses, changes and regime shifts due to mining
activities. Therefore, vulnerability is an important component of risk that influence both the
likelihood of occurrence of a risk event and the intensity of its consequences (Lauerbourg et
al., 2020).

Table 1 Examples of definition of "vulnerability" in scientific literature

Vulnerability definition References

The susceptibility of a system to experience damage Muller et al., 2011

The conditions and processes that determine the exposure and susceptibility of
an individual, a community, a system, or a unit to disaster as well as their Maikhurietal., 2017
capacities to respond effectively to them

The affinity of a system to changes, determined by both, the exposure to external

stresses and shocks and the intrinsic factors that determine the systems' Lauerbourg et al., 2020

resilience
Nasiri et al., 2015;
Sowman and Raemaekers,
2018

The function of system exposure to changes, its susceptibility to be affected by a
change and its resilience to restore its functioning after the change occurred

Intrinsic properties of something that create susceptibility to a source of risk that
can lead to a consequence

ISO, 2008

The application of vulnerability assessment of SES has been discussed by several recent
papers (Berrouet et al., 2018; Sowman and Raemaekers, 2018; Mekonnen et al., 2019). The
interest of a socio-ecological vulnerability assessment is the identification of vulnerable areas
(Lauerbourg et al., 2020), which would be an important parameter that must be accounted for
in risk assessment and as support for decision-making for land-planning. Since this approach is
relatively recent, no applications to the mining sector have been found except for sectorial
studies which aimed to assess the ecological vulnerability of given mining systems at a territory
level (Pandey and Bardsley, 2015; Peng et al., 2015; von der Forst, 2018). For instance, Peng et
al., (2015) explores ecological and vulnerability assessment of mining cities at the landscape
scale.

SES vulnerability assessment has been often coupled with the ecosystem services
framework (de Chazal et al., 2008; Berrouet et al., 2018). Berrouet et al., (2018) propose a
conceptual framework for the vulnerability assessment of SES with a particular regard on soil-
related ecosystem services. As suggested by the same authors, socio-ecological vulnerability
depends on the level of provided/lost benefits and assets that a system might supply and, most
of all, “on the type of need that such benefits satisfy”.

Among the different methodologies to assess vulnerability, one of the most common method
is the use of vulnerability indicators (Nasiri et al., 2016). In the cases of such large spatial areas,
some methods use available data for providing a logical image of vulnerable spots through GIS-
based tools, which help support decision-making and land-planning. According to Nasiri et al.,
(2016), indicator-based assessment approaches can be “the greatest policy-making tool for
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raising public awareness, support governments in priority of budget allocation and land-
planning purposes”. However, according to these authors, such methods face considerable
complexity related with standardization, weighting, uncertainty, interdependencies between
the selected indicators and aggregation methods.

2.4. Why and how to evaluate the « performance » of a mining system?

The notion of mining performance plays a key-role for the development of a risk

assessment methodology of mining projects at the territory level because it can support the
evaluation of the contribution of mining to the mentioned territorial performances. As it has
been said, the contribution of the mining system to the territory in which it is located is realized
through the shift of mining to development activities rather than mere business projects, and
through the integration of new socio-environmental performances.
Thus, the quantification or the quantification of the footprint of mining in a given territorial
system, through the assessment of their performances, could represent an important tool to
help land-planning strategies in order to maximize benefits and opportunities (i.e. positive risks)
and reducing losses (i.e. negative risks) of different natures (e.g. environmental, social,
economic). Moreover, the satisfaction of socio-environmental performances improves the
social footprint of a mining project allowing positive feedbacks for mining operators.

The implementation of such performances has been encouraged through the years the
development of tools such as the Corporate Social Responsibility (CSR) (Littlewood, 2015; Nxele,
2015; Pimpa et al., 2015), considered as a “business's commitment to contribute to sustainable
economic development, and also as the commitment to collaborators and their families, local
communities and society in general, to provide a better quality of life” (Rodrigues and Mendes,
2018). During the last decades, another tool that has been developing is the Social License to
Operate (SLO) which has been discussed by a very wide literature (Dare et al., 2014; Harvey and
Bice, 2014; Parsons et al., 2014; Zhang et al., 2015; Mercer-Mapston et al., 2017; IGF et al.,
2018). Today SLO is viewed by some authors as a ‘key condition for successfully establishing
and running a mining project’ (Falck and Spangenberg, 2014; Hall et al., 2015). These tools have
been combined, at least from a theoretical point of view, also with the realization of the SDGs
(IGF et al., 2018). Nevertheless, some authors criticized such concepts as they would seem a
poorly conceptualized idea “invented by business, for business” or as a tool of limited
applicability and currently used to merely serve as a “window-dressing strategy for
controversial business practices” (Brueckner and Eabrasu, 2018).

From a juridical point of view, the evaluation and monitoring of the socio-ecological
performances of mining projects was performed through the implementation of common
formal tools such as regulatory frameworks and public policies specific to mining. The respect
of these new performances considerably influences the feasibility of mining projects (Pactwa
et al., 2018): for instance, the delivery of a mining permit or external financial investments and
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loans to the mining company depend on how the operators would meet specific socio-
environmental requirements.

Nevertheless, these performances should be considered by mining operators as an
“ideal state” to be aimed and not as an administrative requirement (Voinov et al., 2016;
Betancur-Corredor et al., 2018). Indeed, the negative outcomes of mining have a rebound
effect on mining operators which are under pressure from governments, and/or financial
institutions, civil society and local communities (Kemp et al., 2016). When their socio-ecological
performances are unsatisfactory, mining projects might be at the origin of social conflicts
(Clifford, 2017) and the target of considerable entrepreneurial risks (Pokorny et al., 2019)
leading to delays, investment losses or even the cessation of the mining activity (Bergeron et
al., 2015). Thus, the actualization of such performances represents an important criterion to
sustain public tolerance of mining activities and secure legitimacy from local communities
(Wessman et al., 2014; Poudyal et al., 2019). Therefore, the success of a mining project as a

business project depends also on its contribution to the socio-ecological performances (e.g.

human well-being, ecosystem health) of the territory in which mining is performed.

Jeopardizing of one of these objectives might cause severe socio-environmental disruptions
and compromise the project itself (e.g. public contestations, juridical sanctions, administrative
halt measures).

3. Risks associated with mining projects

Until this point, it has been often mentioned the importance of the positive and
negative “outcomes” generated by mining describing them as the factual effects of such
activity. The assessment of such outcomes can help to identify, qualify or quantify the overall
performance of a mining project. Such outcomes have been described here as “effects”,
“benefits”, “opportunities”, “losses”, “threats”. However, the purpose of this thesis is the
development of a methodology for risk assessment of mining projects at the territory level.
Therefore, a formally precise and specific terminology urges to be defined. To serve this
purpose, a Glossary is available at the beginning of this manuscript.

This section aims to fix several definitions related to the general risk assessment and
management practices as described by ISO, (2008) or the PMBOK (2013). A general review of
the main risks related to mining projects is given as the result of a thorough bibliographic
review. Finally, different methods for risk and impact assessment applied to the mining sectors
are reviewed and discussed in order to highlight their advantages and limitations.

3.1. Risk definition

A “risk” is defined as the positive or negative “effect of uncertainty on the objectives”
of a system (ISO, 2008) or as “an event or an uncertain condition”, the occurrence of which
might have an unexpected positive or negative effect on one or several objectives of a project
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(PMBOK, 2013). Risk is composed of two main elements ISO, (2008). The first one is probability,
as “the measure of the chance of occurrence expressed as a number between 0 and 1, where
0 is impossibility and 1 is absolute certainty”. The second one is represented by its
consequences, i.e. the outcomes of a risk event which can positively or negatively affect the
objectives of a system, according to its exposure or vulnerability (ISO, 2008). However, the
definition of "risk," is inherently controversial (Fischhoff et al., 1984). Often it is confused with
a variegated terminology that includes “hazard”, “danger” or “impact”, when the probabilistic
dimension is not taken into account.

In this thesis, a mining risk is considered as the “effects of uncertainties on the
objectives” (i.e. functions) of a mining project. Hence, a risk is a ‘change-state event’, a “regime
shift’ (Filatova et al., 2016), a “deviation from the expected” (ISO, 2008) driven by exogenous
and/or endogenous events which alter the state and functioning of a system to another one in
which the performances are different: thus, each probable event modifying the performances
of a mining project — and consequently the achievement of its functions — can be considered
as a risk. A risk will be considered as positive or negative depending on whether it increases or
decreases the associated performance(s).

Since the concept of risk and performances are tightly linked, the nature and types of
risks depend on how and whether the performances of the mining project and/or the
performances of the territory in which a mining project is located are altered. Therefore, mining
risks vary depending on which performances are considered for the mining projects (e.g.
traditional or socio-ecological). The traditional vision of mining projects might lead the risk
assessment process to focus rather on entrepreneurial and technical-operational risks. In this
thesis, the integration of SD-performances to mining projects, consequently, include a wide
range of risks affecting the socio-ecological components of the territory where the project is
located. Furthermore, depending on the project-management or land-planning purposes of the
risk assessment process, the integration of these new performances should lead to
assessments at the scale of territory level — rather than at the project-scale — that focus on
multiple mining projects at the same time to support future strategies for mining territories.

3.2. “Categories” of risks

During a mine lifetime, each mining phase present its level, natures and types of risks
according to the different techniques used. Since the prospecting phase involves mainly non-
invasive techniques, the risks associated are relatively low. On the other hand, the operational
phase is considered as the most susceptible source of risks of different natures. Castilla-Gomez
and Herrera-Herbert, (2015) distinguish between temporary and structural impacts of mining
depending if they stem directly from the mining projects and respectively disappear when
mining stops or actively continue even after mine closure. The authors show a considerable
increasing of impacts as the construction of the mine begins and with the highest peaks during
the operational phase (Fig. 6).
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Mining risks also vary considerably depending on the intrinsic features of the mining
project — such as the targeted commodity and the characteristics of the deposit — and the
techniques used for mineral exploration, ore exploitation and mineral processing, as well as for
site remediation. Sometimes, a great heterogeneity of techniques might be employed for the
exploitation of a given commodity (e.g. gold, diamonds, copper), which are exploited both by
artisanal miners and large companies. At the same time, based respectively on its human and
natural features and its vulnerability, the SES where mining is performed might be the source
of or the target of specific risks.

Concerning the “nature” of the risk, both positive (i.e. opportunities) and negative (i.e.
losses) risks might be distinguished. Indeed, usually the controversial nature and the restrictive
use of the term “risk” might suggest a focus exclusively on its negative connotation. For
instance, the main typical positive risks related to mining projects concern the creation of jobs
and the economic outcomes that mining activities might produce at a territory-level. However,
the positive/negative dichotomy implies the integration of a subjective and multi-perspective
dimension which varies according to each given stakeholder, for whom negative risks should
not outweigh positive ones.

The “target” of the risk varies accordingly to the predefined performances and functions
(i.e. objectives) of a given system. Mining performances are strictly tied to territorial
performances and vice-versa. Therefore, a mining project might generate but also suffer risks
of different natures. As mentioned, when its socio-ecological performances are unsatisfactory,
a mining project is the source of negative risks which might be at the origin of social conflicts
(Clifford, 2017). Such conflicts, derived from the social and environmental risks of mining
activities, are translated into business costs and considerable entrepreneurial risks are suffered
by mining operators themselves and affecting the success of a project (Franks et al., 2014;
Bergeron et al., 2015; Pokorny et al., 2019). For instance, some authors borrow the concept of
“rebound dynamics” to refer to business, financial, legal, enterprise, reputational, and project
risks in mining (Kemp et al., 2016).
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Figure 6 Structural impacts of mining projects for each mining phase (adapted from Castilla-Gomez and Herrera-Herbert,
(2015))

19



The most typical distinction of the different types of risks related to mining projects
concerns the nature of the impacted “object”, thus of the objectives or performances which
are affected by the risk (Fig. 7). A great number of risks related to mining is widely discussed by
scientific literature (Badri et al., 2012; Haldar, 2013; Gorniak-Zimroz and Pactwa, 2016; Singh
and Singh 2016; Lechner et al., 2017; Nguyen et al., 2017; Bansah et al., 2018). For instance,
Badri et al., (2012), distinguish between five main categories of risks with a particular attention
on the technical and operational sphere of a mining project: operational, financial and
economic, legal and political, environmental and health and safety risks (Donoghue, 2004).
Betancur-Corredor et al., (2018) focus mainly on the potential societal (e.g. poverty, illegality,
and violence) and environmental (e.g. waste generation, mercury and greenhouse gas
emissions) negative risks of gold mining in Colombia, based on the types of mining processes
involved for each mining phase. Mancini and Sala, (2018) discuss the integration of the GRI and
SDGs within social performances of mining projects, categorizing both positive and negative
risks based on performance categories (e.g. economy, income and security, employment and
education, land use and territorial aspects, demography, environment, health and safety,
human rights). In this thesis, mining risks are regrouped in 4 categories: economic, social,
technical operational, and environmental (Figure 7, Table 2). In the table, some examples of
these risk categories are detailed for gold mines (Table 2) (Scammacca et al., 2020a).

Sustainable development
performances

Environmental

risks Economic risks

Project/risks
(technical,
operational,
financial risks)

S

Figure 7 Link between the socio-ecological and technical operational performances and risks of mining projects

Social risks

Environmental, economic and social risks are related to the mentioned contribution of mining
to economic recovery and well-being and its potential deterioration of the ecological and social
systems in which mining is performed (Franks et al., 2011; Badri et al., 2013 Nguyen et al., 2017
Nguyen et al., 2018) (Fig. 7). Environmental risks might concern the effects of mining activities
on biodiversity (Donato et al., 2017, Owusu et al., 2018; Sonter et al., 2018; Bax et al., 2019),
deforestation (Dezecache et al., 2017; Ranjan, 2019), water and soil quality (Pirrie et al., 1996;
Benito et al 2001; Bissacot and Oliveira, 2017), soil erosion (Lei et al., 2012; Sinha et al., 2017;
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Karan et al., 2019), land-use related impacts (Sonter et al., 2014; Zhang et al., 2017; Venancio

Aires et al., 2018; Vasuki et al., 2018). Social and economic risks concern health-related risks
(Castellanos et al., 2016; Obiri et al., 2016; Sanchez et al., 2016; Gabari and Fernandez-Caliani,
2017) but also the positive and negative risks affecting the whole human dimension of a SES

(e.g. human rights-related issues, creation of job opportunities, development of local

infrastructures, investment in research and academic programs). This dimension has been

poorly addressed over the years and new developments are currently being made (Aznar-

Sanchez et al., 2019). Finally, technical and operational risks concern all risks affecting directly

the internal sphere of a mining project.

Table 2 Bibliographic review of the typical risks of gold mines and the natures of the risks (Scammacca et al., 2020a)

Risk Category Risk Nature  Reference(s)
Crimes and insecurity for local communities Hentschel et al.,
(e.g. corruption, drug and arm dealing, prostitution, child Negative 2002
labour) WWEF, 2018
Development of local business as services providers Positive Amirshenava and
Osanloo, 2019
. Development of research programs Positive MDO, 2018
Economic .
Direct economic outcomes (e.g. taxes, royalties) Positive Amirshenava and
~ ’ Osanloo, 2019
Direct jobs opportunities Positive gglfgrny et al,
Enhancement of local education and competence Positive MDO, 2018
development
Enhancement of technological development Positive  MDO, 2018
Enhancement of women status Positive 2K§f§/|hgnavong,
Health problems and epidemiological diseases (e.g. malaria, . .
HIV, food chain contamination) Negative  Douine etal., 2018
Expansion of social infrastructures (e.g. roads, energy, Positive/ Amirshenava and
services) Negative Osanloo, 2019
Fight against illegal mining Positive  MDO, 2018
Social Migration of legal and illegal miners from bordering countries Negative Moullet et al.,
ocla (“gold rushes”) g 2006: Hook, 2019
Price increase of local primary goods POSitiYE/ Pokomy et  al,
Negative 2019
Raw material suppl Positive Amirshenava and
PRly Osanloo, 2019
Resource dispossession (e.g. land, water, crops) and . Keovikignavong,
. - Negative
reallocation of communities 2019
Social disruption (e.g. opposition, conflicts, increase of Negative Moisan and
inequalities) g Blanchard, 2012
Support to ethnic minorities Positive MDO, 2018
Acid mine drainage (AMD) Negative gil)l(;gmond et al,
Technical and Cyanide spills Negative Urien, 2018 |
Operational Delays and cessation of the activity Negative ZBgigseron et al,
Financial loss for the operator Negative Eg{geron et al,

21



. . Laperche et al.,
Landslides Negative 2008
Mine subsidence Negative Bourbon, 2015
Pit instability Negative Bourbon, 2015
Technical infrastructures development Positive  MDO, 2018
Enhancement of local skills and training programmes Positive MDO, 2018
A . Hentschel et al.,
Work injuries Negative 2002
. . . Melieres et al,
Atmospheric pollution Negative 2003
. L - . Bourbon and
Dam failure related flood, contamination and turbidity Negative Mathon, 2012
Deforestation Negative Rahm, 2017
. . . TR . Galochet and
Destruction of ecological habitats and biodiversity Negative Morel, 2015
Direct mercury pollution (e.g. gold recovery techniques) Negative Clifford, 2017
. Food chain contamination with mercury Negative Fréry et al., 2001
Environmental Marchand |
Heavy metals contamination in water and soils Negative ZO%rg and et al,
Landscape degradation Negative Iz_gggrche et al,
Physical alteration of riverbeds  (hydromorphological Negati Laperche et al,,
. egative
impacts) 2008
Remobilization of ancient mercury and sources of . Guedron et al.,
Negative
methylmercury 2011a
Soil erosion Negative Labriere et al,
2015
Surface water turbidity Negative Gallay et al., 2018

3.3. Risks and conflicts / controversies about mining projects

As mentioned, since mining risks exceed the mine-site itself, they are often the source
of debates, strong oppositions and potential conflicts which are translated into an
entrepreneurial and business cost suffered by mining operators (Franks et al., 2014). Indeed,
negative mining risks are often perceived as lack or loss of ecological and socio-economic
benefits for local communities (Verbrugge and Greenen, 2019). For instance, Nevada’s largest
mining company has suspended its proposed expansion of what would become one of the
biggest gold mines in the world Facing fierce opposition from conservationists and tribal leaders
(The Associated Press, 2020). Or else, in French Guiana, the large-scale gold mine of Montagne
d’Or has been strongly criticized by both local and French metropolitan communities because
of the potential environmental impacts were not considered as outweighing the economic
outcomes derived from the project. These conflictual dynamics exceed the mining project scale
and involve broader issues related to the re-thinking of potential strategies for the
development of mining territories.

The conflictual nature of mining projects has been widely discussed by scientific
literature (Hilson, 2002a; Adoteng-Kissi et al.2015; Clifford, 2017; Conde and Le Billon, 2017;
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Aguilar-Gonzalez et al., 2018; Davis and Manzano, 2018). As shown in the following maps,
comparing the distribution of currently active mine sites and the conflicts related to mining
activities (Appendices 1-2), social disruptions are spread worldwide. Yet, their distribution
could be related to specific sensitive areas, as showed by the “Environmental Justice Atlas”
(https://ejatlas.org/), a research project funded by the European Commission, which proposes

an on-line platform for digital maps of conflicts related to natural resources exploitation
(Appendix 2). However, data availability is a major concern and the information concerning the
distribution of such conflicts may be strongly biased in countries where reporting is severely
constrained. Another example is the Australian project “Complex Orebodies”
(https://smi.ug.edu.au/complex-ore-bodies)which is a transdisciplinary program that aims to

enhance the “social understanding, environmental innovation, and mining and processing
efficiency” in the mining industry (Lébre et al., 2019; Valenta et al., 2019)

Economic development and socio-environmental integrity should not compromise each
other (Castilla-Gomez and Herrera-Herbert, 2015) and nowadays, the real challenge of mining
is if where and how the development might proceed without significantly disturbing the
ecosystems, communities and economies overlying and surrounding mineral deposits/
processing sites (Franks et al, 2011; Nguyen et al., 2017). Most of the time, the failure of
technical and operational performances at the mine sites, triggers the occurrence of negative
risks of various natures affecting the whole territory and rebounding inexorably on mining
operators themselves. Hence, the success of a mining project, as a business project, relies on
its positive contribution to socio-ecological performances of the territory where mining is
performed, as a development project. Such spatial variability also contributes to point out the
territorial reach of mining, the progressive integration of socio-ecological performances at the
project level and encourages integrated and structured risk management strategies that are
transversal, multi-scale and that holistically consider mining as a real matter of land-planning

and management.

4. Existing methods for risk assessment in the mining sector and their gaps

Mining activities are under a continuous regulatory and public scrutiny. The
achievement of mining performances and the respect of current regulatory frameworks impose
a strict control from public authorities but also from non-governmental organizations. Such
controls result in the implementation, both by authorities and mining operators themselves, of
tools — not peculiar to mining projects — designed for the identification, the analysis, the
assessment and the management of mining risks. Whether a mining project is acceptable or
not for society and all the stakeholders involved depends also on the assessment of their
specific risks (Christmann et al., 2016). However, the management of a mining project is a
multidisciplinary and complex task and literature “is not unanimous on the subject of risk
management processes that mining enterprises should put in place” (Chinbat, 2011; Badri et
al., 2012).
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The present section aims to present some of the existing risk assessment methods that
are currently applied also to the mining sector. These methods will be furtherly discussed in
order to understand their advantages and limits but also their suitability to be integrated as
methods to support the development and comparison of potential land-planning strategies for
mining territories. In this study, two main groups of risk assessment methodologies are
distinguished.

A first group (A) which includes all the methodologies and tools used to perform industrial risk
management (Badri et al., 2012) at a very technical and operational scale. The risk management
process is defined by ISO 31000 and it involves the systematic application of management
policies, procedures and practices to the tasks of communicating, consulting, establishing the
context, identifying, analyzing, evaluating, treating, monitoring and reviewing risk (ISO, 2008).
Usually these methodologies are performed at the scale of the project itself and they involve
the utilization of considerable amount of qualitative and quantitative data.

The second group (B) represents the current methods used for the assessment of impacts
generated by a project. In this category two main tools are considered: Environmental and/or
Social Impact Assessment (EIA and ESIA) and Life-Cycle Assessment (LCA) studies. These
methods concern mainly the identification and assessment only of the consequences
generated by a project, usually without any consideration of probability ( in some cases such
methods might include probabilistic assessments and vulnerability analysis). Further typologies
could include also the methods conceived solely for probability or vulnerability assessment, but
such methods can be considered as complementary to the first two categories here described.
The vulnerability assessment at the territory level is detailed in Chapter 2.

A specific tool usually applied also to mining projects is the SWOT analysis. This method
does not involve a proper risk-assessment, but it represents rather the holistic description and
representation of the Strengths, Weaknesses, Opportunities and Threats that might affect a
specific project, an industrial sector of even a whole territorial system. This tool is widely used
in the industrial sector for project management, including the mining sector (Cluett, 2012;
Neagu et al., 2015) Since it allows the analysis and comparison of scenarios for decision-making
support, this tool will be furtherly discussed in Chapter 10 and 11.

4.1 Risk-based methodologies of risk assessment (A)

Verma and Chaudhari, (2016) propose a detailed comparative review of the main risk
assessment methodologies adopted in the mining sector. The authors show that often
assessment is performed through a combination of different complementary tools and
methods. Among the most common methodologies applied to the mining sector belonging to
the first group, we might list the Hazard and Operability Study (HAZOP) and the Failure Mode
and Effect Analysis (FMEA). HAZOP is a “highly disciplined procedure meant to identify how a
process may deviate from its design intent” (Dunjé et al., 2009) and which potential undesirable
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events may create hazards or operability problems. (Robu et al.,, 2007 ; Paithankar, 2011;
Krzemien et al., 2016 ). FMEA is a systematic, inductive and qualitative technique used to
identify and eliminate faults or deviations in a system before they cause problems. Each
function in a system is analyzed and it can easily be very extensive (Onofrio et al., 2015). The
results may include causes of failure, effect, frequency, severity, probability and recommended
actions. FMEA objectives include the identification of failure causes, modes and effects (Bouti
and Kadi, 1994; Onofrio et al., 2015; Kritzinger, 2017; Spreafico et al, 2017). FMEA
improvements involve the integration of a criticality analysis procedure (FMECA) which
provides ways to perform probabilistic analysis to determine the criticality of failure modes.
(Alverbro et al., 2010; Paithankar, 2011; Kabir, 2017; Hatayama and Tahara, 2018).

Besides these two methods, the Preliminary Hazard Analysis (PHA) is a technique for the
brief identification and estimation of risk sources and potential negative events ( (Alverbro et
al., 2010). The results are usually displayed in a table and may include descriptions of causes
and consequences of an event, estimations of probabilities and severity of the consequences,
current protection and recommended actions (Robu et al., 2007; Alverbro et al., 2010).

In some cases, specific methodologies aim to perform in a detailed way only one of the
steps of the risk management process. For instance, the “What-if” method is a technique mainly
used for the identification of risk sources by analyzing the potential consequences of deviations
in a system. Itis very similar to PHA, but more detailed (Robu et al., 2007; Alverbro et al., 2010).

In other cases, the analysis result in the development of “risk trees” which aim to the
reconstruction of the potential causes and consequences of a deviation in a system. It’s the
case of the Fault Tree Analysis (FTA) and the Event Tree Analysis (ETA) (Perret and Adrian, 2001).
Both FTA and ETA are deductive techniques widely used to determine system dependability by
showing the logical connections between faults, their causes and consequences. Their main
objectives are to: identify respectively the root causes and the accidental consequences of a
system failure; support the development of proactive and reactive safety measures to improve
system performance; comprehensively assess the risks and their importance (Robu et al., 2007;
Alverbro et al., 2010; Paithankar, 2011; Kabir, 2017). The FTA and ETA are often integrated in a
wider approach called the Bow-Tie (BT) method, a highly-structured tool which offers the
possibility to construct major risk scenarios around a main initial event (Delvosalle et al., 2017).
This method allows one of the best graphical approaches to represent complete risk scenarios
around a single risk event (Khakzad et al., 2013) and involves the use of a diagram in which the
central part is represented by a main initial event. For this reason, the BT is widely used in high
hazard industries like oil and gas, aviation and mining (de Ruijter and Guldenmund, 2016). The
main components of the BT are, on the left, the Fault Tree, on the right, the Event Tree,
representing respectively the causes and the consequences of the initial event (Aglan and Ali,
2014; de Ruijter and Guldenmund, 2016). These trees can be divided into sub-trees that
represent intermediate events of causes or consequences (Delvosalle et al., 2017). A third
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essential element in application of BT diagrams is the use of safety measures, defined as
“barriers”, which can be proactive (PSM) or reactive (RSM), if their purpose is respectively to
prevent the ICE to occur or to reduce its consequences once occurred (Ehlers et al., 2017).
However, other methods can serve, in different ways, the same purpose of the BT (for instance
the Ishikawa diagram).

Finally, another method which can be used is the Hazard Analysis and Critical Control
Points (HACCP) study, a bottom-up approach that considers how to prevent hazards from
occurring and/or propagating (Frank et al., 2008; Ovocom, 2016).
Further methodologies for industrial risk assessment could be found in Tixier et al., (2002)
which compared sixty-two risk assessment methodologies in the industrial sector, without any
special mention to mining activities. The authors distinguish between deterministic and
probabilistic methods (or a combination of the two), the type of data used etc.

4.2. Impact-based methodologies of risk assessment (B)

The second group of methodologies includes two procedures widely used by mining
operators, consulting services, governments and researchers to assess the impacts of a specific
project system. In this study, Environmental and Social Impact Assessment (ESIA) and Life-Cycle
Analysis methodologies are considered.

4.2.1. Environmental Impact Assessment (EIA) and Social Impact Assessment (SIA)

The EIA has been increasingly positioned within a broader context of sustainability and
it became in the second half of 20th century the most widely recognized and practiced of
assessment methods with legal and institutional force in many parts of the world (Jay et al.,
2007). Originated from the U.S. National Environmental Policy Act (NEPA) of 1969, the EIA has
the objective to supply decision-makers with an indication of the likely environmental
consequences of specific projects and it is now an integral process of environmental
management (Clark et al., 2019). The EIA is an important tool for decision makers and its
definition is widely discussed in the scientific literature (Crawley and Aho, 1999; Cashmore et
al.,, 2004; Jay et al., 2007; Enriquez-de-Salamanca et al., 2018; Clark et al., 2019). It can be
considered as a technical and rational evaluation to identify and evaluate the probable
environmental consequences of certain proposed development actions to facilitate and
provide a basis for objective decision-making processes. Therefore, the main result of the EIA
is to produce a report — i.e. the Environmental Impact Statement (EIS) — which identifies,
describes, and evaluates the environmental impacts stemming from the interaction of the
project with environmental factors (Toro et al., 2003). The EIS contains a rigorous project-by-
project evaluation (e.g. screening, baseline data, identification and impact assessment,
management and monitoring measures) of the significative impacts on the environment; allows
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the anticipation of such impacts and their effects in order to eliminate, reduce, compensate
them before any prior commitment; provides the necessary elements for pertinent decision-
making process to make the project acceptable.

Nowadays, the carrying out of a EIA is a general obligation under customary
international law (Clark et al., 2019). It is up to the national regulatory framework of each
country adopting the EIA to specify the types of projects concerned by the EIA process. In the
European Union, the Directive 2014/52/EU of 14™ April 2014 states mandatory and
discretionary procedures to assess the effects of certain private and public projects on the
environment. EIA is widely applied to the mining sector, both for research and public policies
perspectives (Cashmore et al., 2004; Suopajarvi, 2013 ; Toro et al.,, 2013 ; Galas and Galas,
2016; Esteves, et al., 2017 ; Gimpel et al., 2018; Hresc et al., 2018). For instance, in France the
article R.122 of the Environmental Code lists all the types of activities for which an EIS is
mandatory, such as mineral and geothermal exploitation. In Italy, the EIA (or Valutazione di
Impatto Ambientale, VIA) applied to quarrying and mining have two different regulatory
frameworks (Cormio, 2005).

The structure and the methodology for the EIA vary considerably on a country-basis,
especially where legislations are highly different (Castilla-Gomez and Herrera-Herbert, 2015;
Yao, 2018). For instance, interaction or prediction matrices are widely used in EIA (Toro et al.,
2003). Based on the dispositions of the EU Directive, the most frequent method is a qualitative
tool called Leopold matrix. The matrix combines socio-environmental key aspects with each
phase of the considered project in order to give importance scores (from 1 to 100) for each of
the identified environmental impacts, which may, at the end of the process, produce a total
score of environmental impacts generated by the activity or project.

Recently derived from the EIA, the Social Impact Assessment (SIA) the process of
identifying and managing the social issues of project development and includes the effective
engagement of affected communities in participatory processes of identification, assessment
and management of social impacts (Ocampo-Melgar et al., 2019; International Association for
Impact Assessment, 2015). Although it is still under development, the SIA has been adopted by
several countries (e.g. Canada, Australia) but at the moment there is not a world-wide
recognition of this tool on a regulatory and juridical level as for the EIA.

In this category of assessment methodologies, we include as well all sort of impact-
based studies that have been developed during the last few decades based on the same general
methodological structure and objectives of EIA. These methodologies can be performed at
different geographic levels. Examples of such methodologies are, for instance, the Health
Impact Assessment (HIA), Strategic Environmental Assessment (SEA), Strategic Environmental
Impact Assessment (SES), the Social Cumulative Impact Assessment (SCIA), Human Rights
Impact Assessment, (HRIA), Gendre Impact Assessment (GIA) and so on (Fig. 8) (UNDP, 2018).
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Country

Region or area

CIA

Mining project (site)

GEOGRAPHIC AREA OR SCOPE

ISSUES COVERED

Environment Social Both environment and social

Figure 8 Families of Environmental and Social impact assessment methods, the geographic areas considered, and the issues
covered (UNDP, 2018)

4.2.2. Life Cycle Assessment (LCA)

The second group of methods concerns the recent and still under development Life
Cycle Assessment (LCA) analysis. LCA is applied in the mineral and metal sector and can help
meet SDGs (Yellishetty et al., 2009; Awuah-Offei and Adekpedjou, 2011; Gemechu et al., 2016;
Yao, 2018; Farjana et al., 2019; Beylot et al., 2020). A short review of some examples of case-
studies of LCA in the mining sector is available in Table 3, according to the targeted commodity
and the spatial scale of the assessment.

LCA consists in the compilation and evaluation of the inputs, outputs and the potential
environmental impacts of a product, process or activity throughout its life cycle (“cradle-to-
grave” approach) or a specific defined moment (“cradle-to-gate”) (Durucan et al., 2006;
Yellishetty et al., 2009; Awuah-Offei and Adekpedjou, 2011; Bjorn et al., 2018). It is an excellent
tool to evaluate the environmental performance of current and future policies and support
decision-making in the mining industry through a systemic approach (Durucan et al., 2006). In
some cases, LCA might be included in EIA studies as well (Yao, 2018).

One of its fundamental features is that, unlike EIA and SIA procedures, LCA is today a
standardized process, which means that its principles and framework are defined by a common
and internationally recognized norm of the International Organization for Standardization (I1SO
14040 and ISO 14044).

The main objectives of an LCA are to: identify the opportunities to improve the
environmental performance of products at various points in their life cycle; inform decision-
makers in industry, government or non-government organizations; select relevant indicators of
environmental performance, including measurement techniques; and finally include marketing
purposes (e.g. eco-labelling schemes) (Olsen, et al., 2001).
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Table 3 Brief review of some examples of LCA applications within the mining sector based on the targeted commodity and the

country where the mining project is located

Reference Obijective of the study Commodity Country
Chen et al., (2018) LCA assessment to Chinese gold production sector Gold China
Development of a framework for impact
assessment and economic valuation of water- .
Blanco etal., (2018) related ecosystem services in LCA in order to Copper Chile
compare two mining water supply systems
Integration of remote-sensing based imagery data Copper
within the LCA process to quantify the PP
Islam et al., (2020) . . . Silver Laos
environmental impacts of a copper-silver-gold Gold
mine in Laos
él(\)/f;)and Coutinho, LCA applied to niobium mining sector in Brazil Niobium Brazil
Agwa-Eion and Quantification of the environmental and health
9 ] impacts related to sandstone artisanal and small- Sandstone South Africa
Pradhan, (2018) L -
scale mining in South Africa.
Quantification of the total environmental Gold
Ingwesen, (2011) contribution underlying produc- tion of gold-silver o Peru
- S Silver
bullion at the Yanacocha mine in Peru
Comparison of the environmental impacts over the
life cycles of several implemented and optional
Hengen et al., (2014) AMD treatment methods, incorporating both Coal New Zealand
passive and active approaches employed
Development of a method of evaluating the
Awuah-Offei et al environmental impacts of belt conveyors and truck
(2009) B haulage systems by con- ducting a LCA of the two Gold Canada
systems for a hypothetical hard rock gold mine
located in Alberta, Canada
Environmental impact analysis including land
Zhang et al., (2018) reclamation stage using life cycle assessment Coal China
(LCA) method.
Roychoudhury and  Review of the current application of LCA in the .
Khanda et al., (2016) coal mining industry. Coal Worldwide
Copper
Northey, (2018) Assessment of water-use related risks in mining Lead-Zinc Worlwide
Nickel

Four main steps are generally considered: goal and scope definition, the inventory
analysis (LCl), impact assessment and finally the interpretation of the results. The LCI phase is
extremely important since it concerns the acquisition of data for each considered process in
the LCA and their assessment. Several LCl databases are currently available and used such as
Ecoinvent, or those proposed by the National Exposure Research Laboratory (NERL) or the
Environmental Protection Agency (EPS) (Chen et al, 2018). The assessment implies the
transformation of « environmental flows » listed during the LCI to potential impact indicators
according to different empirical and mathematical methods. LCI might be based on mid-point
(it considers the environmental flow between the project and the target, quantifying only a
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fraction of the impacting mechanism) and end-point approaches (assessment of the whole
mechanism, until the quantification of the environmental impact) (Yao, 2018).

Besides the systemic approach, what it is interesting in LCA is also the fragmentation of the
studied system(s) in functional or multi-functional units, based on the services and the
functions that each system component can deliver and the comparison with the corresponding
impacts generated. Energy is commonly used in LCA as a main parameter to help quantifying
the total energy supplied to drive processes in all the industrial life-cycle (Ingwesen, 2011).

Finally, few researches have recently emphasized the interest of performing LCA studies
at wider scales, developing “Territorial LCA” (TLCA) which attempts to provide more appropriate
indicators to stakeholders in charge of managing and developing their territories (Loiseau et
al., 2018; Roibas et al., 2018; Jouini et al., 2019). In this case, the broader contextualization of
the LCA extends the assessment to the intimately related territorial features to production-
consumption patterns where a mining project is located. Loiseau et al., (2018) suggests two
types of TLCA:

- a first type when it assesses the environmental impacts of a specific activity or supply chain
performing in a given territory;

- a second type which considers all the production and consumption activities to quantify its
“eco-efficiency”, or the ratio between the services provided by the territory and the
corresponding impacts on the environment.

4.3. Discussion: gaps and limits of the current assessment methods

A great range of approaches for risk and impact assessment of mining projects has been
presented in Section 3. However, as mentioned, the management of a mining projects and their
risks is a multidisciplinary and complex task, mainly because of the presence of dynamic
environments and a great number of constraints of various character (Badri et al., 2012).
Moreover, mining activities present a considerable amount of intrinsic unique specificities —
related to the type of commodity and their geological features, the mining phasing and mining
techniques employed — that need to be apprehended during risk assessment.

As it is highlighted in this first Chapter, mining is a matter of land planning and, thus, of
public policies and politics, since mining involves the appropriation of a space and the exclusive
change of land-use. Therefore, risk assessment practices can play an important complementary
tool to support the development and comparison of strategies for the management of mining
territories that overcome the sphere of the mining project alone, for instance through scenario-
based approaches. In order to do so, risk assessment methodologies need to account both for
the plurisciplinarity of the territorial dimension of mining and for the technical and operational
specificities of mining activities themselves. However, decision-making support purposes
require an easy operationalization that should be guaranteed by the adaptability of the
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methodology to the available data, its spatialization and the homogeneity of its results that
allows an easy understanding and communication.

Despite the peculiar advantages of each risk and impact assessment methods here
presented, there are important gaps that urge to be addressed. From a general point of view,
current mandatory assessment methods do not properly take into consideration the holistic
understanding of the larger system in which a mining project is located. They negelct the
occurrence of multiple mining projects in a same given area and the cumulative risks generated
(Franks et al., 2013). The methods currently adopted in the mining sector are not generalized
and resistant to uncertainties in the availability of the data (Verma and Chaudhari, 2016).
Furthermore, such methods are often project-centered, performed on large capital stock
investment projects and they do not take into consideration the great variety of existing mining
project types at the same time (Castilla-Gomez and Herrera-Herbert, 2015). For instance,
Agwa-Ejona and Pradhan, (2018) put the attention on the fact that the impacts related to
informal or legal artisanal and small-scale mining of specific commodities (e.g. gold, gems,
diamonds, sandstone and limestone) are extremely complex to quantify and that very few or
no studies address their structured assessment. Moreover, current assessment methods do
not account for the transversal nature of risks (e.g. social, environmental, geotechnical) (Gotts
et al., 2018), they might be extremely time-consuming, expensive and rely on the skills and
training of the experts employed for the assessment (Paithankar, 2011).

Table 4 is the result of a bibliographic review concerning the main risk-based (group A)
and impact-based (group B) methodologies here presented. On the left column, the main
specificities considered for each method are divided in five main categories depending if they
are related to the methodology, to the types of risk or impacts considered, the scale of the
impacts and the final output. The purpose of Table 4 is to highlights the main characteristics of
the mentioned methodologies in order to facilitate their qualitative comparison. From a
general point of view, the main distinguishing criterion between the two groups of
methodologies is the object of the assessment.

4.3.1. Risk-based methods (A)

Risk-based tools have the advantage to integrate the probabilistic dimension of the
occurrence of a failure event and to assess the risk based on considerable technical and
operational data internal to the project it-self (Olsen et al., 2001). These methods can be
deterministic, probabilistic or a combination of the two (Tixier et al., 2002) The advantages in
terms of technical knowledge of the project imply at the same time a lack of spatial extension
since risk-based methods. Indeed, although risk assessment methodologies do consider the
interactions between the project and its external environment (Esra Tepeli, 2016), in most of
the cases, only the achievement of the project objectives is considered in risk analysis, i.e. only

the events that might affect project objectives and performances are considered as risks.
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Therefore, it might be complex to integrate such methods for assessment purposes at broader
spatial scales for land-planning perspectives. Moreover, such methods usually consider only
accidental conditions (i.e. outside the ordinary functioning of a project), without being applied
to assess the impacts generated by the normal functioning of a project, i.e. ordinary operational
conditions (Paithankar, 2011).

The rendering of the results of risk assessment methods are often expressed in a
graphical form or diagrams that might be difficult to share and communicate for the
understanding of the general public and public authorities. This may lead to acceptability
concerns regarding the transparency of the procedure and the functioning of the project itself
but also to operational constraints for decision-makers, especially at larger spatial scales. For
instance, this is the case for HAZOP methods. Because of their considerable level of detail, such
tools might be very time-consuming. Nevertheless, they are site-specific, not graphical, concern
usually accidental conditions. Some of these gaps also apply to FMEA and FMECA. However,
these two methods can be even more expensive and time-consuming than HAZOP since the
level of detail is considerably higher. For the same reason, FMEA and FMECA are not easily
adaptable when data are unavailable. Moreover, these methods are subjective and not fully
pertinent to be applied to complex systems. They are very extensive studies but, in some cases,
they might lack of criteria for assessment, integrative methods, guidelines or a structured
terminology. FMEA and FMECA area realized by a multi-disciplinary team which covers the
transversal dimension of the risk assessment. PHA are based on available data and propose
good risk ranking tools. However they are not graphical nor spatialized and site-specific. “What-
if” methods on the other hand, are moderately detailed and only qualitative (Table 4).
Concerning FTA, Table 4 shows a very poor suitability for the consequences of a risk event
considered, since FTA concerns only the causes to an initial central event. Also, FTA and ETA
are usually rendered through a tree structure which make them suitable to visual outputs.

4.2.3. Multi-projects risk-based methods

It is important to underline the existence of specific methods developed for the risk assessment
of multiple projects at the same time (Pillai et al, 2002)and for project portfolio risk
management (De Maio et al., 1994; Olsson, 2007). Nevertheless, these methods are project-
centered in the sense that they focus on the industrial dimension of the project. Risks are
identified and assessed based on the internal objectives of the project it-self, rather than the
territory where such activities are performed. Actors such as “stakeholders” are replaced by
“customers” (Pillai et al., 2002) that might profit of the economic and industrial activity of such
projects. Moreover, by our knowledge, no application of such methods to the mining sector
has been highlighted.

4.3.3. Impact-based methods (B)
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This sub-section highlights the main limitations (Table 4) of the impact assessment
methods presented in sub-section 4.2 of the present chapter.

4.3.3.1 Limits of Environmental Impact Assessment and Social Impact Assessment

Despite its extensive utilization, its legal formalization and its vital role for the analysis
the impacts related to a mining project for general land planning purposes, EIA is considerably
criticized by professionals and scientific literature (Crawley and Aho, 1999; Jay et al., 2007;
Enriquez-de-Salamanca et al., 2018). If some issues concern the theoretical grounding, quality
and effectiveness of the EIA and their linkage with sustainable development (Cashmore et al.,
2004; Clarks et al., 2019), critics might be considered of two main orders: methodological and
substantial.

Concerning the first order of gaps, no common and predefined methods for impact

assessment are available for EIA. Indeed, EIA is not a normalized procedure — unlike LCA for
instance — and no common standard dispositions are assessed for the elaboration of this
analysis. The methodologies to qualitatively or quantitatively assess the impacts of a given
project vary on a case-to-case basis. They highly depend on the experts performing the
assessment and methodological choices are often poorly discussed (Suopajarvi, 2013). Thus,
EIA come in different shapes and sizes as different contractors and consultants have their own
assessment methods, which increase the complexity of reviewing regulatory frameworks (Clark
et al., 2019).
Moreover, some authors criticize the insufficient integration and linkage as well between EIA
and other methodologies for risk assessment and project management (Clark et al., 2019). The
same authors point out the need to develop systemic and eco-systemic approaches within the
EIA process, in order to take into consideration the structural and functional dimensions of
natural ecosystems during impact assessment. Castilla-Gomez and Herrera-Herbert, (2015)
criticize the temporal dimension of EIA since they are developed during the feasibility phase of
a mining project and, thus, they are based only on hypothetical data.

Substantial gaps of EIA are the most criticized since they have considerable
repercussions on its effectiveness on decision-making support. Authors point out the poor the
implementation of EIA within decisional processes where such tools are “not fully integrated
into determinative institutional patterns of decision-making” (Jay et al., 2007). Indeed, it is
important to underline that EIA are not legally binding since the assessment is carried by
institutions or professionals hired directly by the promoters of the project. The content of the
EIA gains legal importance when they are integrated within the administrative acts (e.g. mining
permits or authorizations) which embody the final decision of public authorities. Hence, the
effective application of EIA is affected by the regulatory and political strengths/weaknesses of
a country (Jay et al., 2007): EIA might be circumvented by decision-makers, marginalized in
favor of other non-environmental or political factors (Wood and Jones, 1997; Jay et al., 2007).

33



These limitations derive from the fact that, as pointed out by Cashmore et al., (2004), EIA
originated from a political imperative rather than a scientific theory. Therefore, in the practice,
EIA might contribute to environmental governance with very moderate effectiveness
(Cashmore et al., 2004; Clark et al., 2019).

Besides these important gaps, EIA is conceived as a project-centered assessment tool (Castilla-
Gomez and Herrera-Herbert, 2015) where cumulative and indirect impacts and societal impacts
might be neglected (Frank et al., 2012; Yao, 2018; Clark et al., 2019). The integration of
stakeholders represents another flaw pointed out by some authors (Enriquez-de-Salamanca et
al., 2018; Oscampo-Melgar et al., 2019) even within the SIA process (Suopajarvi, 2013). Issues
of transparency might be addressed, especially when the EIS is not accessible to the public
(Castilla-Gomez and Herrera-Herbert, 2015; Yao, 2018).

Several other specific concerns must be considered for the application of EIA to the mining
sector. Although technical information is vital for pertinent risk and impact assessments, EIA
seems to insufficiently detail the mining operational dimension (Clark et al., 2019. Also, Castilla-
Gomez and Herrera-Herbert, (2015) emphasize the difficulty to develop pertinent assessment
tools due to the great variety of methods and technigues used in mining projects, which vary
according to the targeted commodity and the related geological deposit.

4.3.3.2 Limits of Life Cycle Assessment

Before its standardization, as the EIA, LCA was conducted by different approaches
leading to a wide variation of results (Yellishetty et al., 2009). However, this method is mostly
used by scientific authors and Awuah-Offei and Adekpedjou, (2011) suggest that there is
“limited life-cycle thinking among mining professionals”.

Despite the imperative acknowledgment of the internal technical and operational
features of a project, according to some authors, in the mining sector, mining projects are often
represented as a “black box”, and that LCA software and tools neglect the specific features and
processes of mining, relying on data often considered inadequate (Awuah-Offei and
Adekpedjou, 2011). Indeed, one of the most important issues in LCA is data availability,
especially in industrial sectors such as mining, with limited datasets and life-cycle inventories
(Durucan et al., 2006; Farjana et al., 2019) where data are often in the form of corporate
reports (Awuah-Offei and Adekpedjou, 2011).

Regarding the object of the assessment, LCA focus on the ordinary functioning of an
activity and, thus, it is not capable to pertinently integrate accidental scenarios (Crawley and
Aho, 1999). Yellishetty et al., (2009) discuss the importance of the integration of the spatio-
temporal differentiation of the impacts related to a mining but also the issue of abiotic
resources depletion which is peculiar to mining (Beylot et al., 2020) or the better inclusion of
socio-economic impacts (Crawley and Aho, 1999). Also, land use impacts are very important to
community, professionals and companies and they can be an important indicator to estimate
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the environmental footprint of some mining projects. However, some authors discuss the
insufficient integration of such aspects, specifying the difficulty in LCA to compare systems with
different annual disturbed land area (underground vs surface mining) or to potentially
underestimate the effect of land quality (Yellishetty et al., 2009; Awuah-Offei and Adekpedjou,
2011). For instance, Islam et al., (2002) address these gaps, using remote-sensing technology
to better integrate mining-related land use changes in LCA.
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Table 4 Synthetic review of the main risk-based and impact-based methodologies presented in this chapter and their main
features. For each methodology, a qualitative score is given whether it shows: a poor, moderate, or good, suitability to the
corresponding feature. The green areas represent the features that specifically feat in the considered methodology

Methodologies

Features A B
HAZO FMEA/ What- PH HACC FT ET ESI LC
P C if A P A A A A
System approach v v J na na e
Standardized oo oo e oo o0 oo oo o
[ X ] [ X ]
Risk-based v v VoY v o o *
Top-down n/a n/a nfa nla nla v e nfa nla
Bottom-up n/a n/a na  nfa nla o nla nla
Qualitative v v VoY v v v v oV
Method Quantitative v oo o o o v Vv v Y
features Applied to all projects n/a n/a na  nfa nla nla nla e nla
Scenario-based ooe oo v v  eee / / o oo
gjepcr;zlr(in-makmg v v v v y e, . | v
[ X X ) [ X J [ X X ) ee [ X X ) oe ee [ X ]
Uniform terminology ° o o
Dynamic eeoo (L) oo (1) oo oo oo °
Multi-actor n/a n/a nla nla n/a nfa nla e nla
?aq;ptable to available n/a n/a na nfa nla nla nla oo oo
[ J [ ] [ J [ J [ J [ ] [ ] [ X ] oe
Type of risk Chronic ¢
[ X ]
Accidental v A A o0 o
Positive impacts n/a n/a nla nla n/a e nla v .:
Negative impacts eoe v v v v o v v
Type of impacts  Inbound impacts 4 v v vV o / e o
considered Outbound impacts oo oo oo oo oo o oo v V4
[ X ]
Indirect impacts na ° na nfa nla ¢ o .
Cumulative impacts n/a n/a nla nla n/a e nla ° ':
: On-site impacts v v v v v e v v oV
Scale of impacts
Off-site impacts n/a n/a n/a n/a n/a e nla Y YV4
Graphical hd d ° ° ° v / (YY)
Rendering e oo .o
GIS adaptable n/a n/a na  nfa nla R . cee
Legend : qualitative suitability to meet the
corresponding feature
n/a No information ] Absent or very low suitability eee Good suitability
oo Moderate suitability v Feature fitted
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Conclusion

Mining is an inherently interdisciplinary pursuit (Lechner et al., 2017) that reflects a
socio-technical system presenting complex interactions between humans and various technical
processes at different spatio-temporal scales. This first chapter reviews and details the three
main concepts that this thesis aims to address for the development of a risk assessment
methodology of mining projects at the territory level. To do so, the main features of mining
activities are here presented and defined, highlighting the contributions that mining can
achieved within the territory, i.e. a socio-ecological system, where such activities are
performed. Such potential contributions are defined as risks (ISO, 2008) that might be positive
or negative, whether the mining project generate respectively opportunities or losses that
might alter the socio-ecological spheres of the territory where it is located. Several risk and
impact assessment methods are presented in order to underline the advantages and limitations
of their application within the mining sector at broader spatial scales.

As mentioned, mining is a matter of land planning and public policies. Risk assessment
methodologies can play an important complementary tool to support the development and
comparison of strategies for the management of mining territories that overcome the sphere
of the mining project alone. In order to do so, these methodologies need to account at the
same time for the technical and operational specificities of mining projects and the
plurisciplinarity of the territorial footprint of mining. Nevertheless, decision-making support
purposes require an easy operationalization that should be guaranteed by the adaptability of
the methodology to the available data, its spatialization and the homogeneous structure of its
results that allows an easy understanding and communication.
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Chapter 2. Objectives of the thesis and development of a methodology via the
application on a case-study

Given the general state of the art concerning risk management in the mining sector and the
main shortcomings reviewed in Chapter 1, this study aims to propose an original approach to
support the analysis of potential scenarios of mining development at the territory level. To do
so, a specific methodological framework is developed and adapted to address existing
shortcomings while simultaneously addressing operational needs to support decision-makers,
mining operators, and civil society for land-planning purposes. Pertinent questions to be
addressed are:

- What are the risks related to mining and what are their driving factors based on the
diversity of techniques employed?

- If risk analysis is related to territory and project management, is it possible to integrate
the variability of mining projects and their risks into decision-making processes at the
territory level?

- Then, is it possible to perform and compare sector-based — rather than project-based —
scenarios of mining projects at larger territorial scales, according to their level of risk?

In this chapter, the main philosophy behind our approach and the objectives of our study are
presented. To meet such objectives, the theoretical framework of the methodology is
developed in Section 2. This framework has been developed via a demonstrative application on
a case-study (Fig. 9) that has been selected through multiple criteria that will be presented.

Application

Comparison of
mining scenarios
at the territory
level according
to risk

Adaptation and

modification of
existing

frameworks

Gold mining sector
in French Guiana
(Mana river basin)

Figure 9 This study aims to present an original approach to integrate mining projects at the territory level to support land-
planning. This implies the development of a methodology via a test application on a case-study

1. Our approach and objectives of the study

As mentioned in Chapter 1, mining projects should be considered matters of land-
planning and territorial management rather than simple industrial objects. Whether mining
should be performed requires political answers rather than scientific ones alone. Hence, this
thesis suggests a different way to look at the question and proposes an original approach to
develop and compare — based on their level of risk — different mining scenarios to support land-
planning strategies at the territory level. The application of this approach depends on a
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methodological framework that has been developed based on existing methods and adapted
to the objectives of this thesis. The Section 3 of this chapter presents the structure of this
methodology.

Several territorial mining scenarios (TMSs) can be developed based on general
objectives predefined at the territory level by decision-makers, public authorities, etc. (e.g., a
given rate of employment or economic incomes or commodity production related to the mining
sector, reduced land surfaces available to mining). The comparison of TMSs is based on the
development, assessment, and combination of specific risk scenarios. Finally, a global score is
given to each TMS based on the assessment of these risk scenarios. This will allow to compare
different mining scenarios at the territory level that equally meet the same objectives but
potentially present different levels of risk.

It is important to note that the present methodology is not meant to be a substitute for existing
methods and techniques that offer more accurate assessments especially for each specific risk
related to isolated mining activities on a case-by-case basis.

From a general point of view, this study is intended to:

i) Provide a structured, consistent, and transversal approach based on international
standard guiding principles (ISO, 2008) at broader spatial scales;

ii) Classify standardized mining project types to consider the potential coexistence of a
great variety of projects — depending on the targeted mining commodity — with

different functionalities, mining techniques, and risks at the territory level;

iii) Integrate the socio-ecological vulnerability of territories in which mining activities are
performed;

iv) Integrate both the positive and negative risks related to mining projects with their
different natures (e.g. technical, environmental, socio-economic, financial);

v) Adapt to the amount and consistency of available qualitative and quantitative data
required for the assessment;

vi) Include the involvement of stakeholders’ perceptions of risks;

vii) Provide spatial, cartographic renderings for communication with stakeholders and
decision-makers; and

viii)Provide an operational tool that might be integrated into decision-making
methodologies.
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2. Theoretical development of the methodological framework

Fig. 10 presents the general structure and flow of the methodological framework
developed in this study. Because the notion of risk, and, more generally, the field of risk
assessment and management, are particularly affected by vague and fuzzy vocabulary (e.g.
“hazard”, “danger”, “accident”, “risk”, “impact”, “consequence”; Serraino, 2014; Matteini et
al., 2018), the initial step (Step 0) of the methodology aims to develop and formalize a common
terminology (see the Glossary) to facilitate the extensive application of the methodology.

The methodology involves four main steps (Steps 1-4) that are adapted to the general risk
assessment procedure suggested by ISO 31 000: system definition, risk identification, risk
analysis, and risk evaluation. However, for each step, specific tasks are proposed in order to
adapt the methodology to the objectives depending on, for example, the variability of mining
project types and their risks, the territorial scale of the assessment, and stakeholder
involvement. A final step is included to compare and discuss the assessed mining scenarios

developed at the territory scale. In the following subsections, each step is described in detail.

2.1 Step 1: System(s) definition and boundary conditions

A system is defined as any set of connected processes and resource quantities (Rueter,
2013). Mining projects are complex systems because of the interactions of different socio-
technical components at different spatial and temporal scales. Therefore, they cannot be
adequately understood without a description of intermediate structural interactions (Gotts et
al,, 2018). A structured understanding of the different types of mining projects and the
adequate characterization of their spatial dimensions and specific features (e.g. annual
production, soil footprint, chemicals used) is therefore critical to risk assessment (Lechner et
al.,, 2017).
As mentioned, mining risk assessments must include both spatial and temporal assessments
through multidisciplinary and geographically representative” frameworks (Kelly et al., 2013;
Blair and Buytaert, 2016; Fernandes et al., 2016). For this reason, the first step of our
methodology involves the definition of the boundary conditions (e.g. Where? When? With
who?) and the conceptual modelling of:

- a mining system, representing one or more mining project types located in a given
territory; and
- aterritory system, which is the wider socio-ecological context of the mining system (e.g.

a municipality, a river basin, region, country).
The link between these two systems and their relative risks have three fundamental dimensions
that concern their spatial occurrence and extent, their perception, and their temporal
manifestation. In the following paragraphs, three sub-steps are presented: the specification of
these three fundamental dimensions, the definition of the mining and territory systems, and
the definition of the TMSs to be considered during the assessment.
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Figure 10 Flow chart of the methodology developed for the application of the approach proposed in this thesis. The boxes in
dark blue indicate the corresponding chapters in this manuscript.

a) Multi-scale, multi-perspective, and temporal boundaries of the methodology

Concerning the spatial dimension of mining and territory systems, the definition of spatial
boundaries and assessment scales is crucial because it influences which variables can be
considered exogenous vs. endogenous (Filatova et al., 2016). A scale can be defined as “the
window through which the investigator chooses to view the world” (Marceau, 1999): in this
case, it is the spatial dimension at which entities, patterns, and processes are observed and
characterized. From the mining project to the territorial scale, risk assessments gain complexity
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because multiple levels of processes, interactions, perceptions, and interests must be
considered (Auyang, 1999, Zurlini et al., 2006).

The spatial variability of risk is acknowledged in the methodology varying systems’ functions,
performances, and components at each scale. Five general geographical scales can be
considered (from micro to global scales) (Meentemeyer, 1989), each representing a specific
spatial unit (e.g. structure, project, municipality, river basin; Fig. 11). For instance, within a
mining project, risks could be identified and assessed at the scale of individual structures (e.g.
tailings dams, waste rock piles, excavation pits) or at the scale of the entire mine site. Similarly,
the territory system could include a city, a water catchment, a region, etc.: at each scale, the
results of risk assessments will change.

Spatial Scales
Socio-Ecological System

Micro | Meso Landscape Regional Glabal |

| - |

IMiningI . I River I I 5 I I . :
Structure projectl unicipali T Department] Region Country |World-wide |
| I

L 4

Figure 11 General spatial scales considered by the present methodology. The five main categories can include a great range of
sub-categories. In the case of mining projects, the smallest unit is the geotechnical structure. Socio-ecological sub-categories
refer to French administrative divisions.

Since the concept of risk itself has an implicit subjective connotation, the multi-

perspective dimension of risk assessment is a key-element of our methodology. Indeed, human
nature, both individual and collective, has a considerable influence on the results of mining
project risk assessments through perceptions, beliefs, values, and biases (Voinov et al., 2016;
Gotts et al.,, 2018). The variability of risk perception and the existence of various, often
conflicting objectives requires consideration of the various actors involved in spatial
management (Mehdizadeh, 2012), particularly in the mining sector; the contrary would be
regrettable from scientific and governance points of view (Gotts et al., 2018).
The multi-perspective nature of our methodology takes the form of so-called “participatory
modeling” (McLellan et al., 2009; Blair and Buytaert, 2016; Voinov et al., 2016), i.e. the general
and pluridisciplinary integration of stakeholders’s perspectives during each phase of the
development and application of the methodology. Stakeholders’ perspectives can be
integrated in different ways (e.g. model design, validation and refinement, interviews, data
sharing, risk weighting surveys).

Finally, with regard to the temporal dimension of the methodology, interactions
between system components are continuously changing due to feedbacks and internal and/or
external factors (Schulze et al., 2018). Hence, mining risk assessments must dynamically
account for temporal variations of mining activities and of the territory in which they are
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performed, and how these variations affect the nature, probability, and intensity of risks (Kelly
et al., 2013; Domingues et al., 2017): i.e. risks evolve because the elements that trigger risk
events evolve, as well as their consequences and the vulnerability of the territory.

Therefore, two temporal sub-dimensions are integrated in the methodology. The first, intrinsic
to the mining system, refers to the different mining phases selected for the assessment (Fig.
2). The second, intrinsic to the territory system, involves consideration of larger territorial
changes over time that might influence the results of the assessment (e.g. demographic
growth, increase of population vulnerability, climate change).

b) Conceptual modeling of the mining and territory systems

The first phase of the methodology involves the definition of the mining system and the
territorial spatial units chosen for the assessment. The purpose of this phase is to describe the
main functions of each system, the performances needed to achieve those functions, and the
system components that guarantee those performances. Fig. 12 shows the technical,
operational, and socio-ecological performances of a mining system as considered both as a
business and a development project. Concerning the mining system, this first step can be
achieved through the development of standardized mining project types with specific features
and characteristics (e.g. surface vs. underground mines, large- vs. small-scale mines) (Fig. 12).
System components have specific properties (variable or constant) that may affect their
performance. For instance, Durucan et al., (2006) subdivide the mining system into three sub-
systems for life-cycle assessments: extraction and production, mineral processing, and waste
handling (Fig. 3).

System's functions and performances

‘ System and system

Performances Functions
components

Mitner:il_l deposit definition and Business
extraction f

— - Financial viability pI'OJQCt
Mining project ||| Technical and operational requirements functions

H Health, safety and security

Contribution to employment and Development

Model exemple working conditions 8
Stakeholders inclusion project

Ecosystem services support functions
Economic incomes to local
communities

Figure 12 Conceptual representation of the causal modeling of the spatial systems considered in the approach

Regarding the territory system, as mentioned above, each spatial unit from the municipality
to the global scale is considered as a socio-ecological system (SES) (Fig. 11). Therefore,
regardless of the territorial spatial unit chosen (e.g. water catchment, region), the main
functions of a SES are here defined as the support of human well-being and the delivery of
ecosystem services. As discussed in Chapter 1, sustainable development goals (SDGs) are
integrated within the methodology to represent the socio-economic (e.g. poverty and hunger
reduction, education, sanitation) and environmental (e.g. climate actions, soil and water
protection) performances expected from a territory system. As shown in Fig. 13, the mining
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system is thus included within the territory system and can positively or negatively contribute
to its performances. The definition of these two systems is a key-step in developing the
territorial mining scenarios and the risk scenarios that will be assessed and compared at the
end of the methodology.

c) Definition of territorial mining scenarios and fictional mining project siting

The main purpose of the methodology is to compare different scenarios for mining
development at the territory level. Each territorial mining scenario (TMS) is developed based on
stakeholders’ (decision-makers, public authorities, civil society, etc.) objectives for a given
territory (e.g. increased employment or mining royalties, increased mine production, reduced
mining land-use), which must be preliminarily defined. As an example, let us assume that
decision-makers in a given territory aim to develop a mining sector that would produce at least
1 million tons of copper per year. Based on the first step of the methodology, two types of
copper mining projects are defined: type A, surface mining producing 400,000 t/year, and type
B, underground mining producing 150,000 t/year. Once the territorial objectives are defined,
it is possible to estimate how many mining projects of one of more types should be considered
in the simulated risk assessment for each TMS. For instance, three TMS could be considered in
the mentioned example:

- 1type-A and two type-B projects;

- 2type-A and four type-B projects, or;

- 7 type-B projects.
These three TMSs meet the predefined objective approximately at the same level. However,
the associated global risks might vary based on the specific type of mining project(s).
For each scenario, the corresponding number and types of mining projects are located on
fictional sites within the chosen territory system (e.g. a river basin, region, or country). This
fictional siting can be based on different criteria (e.g. localization of geological deposits,
authorized areas for mining, distance from urban areas or protected sites).
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Because the mining system is part of the conceptualized territorial system, each territorial sub-system contributes to the overall performance of the territory system

Figure 13 . Integration of a mining system within a larger SES. For each system, a set of functions and performances are indicated. The general performances of the SES represent the SDGs.




2.2 Step 2: Risk identification

Risk identification is the process of identifying, recognizing, and describing risks and
their causes and consequences (ISO, 2008), and is a non-exhaustive process that is updated
during the entire assessment. Risk identification may be performed using a range of tools and
methods, such as interviews, Delphi’s method, brainstorming, literature and historical data
reviews, surveys, focus groups, questionnaires (Rozas-Vasquez et al., 2017; Holzer et al., 2018;
Sahle et al., 2019), meetings and workshops, participatory modeling, theoretical analysis, and
stakeholder needs assessments (Chinbat, 2011; loppolo et al., 2012; Moura et al., 2017
Oryomowska and Sobkowicz, 2017; Guo et al., 2018). The results of such risk assessments
consist of a database of identified risks that can be classified depending on their nature, causes
and consequences, or multiple criteria defined by the modeler (Mehdizadeh et al., 2013).

Once the risks have been reliably identified, it is important to understand the
mechanisms triggering each risk event. More importantly, a first conceptual and descriptive
analysis should associate each risk to the type of mining project considered. Assessments of
multiple mining projects at the territory level therefore require clear distinctions between, for
instance, surface mining projects, underground mining projects, and combinations thereof.
Each type of activity should be associated with different identified risks.

2.3 Step 3: Risk analysis and risk scenario development

The TMS are compared based on their level of risk. Therefore, two distinguished risk
scenarios are developed based on the identified risks and associated to each TMS. Therefore,
the TMS will be comparable based on the assessment and combination of the final scores of
these risk scenarios. Our approach considers risk scenarios of two different conditions: the
ordinary (RSo) and accidental operating conditions (RSa) of a mining project (Fig. 14). The
assessment of “ordinary risks” will cover a wide range of activities related to the standard
operational conditions required to achieve mine performances and functions. These risks —that
can be assimilable to the notion of “chronic” risk” or “nuisance”— typically have less important
consequences, especially for the project itself, but a higher probability of occurrence because
they are necessary and inherent to mining activities (e.g. a given surface will be deforested for
site development). Nevertheless, according to the definitions given in Chapter 1 and in the
Glossary, these events are not properly a risk, since their occurrence is certain. What is

uncertain is the occurrence of their consequences. For instance, a mine site implies inexorably
the deforestation of a given surface, which might have consequences on climate regulation,
biodiversity or landscape quality. Despite the assessment should focus rather on these latter
consequences, which are uncertain, in this study we choose to include certain events as well,
in order to distinguish the normal and anormal operating conditions of a mining project.
Indeed, in the second case, “accidental risks” are considered as unexpected risk events to the
mining operator that switch ordinary operating conditions into “extraordinary”. Such events
have a lower probability of occurrence —they might be even rare — but their consequences can
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be considerably high, both for the mining project and the socio-ecological system in which it
exists (e.g. explosions, dam failures, chemical spills).

Both RSo and RSa can be conceptually represented in different ways to comprehend
both (1) how risks occur (causes) and affect systems’ components (consequences) and (2) how
systems may respond to risks through proactive (risk prevention) or reactive (mitigation) safety
measures. A simple, well-constructed conceptual scheme can be sufficient to describe such
interactions. A method often used to assess such accidental events is the Bow-Tie diagram
where causes and consequences trees are developed around an initial central event (ICE) (see
Chapter 1).

Development of Territorial Mining

Scenarios (TMS)
Select a different number of mining RSo
: e project types meeting the pre-defined Development of risk
Defme_ ter_"to"al objectives for each TMS —>| scenarios (RS) for
objectives
each TMS
RSa
e.g. commodity production, Fictional localization of the mining

reduced consumed areas by
mining sites, mining
sector-related employment

project type(s) in a given area

t Attribute of a global score to each TMS

based on risk assessment

Figure 14 Conceptual flowchart illustrating the development of Territorial Mining Scenarios (TMSs), including the fictional
siting of different mining project types. Two categories of risk scenarios (RSo and RSa) are then developed for each TMS,
allowing further assessment in order to obtain a final global score for each TMS based on risk analysis.

2.4 Step 4: Spatialized risk assessment — probability, consequences, and vulnerability

Step 4 involves the qualitative or quantitative evaluation of each risk scenario (Fig. 15).
As risk is defined as the product of the probability of an event’s occurrence and its
consequences, risk assessments must inexorably estimate both.

Consequence assessment involves different sub-steps. According to the proposed
methodology, a “consequence” is defined by the conjunction of two intrinsic elements: the
identification/estimation of impacted areas and the assessment of the socio-ecological
vulnerability of the territory. Therefore, this steps implies:

- The identification of the impacted areas, defined as the areas where the consequences of a
risk event are manifested, whether they are mappable or not. They are areas where positive
or negative modifications to the the mining and territorial systems’ performances occur. The
methodology distinguishes between the zones directly impacted by the physical
consequences of risk events (e.g. the area contaminated by a chemical spill) and those
secondarily (indirectly) affected by such direct impacts (e.g. areas where drinkable water is
diminished due to the spill).
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- The vulnerability assessment proposed in our methodology involves the identification of the
human (e.g. individuals, collectivities, technical infrastructures) and natural assets (e.g.
natural reserves, soil and water resources, biodiversity) located within the territory and the
assessment of their susceptibility to be positively or negatively affected by risk events.
Because the proposed methodology must be operational and immediately applicable to
counterbalance decision-making needs, vulnerability is estimated through “vulnerability
indicators”. Indicators provide a reasonably simple tool that allows the analysis and
communication of complex ideas. As mentioned in Chapter 1, vulnerability indicators might
be assessed via a great range of methods and tools (e.g. direct biophysical measurements,
laboratory analyses, numerical and empirical modelling, expert-based estimations,
bibliographic reviews). A synthesis of the applications of vulnerability indicators is given in
Appendix 3 showing the object, the assessment methods used and whether they concern
the mining sector or address sustainability issues. According to Bell and Morse (2008),
vulnerability indicators should be simple, relevant, easy to interpret, minimally redundant,
and useful for communication with the non-scientific public. For each vulnerability indicator,
an assessment methodology must be pre-defined, if not already available, and the resulting
values must be compared to reference situations or threshold values (Morel et al., 2015;
Banos Gonzalez et al., 2016). The definition of threshold values is essential, as it inexorably
influences the outputs of the assessment. Available thresholds can be found in international
standards, such as those proposed by the International Finance Corporation (IFC, 2007), the
World Health Organization (WHO, 2011), or national or international legislation. For
instance, the Initiative for Responsible Mining Assurance (2014) suggests specific standards
for the mining sector. In other cases, thresholds can be developed through stakeholder
involvement or expert input (Kelly et al., 2013; Gotts et al., 2018).

Probability assessments must consider all the factors that are likely to trigger one or
more risk events. The estimation of probability is often integrated into several risk assessment
methods and tools of variable complexity depending, for instance, on the level of technical
detail required and the available data. A great number of physical, numerical, or statistical
models might be used to determine the probability of a system’s failure, and the chosen
method depends mainly on the amount of data required. For instance, when few data are
available, the probability of occurrence might be estimated through statistical assessments of
coefficients derived from historical databases, expert-based assumptions, or empirical
estimates of the “susceptibility” to system failure and risk occurrence. At this stage, the
probability assessment allows to obtain the overall value of risk for each risk scenario, through
risk tables or maps, which might require the coupling of GIS layers with aggregation results
through non-cartographic methods (e.g. tables, lists). In such cases, the combination method
considerably influences the results.

Afurther step aims to fully integrate stakeholder’ perspective and involves consequence
weighting by the concerned actors. This weighting can be applied via simple qualitative data or
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more complex, quantitative data gathered through different methods (e.g. surveys,
questionnaires, brainstorming, Delphi method). For instance, a first approach might involve a
guestionnaire to estimate simple semi-quantitative scores in order to weight each
consequence. This method is included in this thesis and it is detailed in Chapter 9.

During the assessment, multiple stages of data aggregation are performed. Concerning
the vulnerability assessment, once the indicators are assessed, the methodology integrates all
cartographic and non-cartographic layers representing such indicators to obtain an overall
socio-ecological vulnerability value. The aggregation is performed first to combine positive and
negative risks for each risk scenario and then, to combine the final scores for the RSo and RSa
and obtain a global score for each TMS. The choice of aggregation method is extremely delicate
because it influences the final results and might under- or over-estimate the consequence
assessment. Current existing methods involve simple (e.g. sum, maximal value, arithmetic or
geometric means) (Mehdizadeh et al., 2012) or more complex aggregations (e.g. weighted
means, Fuzzy Weighted Average), and sometimes integrate decision-making tools (e.g. TOPSIS,
VIKOR, ELECTRE, AHP) (Mahdevari et al., 2014; Govindan and Jepsen, 2016; Kasap and Subasi,
2017; Gupta et al., 2018). In some cases, stakeholders are integrated as well (e.g. plurality rule
by voting). Once the vulnerability layers are aggregated, the resulting outputs can be coupled
with the results from impacted area assessments to obtain the final global consequence
assessment, for which GIS tools are demonstrably effective.

2.5 Step 5: Comparison of different mining scenarios based on risk assessments

The final objective of our approach is to compare different TMS for land-planning

purposes (Fig. 15). Hence, the utility of the methodology lies in its application and reiteration
to a broader range of TMS involving different mining project types and fictional siting. After the
overall scores of each risk scenarios are evaluated (RSo and RSa), they are combined to obtain
the global score of the corresponding TMS: each TMS considered can then be compared and
discussed based on its global level of risk (Fig. 15).
The comparison of the assessed TMSs might take different forms (e.g. from simply constructed
discussions, conceptual models and diagrams, and tables, to the integration of more
sophisticated decision-making tools such as TOPSIS, ELECTRE, or AHP). The number of
reiterations and the number of TMSs depend on the above-defined objectives and land-
planning goals.
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Figure 15 Conceptual flowchart of the scenarios assessed and compared by the methodology. Different options are available
to meet one or more objectives, as represented by the development of different TMS. Each option is evaluated based on RSo

and RSa criteria.

3. Criteria used for the selection of a case-study

In order to test our approach and refine the developed methodology, we applied it on
an example case-study: the exploitation of gold in French Guiana (FG). It is important to
underline that the application of this approach and its methodological framework might be
extended to other cases and commodities as it will be discussed in Chapter 11.

The selection of a case-study is vital in order to operationalize the proposed approach
and test its methodology, highlighting its gaps, its advantages and further improvements to be
made. Therefore, the choice should follow specific criteria that allows to integrate the
characteristics and the objectives that the methodology is intended to meet.

Indeed, such criteria must show the feasibility, the utility and the holistic nature of the
methodology. Concerning the territory system, they are related to:
a) The development of growing pression from anthropic activities due to global changes

(e.g. urbanization, industrial activities, land-use changes)

b) A high and sufficiently homogeneous socio-ecological vulnerability of the territory
system;

c) If possible, the availability of sufficiently reliable data to describe the territory and to
perform the assessment.
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Finally, concerning the mining system, these criteria imply the presence of:

a) Coexisting mining projects distributed on the whole territory, involving various sizes,
forms and mining techniques;

b) Public concerns and debates related to mining and land-planning in order to develop
potential future development strategies. During the Grand Débat National which united
Overseas authorities and French Presidency of the Republic, the President of the
Collectivité Territoriale de Guyane, Rodolphe Alexandre, controversially declared that
gold mining can be a prior driver for the development of FG and that it ought to debate
and address the question of gold mining development in FG territory.

c) If possible, sufficiently reliable and available data to describe the mining system and to
perform the assessment.

d) If possible, only for the demonstrative purposes of our study, one exploited mineral or
metal in order to make the comparison easier different scenarios;

Therefore, the case of gold mining in FG has been selected. As it will be presented in the
conclusion of this chapter, the chosen case-study meet multiple of the predefined criteria
mentioned above because of the social, ecological and political territorial footprint of gold
mining, the variability of mining techniques involved, the characteristics of this territory and
the potential development strategies currently discussed. The following sections will present
an overview of gold mining across the world with a specific zoom on the Guiana Shield. Finally,
FG and gold mining sector in FG are described.

Conclusion

This chapter had the purpose to present the objectives of the original approach
proposed in this thesis and how this approach is operationalized. The main points to consider
are the following:

e The proposed approach aims to compare different mining scenarios according to their
level of risk, to support land-planning strategies of mining regions;

e The approach is operationalized through the development of a methodology;
o The methodology is applied for a demonstration on gold mining sector in FG.
The next chapters will present and describe the mining (i.e. gold mining) and the territory

systems (i.e. French Guiana at the river basin level), to show how they fit these criteria. The
next parts Il and Ill represent the test application of the methodology.
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Part Il — Application on gold mining in French Guiana:
definition of the systems and development of the
scenarios
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The methodology presented in Chapter 2 is developed via a demonstrative application
of a case-study which is shown in Parts Il and IIl of this thesis. Part Il begins the application of
the proposed approach on the gold mining sector in French Guiana (FG). The first step of the
risk assessment process is the acknowledgment of the studied system. This Part Il is intended
to present and define the territory and mine systems chosen for the application of the
methodology. Then, these two systems are combined for the development of territorial mining
scenarios (TMS) that will be compared based on their level of risk. Therefore, Part Il will
conclude with the identification of multiple risks and, based on them, the development of two
different risk scenarios. The assessment of these risks and, thus, of the related TMS is given in
Part IIl.

Chapter 3. The territory system: French Guiana and Mana river basin

Chapter 3 presents the territory system on which the methodology is applied. Because
of the territorial dimension of our approach, a brief but general overview of FG must be given.
Then, a smaller spatial unit is chosen at the river basin scale and its human and ecological
features described to give a perspective of the socio-ecological vulnerability of the territory.

1. General presentation of French Guiana and its specificities

FGisaFrench Overseas Territory and Department located in the northern hemisphere, near
the equator, on the northern Atlantic coast of South America. With a surface of approximately
84,000 km?, it is the largest department of France — the only one in South America — and the
larger outermost region within the European Union (EU) (Papy, 1955). FG is at approximately
7,000 km far from Metropolitan France and it is located between the rivers of Maroni and
Oyapock which separate it respectively from Suriname and Northern Brazil (Fig. 16). Its features
concern a transversal range of aspects which must account for:

- Its localization within the Amazon rainforest, in a sensitive region from a hydrological,

geological and environmental point of view (Galochet and Morel, 2015)

- Its colonial history that reflects a currently complex political, economic and socio-
cultural context and results in a strong dependence towards Metropolitan France
through public policies that address the socio-economic and ecological challenges of
the territory (e.g. exponential demographic growth, land-use conflicts, high non-
employment rates) (Barret, 2001; Piantoni, 2009; Oder, 2011).
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Figure 16 Simplified map of FG showing the main environmental and human features.
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1.1. Environment of French Guiana

The geo-environmental context of FG is no different from its neighbouring countries
and is strictly related to the geological settings of the Guiana Shield and its equatorial climate.
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Geology of FG is presented and discussed by a wide range of scientific literature (Delor
et al., 2003b; Milesi et al 2003; Cassard et al., 2008) and grey papers (Milesi and Picot,
1995; Degay et al 1997; Théveniaut et al., 2011). Two greenstone belts of low
sedimentary and volcanic units cross the territory from west to east in its northern and
southern regions. It is mainly in these formations that gold mineralization took place. A
simplified geological map of FG is available in Appendix 4.

An equatorial-wet climate due to its position within the Intertropical Convergence Zone.
Because of its position, FG has (low pressures, average temperatures at ~26,5 °C and
variable rainfall intensity between 1,700 to 5,000 I/m? per year). (Barret, 2001; Lecomte
et al., 2011). (www.meteoguyane.fr).

Aterritory divided between the coastal plain, called “lowlands” (4% of the territory) and
the inner regions, or “uplands” (96% of the territory) and reliefs globally moderate with
some punctual sloping areas (the Inini-Camopi mountains, reaching 850 m, hills,
inselbergs).

Hydrogéologic and hydrologic resources divided in several groundwater bodies (85,000
km? in confined aquifers) and a highly dense and tufted network of surface water bodies
(almost 20 000 km of length) spread across the territory (Barret, 2001; Asconit, 2013;
DEAL, 2013). Actual renewable water resources (i.e. the total amount of a country’s
water resources) per habitant in FG are estimated to be more than 700,000 m?3/year
(less than 3,500 m3/year in Metropolitan France) (OEG, 2016 www.eauguyane.fr ).

Surface water streams are mainly affected by the release and deposits of important
quantities of total suspended solids (TSS) (Barret, 2001), due to natural or anthropic
causes, including gold mining. Finally, the only plane surface water body in FG is the
Petit-Saut hydroelectric dam reservoir (Fig. 16). More details about Petit Saut and its
role in vectorizing, for instance, mercury-related risks can be found in Sissakian (1992);
Calmont (2001); Muresan (2009), Pestana et al., (2019).

Soils very heterogeneous, with a great range of properties. The predominant soil types,
as shown by a simplified soil map provided by Blancaneaux, (2001) (Appendix 4),
concern poorly developed soils, podzols, hydromorphic soils (mainly located in the
lowlands) and a great variety of oxisols and ultisols occupying ancient lowlands and
mainly the uplands. The main common features of these soils zones are their high
degree of weathering, their sensibility to erosion, their low fertility and a mostly acidic
pH. (Turenne, 1973; Betsch, 1998). However, soil resources in FG should be more
pertinently be acknowledged.

More than 90% of the territory covered by tropical rainforest (Cassard et al., 2008; De
Santi et al., 2016), making of FG a world-widely recognized high-biodiversity wilderness
area within the Amazon rainforest region (Galochet and Morel, 2015). Indeed,
biodiversity is maybe the environmental component the most discussed in FG,
especially when it comes to gold mining-related impacts. Various compilations of the
floristic and faunistic richness of FG are available (Barret, 2001; DEAL, 2014; ONF, 2015;
Stier et al., 2020). The ecological patrimony of FG encouraged public authorities to
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create, during the years, a great number of protected areas, including three RAMSAR
zones, 170 ZNIEFF areas and one Amazonian Park (Appendix 4) (Chaneac and Legrand,
2009; DEAL, 2014; Galochet and Morel, 2015; CTG, 2016).

1.2. History, society and economy in French Guiana

Gold mining affects the socio-ecological dynamics in FG and represents an activity that
shaped the human component of FG, as it has been widely deepened by Jebrak et al., (2020)
Therefore, risks related to gold mines vary considerably based on the features of the societal
context where they are performed.

1.2.1. Human societies and history

Almost all the human settlements of FG concern the coastal area, with one first main cluster
in the capital Cayenne, but also Kourou or Mana —and the riverine regions of the Maroni — with
the second main cluster of Saint-Laurent du Maroni — and the Oyapock. FG has one of the
highest demographic growth rates in France (Millet, 2018). According to a report of the French
National Institute of Statistics and Economic Studies (Insee), population increased from 27 863
in 1954 to 269 352 in 2016 (Raimaud, 2018) and may reach more than 500 000 people in 2050
(Léon, 2010; Demougeot and Baert, 2019). Cayenne more than tripled its surface between
1946 and 1998 (Barret, 2001).

Because of its history, FG population is extremely diversified. It mainly includes Creoles (i.e.
people born in the colonial territory), French Metropolitans, Bushinengue (i.e. descendants of
black slaves carried from Africa to the colony), six groups of indigenous people of America but
also important communities of Brazilian, Hmong (mainly from Laos), Chinese, Javanese,
Lebanese and Indo-Caribbean people (Joshua Project, 2015). Such multi-culturalism is
discussed by several authors (Papy 1955; Jolivet, 1971; Collomb, 1999; Fouck, 2000; Elfort,
2010) and it poses important challenges for the uniform application of public policies and land-
use regulations (Grenand et al., 2006). The cohabitation of these different cultures might be on
occasions the source of social tension concerning land property rights. Indeed, French
administration historically took over the Native Americans and progressively transformed the
territory into a “plantation model” where a process of “francization” of local people was
performed through Christianity and property rights (Barret, 2001). At the same time, the
slavery system shaped the population into “white” Europeans, Native Americans, African slaves
and Creoles. Such dynamics must be considered at the scale of the three Guianas, since it
produced internal migration flows of Native Americans and African slaves. For instance, the
rebellions of Africans against slavery led to the development in FG and Suriname of new black
communities (the Bushinengue). In 1848, slavery was abolished, and French administration
continued the francization of the newly-freed slaves as sort of “social promotion” (Barret,
2001). If FG was a well-known destination for political prisoners since the French Revolution,
under the 1854 “deportation decree” by Napoleon lll, FG became officially a penal colony,
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leading to the construction of several labour camps, called “bagnes”. Massive groups of people
France were sent from the Metropolis to FG, as deported or as part of the colonial
administration. After the beginning of gold exploitation in 1855, the fist “gold rush” added more
migration flows across the region and the reduction of Native Americans at the beginning of
1900. IWW and the economic crisis generated the worsening of living and social conditions in
FG. Finally, FG became a French department in 1946 (again, after the short period in 1797) as
integral part of French Republic and submitted to the same regulatory framework of the
Metropolis.

The demographic rate and the high diversification of FG society is due as well to these
historical conditions (Piantoni, 2009). For instance, in 1999 more than one third of the
population was foreigner. Two main factors are related to such migratory flows: firstly, the
physical fuzziness of FG boundaries with Surinam and Brazil (Barret, 2001), leading to massive
flows, especially of illegal miners. Secondly, the gross domestic product (GDP) is a half lower
than in Metropolitan France (Piantoni, 2009; Insee, 2017). As the other French Overseas
territories, FG relies on public transfers from Metropolitan France which create an “artificial
prosperity generating internal freezing and exacerbating nationalist identity reactions” (Barret,
2001). Therefore, FG has higher living standard and regional GDP than the neighboring
countries (IEDOM, 2014) making it more attractive to the neighboring communities. Moreover,
several European aids are provided for the region (IEDOM, 2016). Therefore, FG is the
destination for several migrants seeking for better opportunities, including illegal gold mining.

1.2.2. Short overview of the main economic activities

In 2016, gold mining was representing approximately 1% of the GDP of FG, with 500
declared employees while the informal gold mining sector is up to 10 000 estimated workers
(IDEOM, 2016). The presentation of the other different economic activities in FG is available on
the portal of French institute for the statistical and economic studies (www.insee.fr). A general
overview is also presented by Barret (2001), IEDOM (2016) and in a recently published report
by Deloitte (2018) that compares different future scenarios of economic development in FG.,

The unemployment rate in FG was up to more than 23% in 2016 (IDEOM, 2016), one of the
highest in France. If most of the jobs opportunities are provided by the public administration
sector, representing 41% of the total employment and 35% of the global GDP, other several
activities play an important role in the economic dynamics of FG. A short list will present the
main sectors:

- Agriculture and farming: more than 30 000 hectares in FG are destined to agriculture

(Deloitte, 2018). The traditional “slash-and-burn” agriculture is still the most practiced
and covers almost 80% of the total agricultural surface (Demaze and Manusset, 2008;
Deloitte, 2018).
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- Fishing is also an important sector even if currently illegal fishing activities produce
three times more than the legal ones (Deloitte, 2018).

- Wood production provides around 500 direct jobs (CTG et al., 2018) and represent an
important potential for FG.

- Construction represents 8% of the total value added in FG (IEDOM, 2016).

- Industrial activities, other than gold mining, cover a wide range of sectors such as the
chemical transformation, food production, transport, energy, etc.

- After the development in 1968 of the Guiana Space Centre (CSG), space industry has
been representing a boosting factor both for the city of Kourou, where the population
raised from 3000 to more than 25 000 people in 50 years but also for the entire region
(Charrier et al., 2017).

- The energetic sector as well provides important outcomes since more than 64% of the
total electricity is produced through renewable resources (CTG, 2016).

- Tourism counts approximately 100 000 visitors per year in FG, mostly for business
purposes (Deloitte, 2018).

- Research and education count different structures in FG (INRAE, CNRS, IRD, SEAS) and
one University in Cayenne, with more than 3 000 students in 2012 (Insee, 2014).

2. Selection of the spatial scale: Mana river basin

Our study is conducted at the scale of a river basin (RB), the area where all streams drain

to a common terminus (Molle et al., 2007). ARB is considered in this study as a territory system,
thus as a socio-ecological functional unit that has the capability to provide ecosystem services
and regulate human life through the meeting of societal needs (see Chapter 1).
The choice of this scale is due to the significative importance of water management at the river
basin in FG where the hydrographic network is considerably dense and plays a key role in the
daily life of local population. Furthermore, there is a tight relationship between mining activities
— particularly gold mining —and water management, especially under the climatic conditions of
FG. The structure of the basin and of the hydrographic network have a strong influence on the
functioning of a mining project, starting with the localization of the mine site, its construction
and water and waste management (ICMM, 2015). For instance, Kossoff et al., (2014), suggest
that the parameters to assess the consequences of a tailings dam failure and the remediations
measures to implement, depend on the features of the RB.

Furthermore, the 2015 Carthage database — developed by the French Agency for
Biodiversity (Agence Francaise pour la Biodiversité, AFB) and other services such as SANDRE
and the DEAL of FG — distinguishes four spatial units (i.e. region, sector, sub-sector, zone)
responding to the needs of hydrographic codification (circular n°91-50, 1991) to support Water
Planning and Management Schemes (SDAGE) at the catchment scale. This meets the
operational purposes at the territory level proposed by the approach presented in this thesis.
The chosen geospatial unit is the hydrographic sector — corresponding to the actual river basins
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— which represents a sufficiently wide area to locate multiple mining project types to test and
refine the methodology.

2.1. The Mana river basin and its potential representativeness

FG counts 14 different river basins (RB), which almost correspond to municipal boundaries
(Fig. 17). From the West to the East:

- the Maroni RB, the biggest in FG, which exceeds FG regional boundaries and covers an
important part of Surinam,

- the Mana RB,

- nine RB usually named “river basins of the central coastline (Organabo, Iracoubo,
Sinnamary, Malmanoury, Kourou, Macouria, Cayenne, Mahury, Kaw),

- the Approuague, Ouanary

- the Oyapock RB, which, as the Maroni basin, crosses FG borders and covers a part of
the northern region of Amapa, in Brazil.

The choice of the river basin on which applying the approach proposed in this study is based
on multiple criteria that consider the geological nature of the basin and the presence of gold
deposits, the quantity and quality of mining activities, the presence of important human
settlements and environmentally sensitive areas. These criteria aim to select a river basin that
shares its features with the other basins and might be representative of FG territory. Hence,
our study is focused on the Mana RB which has been chosen since it hosts:

i) One of the most important surfaces of greenstone belt formations, approximately
of 4100 km?, after the Maroni river and the central coastline basins;

ii) More than 50 documented legal primary and secondary gold deposits, according to
the data collected in 2018 (provided by the PTMG) and more than 2000 illegal gold
miners which have a considerable impact on water-related resources;

iii) One of the most important clusters of legal mining permits and authorizations
currently active;

iv) At least 6 main urban areas, among which, the city of Mana, the 4™ most important
city of FG by surface, the 8™ by population and the 14" by density;

V) Multiple ecological habitats that are common to the whole region of FG, as it can
be observed in the catalogue developed by ONF, (2015).
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Figure 17 Main river water basins in FG (Office de I'Eau, 2015)

The choice has been mainly driven by discussions with local actors (e.g. public
authorities, mining operators and local associations) during the missions that covered the first
year and a half of the thesis. Mana RB represents a simple example for the demonstrative
application for the methodology developed in this study. By our knowledge, this basin could be
considered as representative of FG territory because of the common features previously
mentioned. For instance, the application on the Sinnamary basin would have implied a specific
focus on the Petit Saut pond, which plays an important role in sediment transportation and Hg
methylation. Also, the most upstream zone of the Maroni river is not crossed by greenstone
belts and does not represent a mining area. For this reason, it cannot be considered
representative. Or else, the selection of the Maroni or Oyapock RB would have imposed the
consideration of their transboundary dimension and, thus, a further assessment of gold mining
sector in Surinam or in Brazil.

2.2. The socio-ecological components of Mana RB

Hereafter, we present the human and ecological specificities of the Mana RB. If such
specificities are here only overviewed, they are needed for the assessment of the socio-
ecological vulnerability of the basin according to the risk scenarios, developed in Chapter 6.
Vulnerability assessment is detailed in Chapter 7. Data have been collected through free
interviews and exchanges with the actors presented in Section 1 — which provided multiple
spatialized data — field observations, mine visits and surveys, literature reviews, etc. The
information has been gathered under various forms: tables, conceptual and descriptive data,
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photos, geospatial data for GIS processing (e.g. raster, vector files) etc. The collected data are
resumed in Appendix 5.

2.2.1 Ecological component

The Mana RB has a surface of approximatively 12,200 km? and it is located on the west
part of FG. As mentioned, its geology is characterized by the same units of the Guiana Shield.
In Fig. 18a, a simplified geological map of Mana RB is provided, with a specific focus on the
greenstone belt formations, since gold deposits are mainly localized in these areas.

The ecology of Mana RB is highly diversified as shown and detailed by the habitats catalogue
provided by ONF, (2015) (Fig. 18b). Different types of forests are located within the RB and
their diversity depends considerably on the relief and type of soils. The relief of Mana RB is
moderately low, with a progressive increasing of the elevation towards the uplands and some
high “peaks” located in its central-western region, near the Massif Dekou Dekou and in the
south (Fig. 18c).

Mana coastal area is the driest with precipitations inferior to 2 meters per year, which supports
rice culture, while the rainfall intensifies towards the uplands, with lower values on the western
side of the RB (Fig.18d). Also because of the climatic conditions, the ecological habitats of the
basin shelter an important biodiversity and several protection measures have been
implemented in order to protect these areas (Fig. 18e): the coastal wetlands classified under
the Ramsar Convention, several ZNIEFF areas, a large biological reserve in the north-western
part of the RB and finally a part of the Guiana Amazonian Park (PAG) in the south.

Finally, as it is shown in Fig. 18f, the main ecological and protected areas have been integrated
within the Departmental Mining Plan (SDOM) which, as mentioned, provides a zoning whether
mining is authorized or forbidden.
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Figure 18 Six maps overviewing the ecological components of Mana RB related to the: a) Rainfall intensity; b) Relief; c)
Hydrographic network and the main forest ecological habitats classified by ONF (2015); d) Environmental protection
measures; e) Simplified geological maps focusing on Greenstone belts formations; f) The Departmental Mining Plan (SDOM)
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2.2.2 Human component

The Mana RB intersects four different municipalities (Fig. 19): Awala-Yalimapo, Mana,

Saint-Laurent-du-Maroni and Sall. These municipalities belong to the Community of Western
Municipalities of FG (CCOG), along with other municipalities such as Apatou, Maripasoula,
Papaichton, Grand-Santi.
The areas of Saint-Laurent-du-Maroni and Sall, crossed by the RB, are entirely covered by
rainforest. The human settlements located within the RB belongs mainly to the municipalities
of Mana and, in a very residual part, of Awala-Yalimapo. Therefore, the study of the human
components of Mana RB has been focused essentially on the municipality of Mana, which led
us to the study of urban planning documents, observations and discussions with local
authorities. Most of this general overview is presented by the report of the Agency for Urban
Planning and Development of FG (AUDEG, 2018).

From a general point of view, Mana municipality has a surface of 6,520 km?. In 2020,
almost 12,000 inhabitants (plus approximately 2 000 illegal gold miners) — against less than
5,000 in 1990 (https://www.insee.fr/fr/statistiques/3635065?sommaire=2414232) — are
distributed among two main urban clusters: the Bourg of Mana, located at the estuary of Mana

river, and the village of Javouhey, more upstream (Fig. 19). As shown by Fig. 19, the rest of the
urban agglomerations concerns peri-urban areas, distributed along the main national and
departmental roads. This type of unplanned and spontaneous urbanization is an important
characteristic of Mana RB which can be peculiar to other municipalities in FG. Nevertheless, it
represents an important issue for risk assessment and analysis that will be detailed further.
Mana population is very varied with important rates of Metropolitan French and foreigners
(mainly from Surinam). The total of human settlements and activities represents a footprint of
approximately 10% of the territory. As shown by Fig.19, the main part of Mana municipality is
covered by rainforest. The urban clusters are surrounded by agricultural areas that cover
considerable surfaces along the coastline. Indeed, the agricultural potential is relatively
important for two main reasons:

- The heterogeneous geopedological context, that will be furtherly detailed,

- The low slopes of important surfaces, which allow the mechanization and access to

several areas.

Nevertheless, this potential is restrained to the northern part, leaving the rest of the area to
possible forestry activities.
Mana energetic supply is provided by the EDF net installed along the main urban areas, with
the potential development of the hydroelectric power plant of Saut Maman-Valentin which
would supply approximately 20,000 inhabitants. Several constructions, oftenillegal, and mainly
in unplanned urban areas do not dispose of electricity.
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Figure 19 The human components associated with Mana RB. The maps show the overlaying municipalities concerned by the
considered RB, with a particular focus on Mana municipality and its land-use. The last three maps focus on the urban areas of
Mana (Mana Bourg).

3. Actors considered and temporal dimension of the application

3.1. Presentation of the stakeholders considered in the study

The multi-perspective dimension of our approach involves the integration of as many
stakeholders concerned by gold mines in FG as possible. Participation of stakeholders has
played a key-role mainly for data gathering and the further definition of risk-weighting
coefficients (see Chapter 9).

The actors considered hereafter can be divided in three main categories that are
detailed in Table 5: gold mining operators, public authorities and civil society. Continuous and
ongoing exchanges with them took place during the whole thesis and concerned particularly:
the general acknowledgment of FG and the collecting of semantic and spatialized data for the
assessment, the development of gold mine-types, the selection of the river basin for the
fictional localization of these projects, risk identification (Chapter 6), the development of the
risks scenarios that will be assessed (Chapters 7 and 8) and the multi-perspective weighting of
the assessed consequences (Chapter 9).
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Table 5 Stakeholders contacted during the thesis. Some actors have been participating to the development of the thesis durin
all the three years.

Actor Actor Type Category

Artisanal and Small-scale mining operators

Medium-scale mining operators . Mining
o Legal miner

Large-scale mining operators Operators

National Forestry Office (ONF)

Regional Health Agency (ARS)

French Geological Survey (BRGM)

French Guiana Water Office (OEG) Public Institution
Research for Development Institute (IRD)

National Institute for Scientific Research (CNRS)

Amazonian Park of Guianas (PAG)

Urbanism and Development Agency of French Guiana (AUDeG) Association
Territorial Collectivity of French Guiana (CTG)

Technical and Mining Pole of French Guiana (PTMG-CTG)

Prefecture

Public
administration

Decentralized

. ) ) Governmental Services
Directorate for Environment, Development and Housing (DEAL)

Defence and Armed Forces

_ . . . Centralized Governmental
French Ministry for the Ecological and Inclusive Transition

Services
Or de Question o
= Association
Guyane Nature Environnement
World Wildlife Fund (WWF) France NGO

Civil Society
Private Engineering

Private Engineering consultants
consultants

Citizens participating to the Montagne d’Or Public Debate Citizens

3.2. Temporal dimensions considered in this study

In this thesis, the defined temporal boundaries chosen for the assessment concern:

- the mining system and its phasing (Chapter 1): the risk assessment is applied to the
mining “operational phase” (from the excavation of the ore to the recovery and waste
management), since it is considered as the most critical in terms of impacts (Fig. 6)

- the temporal dimension at the territory level: the assessment is performed through the
development of territorial mining scenarios (TMS) based on the information
corresponding to the actual current state of FG and its gold mining sector (2017-2020).
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Conclusion

Because of its characteristics, FG seems an appropriate region where to test our
methodology. This territory shows important challenges (e.g. demographic growth,
human and technological development) that must be addressed in a region shaped by
gold mining and with high socio-ecological vulnerability, due to its localization in the
Amazon and its history. This study focuses on the river basin scale of Mana, as smaller
spatial scale. Available and structured data for our purposes are limited, as it will be
shown in Chapter 7 and 8 and Appendix 5. Finally, the different stakeholders considered
in this study are presented along with the temporal dimension of the application, which
focuses on the mining operation phase.
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Chapter 4. The mine system: overview and classification of gold mining in FG

This chapter presents and describes the specificities of gold and its exploitation across
the world and then, specifically in FG. Gold mining systems in FG are detailed, described and
classified in order to obtain standardized gold mine-types for the development of territorial
mining scenarios (TMS) that will be compared based on their level of risk. All the georeferenced
and non-spatial data used to describe both to the mining and territory systems and their
sources are presented in Appendix 5.

1. Overview of gold mining across the world

Before describing the main features of FG, it is important to have a brief focus on gold
mining across the world. Indeed, rather than a simple mineral resource like other commodities,
gold is considered as a “foreign exchange reserve asset” with unique features. The exploitation
of gold involves a great range of techniques and it has been the historical driver for
colonizations and migrations for the pursuit of fortunes.

1.1. Gold demand: uses and applications of gold commodities

The exploitation of any natural resource involves a preliminary questioning of its concrete
needs and, thus, the understanding of its uses and applications. Therefore, before an overview
of gold mining functioning, the main uses of gold resources are briefly presented: in order to
apprehend the offer through mining, it is critical to be aware of the existing demand and needs.
The World Global Council (www.gold.org/goldhub) provides updated data concerning gold

price trends, gold offer and supply and all the related information. As shown in Fig. 20, of a
total demand of approximately 4,500 tons of gold in 2019, more than 90% are destined
exclusively for jewelry (48%), investment (29%) and Central Banks (15%). Investment includes
the production of physical gold bars (approximately 580 tons of gold per year), Exchange
Traded Funds, medals and coins. The demand from National Central Banks is explained by the
necessity of maintaining sizeable stocks of gold as part of their international reserves (Ghosh,
2016; Gopalakrishnan and Mohapatra, 2018). Finally, the rest of the total gold demand
concerns the applications in the technological and industrial sectors with 262.6 tons in
electronics, 13.9 in dentistry and 50 in other industrial sectors.

China and India accounts for more than 60% of the worldwide gold jewelry consumption, which
is considerably driven by cultural factors and festivities (Schmidbauer and Résch, 2018).
However, if China assures an important internal supply, as first gold producer, India remains
the biggest importer of gold (Mukherjee et al., 2017).
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Gold demand in 2019 (WGC, 2020)
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Figure 20 Main sectors contributing to the worldwide total gold demand in 2019 (www.gold.org/goldhub/data/demand-and-

supply)

1.2. The specificities of gold

It is vital to apprehend the main unique features of gold involving its exploitation and its

environmental, economic and social dimensions, in order to have a preliminary view of the

outcomes and concerns that gold mining might raise.

1)

Gold is rather a financial speculative asset than a simple commodity. It is easily sold and
not influenced by the government’s instability (Hinton et al., 2003). Moreover, Because
of its geological scarcity, gold has a higher market value-to-volume ratio than many
other minerals, which implies that even small deposits can generate important profits
(Verbrugge and Geenen, 2019). Therefore, the financial trends of world-wide gold
demand have historically driven the development of new gold mines and the formal
and informal rapid quests of fortune seekers to mine sites (“gold rush”);

Gold exploitation methods can take widely varying forms and sizes (Verbrugge &
Geenen, 2019). In particular, the geological accessibility of some deposits enhances the
development of artisanal and small-scale mining communities (Hentschel et al., 2002),
especially where gold deposits “are simply too small, scattered or remote for large-scale
mining” (Verbrugge & Geenen, 2019).

Finally, as for other commodities, the increasing demand and the lower availability of
concentrated ore, encourage miners to target low-grade deposits (Smith and Connell,
1979), generating much greater quantities of wastes. For instance, according to
Lottermoser (2010), at modern gold mines, more than 99,999% of the originally mined
and processed ore may finally become tailings. This must be accounted for in waste
management and the related risks.
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1.3. Brief overview of gold geology and mining

Worldwide gold supply accounted for approximately 4800 tons of gold in 2019, enough to
cover the total demand. Around 30% of 2019 total supply are covered by recycled gold (WGC,
2020) (Fig. 21), almost entirely from jewellery. Nevertheless, currently more than 70% of gold
are supplied through gold mining, including the informal and illegal sectors (Fig. 21). Informal
and illegal mining can be defined respectively as “community-based mining activities that
typically follows customary law” and “illegal invasive mining” occurring when “miners illegally
enter the old mine workings of decommissioned mines” (Nhlengetwa, 2016).

The issues concerning gold mining have a world-wide reach and involve almost all the
regions in the world. According to the S&P Global database ( www.spglobal.com), around 6,000

mining projects are currently active in the world. They exploit gold as primary or secondary
commodity.

Gold supply in 2019 (WGC, 2020)
(in tons)

Recycled Gold
1304
27%

Mine
production

3463
73%

Figure 21 Main sectors ensuring the worldwide total gold supply in 2019 (www.gold.org/goldhub/data/demand-and-supply)

The geology of gold deposits and their genesis are widely discussed by scientific
literature (Groves et al., 1998; Macdonald, 2007; Goldfarb et al.,, 2010). Gold deposit types are
extremely diversified, affecting the mining techniques required for their exploitation and,
hence, their risks. Detailed classifications of these deposits are mainly based on their geological
settings (e.g. geometry, gold rate, geochemical behaviour, host-rocks, weathering,
thermodynamic and tectonic conditions) (Robert et al., 1997).

Gold deposits are commonly and simplistically divided in primary and secondary gold
deposits, based on the weathering degree and the type of accumulation of gold particles.
Primary gold deposits can imply a great range of sub-types (e.g. mesothermal and orogenic,
epithermal, sedimentary, intrusion-associated gold deposits, greenstone-hosted veins)
(Goldfarb, 2005). Secondary gold deposits usually refer to detrital accumulations of gold
particles after weathering and displacement from primary sources (placers, paleoplacers,
alluvial and eluvial deposits).

Gold deposits are evenly distributed around the globe and exploited through different
techniques (e.g. artisanal, industrial). However, countries production rates are highly
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heterogeneous, depending not only on the gold reserves but also on public polices, technical
assets and the socio-environmental factors: the availability of gold production does not rely
only on the mere occurrence of a geological deposit. Therefore, the geological parameter is not
the only one who needs to be accounted for in order to understand the trajectories of gold
mining countries and their production rates.

Indeed, according to the WGC (consulted on 27/05/2020) more than a half of gold supply by
mining is provided by ten main gold producer countries (Appendix 6 ), with China, Australia and
Russian Federation at the top of the list. Australia and Russia have a considerably low
population density (respectively 3 and 9 people per km?) which would reduce human exposure
to negative mining impacts and land-use conflicts. Australia is one of the most important mining
countries in the world with an important mining history which enabled the reduction of ore
grade deposits, the increasing of open cast mines and the development of a regulatory
framework for each inner State. Moreover, gold production has considerably increased since
the choice of the government to allow the implementation of cyanide-based techniques
(Mudd, 2007). If China density is relatively higher (145 people per km?), Chinese gold mining
boom is due also to increasing foreign and domestic investments into mining and to 1996
Mining Law which supported a rapid expansion of demand and supply and a high diversification
of mining ownership structures (Shen et al., 2009).

2. Gold mining in the Guiana Shield

The choice of FG gold mining sector for risk assessment at the territorial level needs a brief
introduction to the wider geological and socio-ecological context in which FG is located in order
to understand the specific types of gold deposits present in the region. FG gold deposits are
hosted by two Greenstone Belts — a formation of metamorphized sedimentary and volcanic
series — which are extended to a larger Precambrian geological area called the Guiana Shield.
The Guiana Shield is located in the northern part of the Amazonian Craton (Delor et al., 2003a)
and it includes Venezuela, Guyana, Suriname, FG and Brazil (Fig. 22). The Guiana Shield is
considered as the “geological cousin” of the West African craton (Milesi and Picot, 1995) and
its geological history and gold metallogeny are widely detailed by scientific literature (Dardenne
and Schobbenhaus, 2003; Delor et al., 2003a; Daoust et al., 2011; Theveniaut et al., 2011). The
main geological development of the Guiana Shield took place during the Transamazonian
orogeny (2,26 to 1,95 Ga) (Milesi and Picot, 1995; Théveniaut et al., 2011) (Fig. 22) and it is
mainly within these settings that most of primary gold mineralization were formed.
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Figure 22 Simplified geological map of the Guiana Shielf (from Daoust et al., 2011)

Apart from geological affinities, the need for the comparison of FG with its neighboring

countries is based on:

The ecological and societal similarities, especially among the three Guianas (Guyana,
Suriname and FG) where a cultural melting-pot with a common history inhabits a
territory covered by the Amazon rainforest, in tropical and equatorial environments.

The considerable development of the socio-technical phenomenon of informal and
illegal artisanal and small-scale gold mining which moves without boundary restrictions
in the three Guianas (Hook, 2019), largely contributing to informal migration flows from
Suriname and Northern Brazil to FG;

The transboundary dimension of the socio-ecosystems in these regions, with particular
focus on the Maroni and Oyapock river water basins that separate FG respectively from
Suriname and Brazil. For instance, most of the industrial gold mining activities in
Suriname are located in the same basin shared with FG (Fig. 23).

Despite the common geological settings among these countries, mining projects take

different shapes and involve various techniques (e.g. gold dredging performed in Suriname but

not in FG) and mining regulations are extremely different from country to country. For instance,

Suriname just recently ratified the Minamata Convention concerning the interdiction of

mercury, including for gold mining purposes (www.mercuryconvention.org), while mercury has
been banned in FG in 2006.

73


http://www.mercuryconvention.org/

Fig. 23 shows the distribution of the main existing mining projects in the three Guianas. Data
concern all the commodities exploited by mining activities (excluding quarrying). However, only
for FG and Suriname, the distinction among primary and secondary gold mining was possible
according to the available data. Despite such affinities, gold production is considerably
divergent among these countries as shown by the diagrams in Fig. 24. Unlike gold production
of Brazil, Suriname and Guyana shown in Fig. 24 (WGC, 2020), FG gold production in 2014 was
estimated to be around 2 tons of gold per year and 1,3 tons of exported gold in 2017, for a total
turnover of 48 millions of euros (Deloitte, 2018). The same figure normalizes gold production
values with the surfaces (km?) of each country according to the World Bank data. As it is
understandable, the ratio shows highest values for Surinam and Guyana while Brazil has the
lowest rate. In comparison, according to its surface and gold production per year, FG, would
present the same values as Brazil. However, the normalization cannot be limited to the surface
and should integrate as well further parameters (e.g. the number of active gold mines per year,
the surface or size of the geological deposits within country borders)
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@ Placer mining permits
== Guiana Shield boundaries
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I

Figure 23 Modified satellite-derived map of the Guiana Shield and its main countries. The map shows most of the approximate
gold mines located in the area in 2017, according to the governmental databases of Guyana (GGMC), Suriname (GMD), and
FG (confidential collecting from CTG).
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Gold mining production in the Guiana Shield in 2018
120 Production volume (T)

100
80
60
40
20 | 1 > | ™1
0,25

Gold production/surface rate
020 (T/km2)

0,15

0,10
0,05

m m 0,01 |
0,00

Colombia Venezuela Guyana Suriname Brazil

Figure 24 Gold production in 2018 of all the countries belonging to the Guiana Shield, except FG, according to the WGC
(www.gold.org/goldhub/data/historical-mine-production)

3. Gold mining in French Guiana

The extraction of gold in this territory has been active only since 1855 (Moullet et al., 2006;
Oder, 2011). As described by Oder (2011), gold mining history in FG is composed of three
periods:

1. From 1855 to 1930: the newly discovered deposits attracted more Creoles from the
Caribbean and coastal areas to mining sites for personal enrichment.

2. From 1930 to 1990: due to the economic crisis of 1929, the depletion of gold
deposits, the WW2 and the limited mining techniques, gold mining declines
considerably. Furthermore, the 1946 departmentalization encouraged more people
to choose safer and more stable jobs along the coast.

3. From 1990 to date: a second gold rush due to several phenomena:

- New and more effective gold mining techniques an equipment developed in Brazil

- The publication of the gold deposits survey in FG realized by the BRGM (1975 — 1990),
an incentive for both legal and illegal gold miners.

- The rising of gold prices since the end of the Bretton Wood Agreements in 1968

(Cassard et al., 2008).
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However, this late period differs considerably from the first “gold rush”, since it takes place
within a “sustainable-development” context where environmental protection and social
enhancement are the main issues of the international political agendas, especially in FG (Oder,
2011). Therefore, gold mining activities have progressively integrated socio-environmental
performances to address such issues.

This section presents a brief overview of gold mining in FG, detailing the main factors that
might influence the occurrence and the intensity of specific risks. The section is directly
provided by a fragment of Scammacca et al., (2020a).

According to the database provided by the Technical and Mining Service of the Collectivité
Territoriale Guyane (CTG), on December 315t 2017, around 131 valid gold mining permits and
authorizations have been delivered in FG: 85 authorizations for mining exploitation (AEX), 29
mining concessions, 14 prospecting permits (PER) and 3 exploitation permits (PEX) (Appendix
4 and Table 6).

During these last decades, FG has been facing a real “gold mining paradox”: gold value
increases, legal mining permits decrease, and illegal gold mining explodes (Oder, 2011). Indeed,
illegal gold mining is one of the main issues related to the extractive sector in FG. It represents
a way out from poverty, and it attracts hundreds of legal and thousands of illegal miners. At
least 10 000 illegal gold miners (Moullet et al., 2006) are active all over the territory in FG,
including the PAG area. These miners, or “garimpeiros”, come mostly from the northern
Brazilian State of Amapa, Suriname and Guyana where there is lack of opportunities.
However, if legal mining represents 1% of the GDP (IEDOM, 2016), illegal gold mining is the
main sector of informal employment and of highest production rates, producing ten times
more than the legal gold mining sector (WWF, 2018).

3.1. Gold mining regulatory framework in FG

In FG, mining permits are delivered according to two complementary frameworks. The

Mining Code, which establish the size and the duration of the mining permit depending on the
mining phase (Table 6), and the Departmental Mining Plan (“Schéma Départemental
d’Orientation Miniére” or SDOM), which states where mining is authorized or not and under
which conditions it might be performed (Appendix 4). Finally, a number of European
dispositions are applied in FG.
At least 10 000 illegal miners — or garimpeiros, when they come from Brazil — operate outside
such frameworks and occupy 500 to 900 mine sites in FG (Moullet et al., 2006; Tudesque et al.,
2012). Despite of multiple military operations, illegal mining produces ten times more than
legal gold mines: the total illegal production of the last decade is estimated to be about 10 tons
of gold per year, while legal production is around 1-2 (WWF, 2018).
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Table 6 Synthetic scheme of the requlatory framework concerning mining permits and authorizations in FG (adapted from DEAL,
2015)

Type of ARM AEX PER PEX Concession
French Autorisation de A}utorls.atlc.)n Pern_ns Permis .

L L d’exploitation exclusif de , . Concession
description  recherches miniéres N d’exploitation

miniere recherche

Nature of Exploration Exploitation Exploratio Exploitation Exploration
Max. 3 1 Free Free Free
Max. 4 months 4 years 5 years 5 years 50 years
Max. 1x4 months 1x4 years 2X5 years 2x5 years o x25 years
Spatial . . . . .
scale of Regional Regional National National National

3.2. Types of gold deposits in FG

The type of geological deposit determines the techniques employed for mining, and
thus, the associated impacts. Two main categories of gold deposits are generally considered in
FG (Thomassin et al., 2017). Primary gold is mainly found in quartz veins (type 1) or in oxidized
(type 2) and residual (type 3) deposits depending on the weathering degree. On the contrary,
secondary gold deposits are made of gold particles that have been subjected to an important
displacement from the primary source along the lateritic profiles (type 4) or by the gravimetric
concentration in streams (type 5) (Dardenne and Schobbenhaus, 2003) (Fig. 25). For instance,
the phenomenon of acid mine drainage (AMD) is typical of primary gold deposits rich in sulfides
and it occurs when operational and specific environmental conditions are met (e.g. oxidizing
conditions, absence of carbonates, high temperature, acid pH, microbial activity) (Miramond et
al., 2006; Simate and Ndlovu, 2014).

> Chemical weathering

(water, oxidation) Stream (crique)

Type 4

5 Mechanical weathering
(erosion, transport)

- Hydrothermal

weathering
° . Residual soil

bood - BRGH | Gold-bearing sands and sediments
Figure 25 Conceptual image of gold mining deposits in French Guiana (adapted from BRGM, 2004)
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3.3. Mining techniques for gold exploitation

Depending on the geological deposit, gold exploitation methods can take a wide range
of forms and sizes (Verbrugge and Geenen, 2019). Since primary gold exploitation requires a
certain amount of logistics limited by the restrained accessobility within the rainforest, current
gold exploitation in FG concerns predominantly secondary deposits (types 4 and 5) through
artisanal and small-scale techniques (Moullet et al., 2006; Cassard et al., 2008; Matheus, 2018).

In FG, secondary gold mining is usually based on surface mining techniques (“placer
mining”) documented by technical reports of the French Geological Survey (Laperche et al.,
2008; Barras, 2010; Bourbon and Mathon, 2012; Cottard and Laperche, 2012; Aertgeerts et al.,
2018). The site is prepared through excavators and mechanical diggers (Laperche et al., 2008).
The exploitation of the deposit begins with the creation of a pond (called “barranque”) through
the diversion of streams and the scouring of riverbanks and removal of sterile soils using
hydraulic monitors to reach the secondary deposit at a depth of 2 to 8 meters (Fig. 26 and Fig.
27). Here, gold-enriched sediments from the mineralized clay layers of the “flat” (sedimentary
volume of the alluvial plain) are left in suspension collected. The wastes from this first operation
are released within the pond and checked again manually by panning. A second pond is opened
by hydraulic monitors towards the upstream and the process is reiterated as long as it is
allowed by the permit, in the case of legal mining projects. The fine-sized slurry (< 20 mm) —
containing water, sediments, gold and other materials — is pumped or moved manually on
terraced sluices with metal carpets or other settling tables (e.g. shaking tables, trommel
machines) in order to trap gold particles by gravity. The abandoned exploitation pits are used
as decantation ponds and they are interconnected through a communicating spillway system.
Therefore, the mine site consists in a sequence of “barranques”, interconnected through
channels which support the gradual decantation of the water from the newer ponds — where
sediments settle — to the oldest — where water is decanted and re-pumped to the hydraulic
monitors (Fig. 26 and Fig. 27). Once separated from the other materials through the settling
tables, concentrates of gold-enriched “black sands” are transported to the laboratory area for
recovery. A more accurate concentration of gold particles is then done either manually through
the couy (i.e. pan) and traditional panning methods or more frequently through more
sophisticated equipment such as the Knelson concentrator, shaking tables (e.g. Gemini or
Goldfield types), wave tables or laboratory sluice boxes (Thomassin et al., 2017; Aertgeerts et
al., 2018) (Fig. 28). Finally, they are transported to the smelter and then refined (Matheus,
2018). The revegetalization of these mine sites is addressed by a specific guide in FG (DEAL et
al.,, 2016).

In the case of illegal gold mining of secondary deposits, the process is quite the same,
except for the non-respect of any safety and environmental regulation. Moreover, the
extension of the site is quite variable and, obviously, does not depend on any permit
delimitation (Fig. 29). The exploitation process of illegal gold mining involves as well a first use

78



of mercury (Hg) which is either spread on the ground or on riffled sluice box (Hinton et al.,
2003).

Only few legal mining projects concern primary deposits (types 2 and 3), while type 1
primary gold still is mainly untouched (Massoud, 2008). Primary gold exploitation in FG is
performed following two main techniques. The most current is open-cast mining, which implies
the excavation of a pit (20-25 meters deep) and the transfer of waste materials on waste rock
piles (Fig. 30). The ore is crushed, grinded and then pulped on sluices to separate gold particles
by grain-size. A second grinding and centrifugal phases are performed to trap fine gold particles
(Thomassin et al., 2017; Matheus, 2018).

Recently, primary deposits, including type 1 deposits, have also started to be exploited
through underground mining techniques by illegal miners (Bourbon, 2014; Bourbon, 2015).
Miners reach the mineralization through the excavation of pits and/or vertical shafts whose
depth varies between 10 and 40 meters (Fig. 31 and Fig. 32). The equipment is rudimentary,
and the stability of the tunnels is assured by simple wooden planks on the pit walls.
Nevertheless, illegal primary gold mining is one of the main responsible of the degradation of

Amazon ecosystems.
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Figure 26 Simplified flowsheet of secondary-gold mining (original edition after Oder, 2011)
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A ‘
Figure 28 Settling-table for the first trapping of gold particles and the filtering of materials by grain-size. Location: western

French Guiana
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Figure 29 lllegal secondary gold mine site in FG. As it is shown, the exploitation is much more irregular compared to legal mine
sites (photo supplied by ONF - Alexandre David)

Gl

Figure 30 Primary gold mining site in FG (photo supplied by ONF - Alexandre David)




Figure 32 lllegal primary gold mine sites in FG. As it is shown, it is very difficult to acknowledge the notion of "mine site" when
it comes to illegal mining. The site is a widely spread sequence of mining pits ((photo supplied by ONF - Alexandre David)

3.4. Gold recovery methods

In FG, gold is recovered mainly through three techniques: gravimetric methods,
cyanidation, and gold-mercury (Au-Hg) amalgamation (UNEP, 2012) (Table 7). Legal mining of
primary and secondary deposits uses gravimetric methods: gold particles are mechanically
separated from the matrix first, during the exploitation phase, to reduce the grain-size of
recoverable ore, then, during the recovery phase, to concentrate the gold particles. Moderately
sophisticated equipment (e.g. concentrators, laboratory sluice-box) are used in addition to
traditional panning (Aertgeerts et al.,, 2018) (Fig. 33). When the wastes are badly managed,
stream water turbidity is the main risk. The main risks associated with gravimetry concern
mainly the increase of total suspended solids (TSS) in water streams, leading to silting. This
occurs especially when water and tailings management at mine site is not properly performed.
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Table 7 Simple and synthetic comparison of the three main gold recovery methods in FG

Processing method Gravimetry Cyanidation Mercury amalgamation
Recovery rate (%) 20-40 ~95 > 95

Costs $ $$$ $

Required skills Medium skills Very high skills Medium skills

Biodegradability in the

. - Yes No
environment
Silting and Explosions
Main risks sedimentation Chemical spills Methylation
Land degradation Transport accidents Hg emissions and pollutions
Erosion Health-related risks Health-related risks
Hg remobilization Ecosystem degradation ~ Contamination of the food chain

The use of cyanide-based methods for gold recovery in FG is discussed in several reports
(Moisan and Blanchard, 2012; GeoPlus Environnement, 2017; Menard, 2018; Urien, 2018).
Nevertheless, they address cyanidation only at larger industrial and semi-industrial scales.
Cyanidation is not used in FG at the moment, but one semi-industrial operator developed a
plant and the infrastructures to perform it (Thomassin et al, 2017). The utilization of
cyanidation allows high recovery rates (> 90%) and it implies specific risks that involve mainly
cyanide transport (INERIS, 2018) and storage before gold recovery (e.g. explosions) or after
processing (e.g. dam failures). In this case, failures might generate catastrophic consequences
(WISE Uranium) and the dispersion of free cyanide ions would add severe eco-toxicological
impacts (Donato et al., 2017).

The cyanidation proce