Ottone Scammacca 
  
Yann Gunzburger 
  
Rasool Mehdizadeh 
  
Gold mining in French Guiana: A multi-criteria classification of mining projects for risk assessment at the territorial scale

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

A call for a classification of mining project types for territorial risk assessment

A mine is the product of strategic land-planning at the territorial level. It is therefore important to study and understand the heterogeneity of the intrinsic technical features of the different mining projects operating within a large area. Indeed, to such heterogeneity corresponds a great range of impacts, the severity of which depend on specific parameters related to the mining project itself and the territory where it is located.

The most-cited impacts of gold mining in French Guiana and their causes

The potential impacts of mining projects on the human and natural environmental spheres are widely discussed in the scientific literature [START_REF] Hentschel | Breaking new ground: mining, minerals, and sustainable development: the report of the MMSD project[END_REF][START_REF] Amirshenava | A hybrid semi-quantitative approach for impact assessment of mining activities on sustainable development indexes[END_REF]. Table 1 provides a list of the most widely-known effects of mining. However, the nature and the intensity of these impacts, as well as the probability of their occurrence, vary considerably depending on the technical features of the mining project, and the territory where activities are found. A classification for impact assessment purposes at the territorial level should, therefore, be based on these intrinsic factors. Hereafter, some of the most classic risk-related factors are briefly reviewed in the case of gold mining in French Guiana. They are identified as follows: gold deposit type, mining regulatory framework, mining footprint, and exploitation and recovery methods. 4 2. 1.1 The local regulatory framework Because of the impacts it potentially generates and its strategic importance, the mining sector is highly-regulated. This influences the functioning of a project, the amount of surface area required and the techniques featured during each phase of operation. Several mineral commodities, however, are exploited informally (IGF, 2018;[START_REF] Kemp | Characterizing the interface between large and small-scale mining[END_REF][START_REF] Hilson | Large and artisanal scale mine development: The case for autonomous co-existence World Development 130 art[END_REF][START_REF] Smits | Voces Mineras: Clarifying the future of artisanal and small-scale mining collaborations[END_REF], and associated with activities that can be a route out of poverty for entire communities. Gold is the most important mineral extracted worldwide by informal miners (World Bank, 2008): it has a considerable value-to-volume ratio, which means that even small deposits can generate important profits and be easily sold [START_REF] Hinton | Clean artisanal gold mining: a utopian approach[END_REF][START_REF] Verbrugge | The gold commodity frontier: A fresh perspective on change and diversity in the global gold mining economy[END_REF]. In the case of French Guiana, mining permits are administered under two complementary frameworks: the Mining Code, which establishes the size and the duration of the mining permit depending on the mining phase (Table 2), and the Departmental Mining Plan, which states where mining can and cannot take place. Moreover, and as indicated, a number of European dispositions apply in French Guiana. At least 10,000 illegal miners -or garimpeiros, as they mostly come from Brazil -operate outside such frameworks across 500 to 900 mine sites in the country [START_REF] Moullet | All the gold for nothing? Impacts of mining on rural livelihoods in Northern Burkina Faso[END_REF][START_REF] Tudesque | Influence of small-scale gold mining on FG streams: Are diatom assemblages valid disturbance sensors?[END_REF]. Despite significant military intervention, however, illegal mining still persists here. It produces 10 times more gold than legal mines; total production from illegal operations over the last decade is estimated to be about 10 tons of gold per year, compared to 1-2 tons from legal operations [START_REF] Wwf | Lutte contre l'Orpaillage Illégal en Guyane ; orientations pour une efficacité renforcée[END_REF]. [START_REF] Thomassin | Exploration et exploitation minie re en Guyane[END_REF] and Figure 1). The first is primary gold, which is mainly 
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found in quartz veins (type 1) or in oxidized (type 2) and residual (type 3) deposits, depending on the extent of weathering. Secondary deposits are comprised of gold particles that have been subjected to significant displacement from the primary source along the lateritic profiles (type 4) or by gravimetric concentration in streams (type 5) [START_REF] Dardenne | Metallogeny of the Guiana Shield, Métallogénie du Bouclier des Guyanes[END_REF]. Acid mine drainage (AMD) is generally associated with primary gold deposits rich in sulfides and occurs under specific operational and environmental conditions (e.g. oxidizing conditions, absence of carbonates, high temperature, acid pH, microbial activity) [START_REF] Miramond | Diagnostic du phénomène Drainage Minier Acide sur des mines d'or primaire en Guyane française -Evaluation des risques associés[END_REF][START_REF] Simate | Acid mine drainage: Challenges and opportunities[END_REF][START_REF] Skousen | Acid mine drainage formation, control and treatment: Approaches and strategies[END_REF].

Mining surface footprint

Since the most widespread gold mining techniques in French Guiana are linked to surface mining, the soil footprint of the mine site is an important indicator of the land use-related impacts of a project. This is especially important in French Guiana because more than 90% of its territory is covered by tropical rainforest [START_REF] De Santi | Epidemiological and entomological studies of a malaria outbreak among French armed forces deployed at illegal gold mining sites reveal new aspects of the disease's transmission in FG[END_REF]. According to the Mining Code, the maximum authorized surface of mining projects depends on the individual permit and, thus, on the nature of the mining activity and the aspects of the project phase (Table 2) (DEAL, 2015).

Gold mining extraction techniques

Depending on the geological deposit, gold extraction can take a wide range of forms and sizes [START_REF] Verbrugge | The gold commodity frontier: A fresh perspective on change and diversity in the global gold mining economy[END_REF]. For instance, the evolution of legal and illegal artisanal and small-scale mining communities is mainly due to the geological accessibility of some gold deposits, especially where they are too small, scattered or remote for large-scale mining [START_REF] Hentschel | Breaking new ground: mining, minerals, and sustainable development: the report of the MMSD project[END_REF][START_REF] Verbrugge | The gold commodity frontier: A fresh perspective on change and diversity in the global gold mining economy[END_REF]. For this reason, since access within the rainforest is limited, current gold extraction in French Guiana centres on predominantly secondary deposits (types 4 and 5), featuring artisanal and small-scale techniques [START_REF] Moullet | All the gold for nothing? Impacts of mining on rural livelihoods in Northern Burkina Faso[END_REF][START_REF] Cassard | Gold predictivity mapping in FG using an expert-guided data-driven approach based on a regional-scale GIS[END_REF].

In French Guiana, secondary gold mining is usually oriented around surface (mining) techniques ("placer mining"), which have been documented in detail in technical reports produced by the French Geological Survey [START_REF] Laperche | Synthe se critique des connaissances sur les conse quences environnementales de l'orpaillage en Guyane -Rapport BRGM/RP-56652-FR -De[END_REF][START_REF] Barras | Digues de barranques et de lagunes d'exploitations minie res Rapport[END_REF][START_REF] Bourbon | Digues de barranques et de lagunes d"exploitations minie res en Guyane : Guide de bonnes pratiques[END_REF][START_REF] Cottard | Caracte ŕisation des de ćhets miniers de quatre mines d'or de Guyane[END_REF][START_REF] Aertgeerts | L'exploitation de l'or alluvionnaire en Guyane : synthe se des techniques employe és, recommandations et alternatives[END_REF]. A mine site consists of a sequence of ponds (called "barranques") interconnected through spillways which support the gradual decantation of water from the newer ponds, where sediments settle, to the oldest, where water is decanted and re-pumped to the hydraulic monitors. Once the gold particles are separated from the other materials by grain-size through settling tables, concentrates of goldenriched "sands" are transported to the laboratory for recovery. Only a small group of mining projects are engaged in the extraction of primary deposits (types 2 and 3), although the country's type 1 primary gold is still mostly untouched [START_REF] Hamid | Contrat Étude Prospective Filière « OR » en Guyane[END_REF]. Primary gold exploitation in French Guiana is most visibly carried out via open-cast means, which entails the excavation of a pit 20-25 m deep and the transfer of waste materials on to waste rock piles. The ore is crushed, grinded and then pulped through sluices to separate gold particles by grain-size. Secondary grinding and centrifugal activities are performed to trap fine gold particles [START_REF] Thomassin | Exploration et exploitation minie re en Guyane[END_REF][START_REF] Matheus | Les techniques et conditions d'exploitation des mines aurifères[END_REF].
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More recently, illegal miners have begun exploiting primary deposits underground [START_REF] Bourbon | Puits d'extraction d'or ille ǵal de Bostok : diagnostic pre ĺiminaire sur la stabilite ́ des puits apre s usage d'explosifs[END_REF][START_REF] Bourbon | Puits d'extraction d'or ille ǵal d'eau claire : diagnostic pre ĺiminaire sur la stabilite ́ des terrains apre s usage d'explosifs[END_REF]. Miners reach the gold through excavating pits and vertical tunnels, the depth of which vary between 10 and 40 m. The equipment used is rudimentary, and tunnels are stabilized using wooden planks affixed to pit walls. Illegal gold mining is now recognized to be one of the main causes of environmental degradation in the Amazon.

Gold processing and recovery methods

In French Guiana, gold is recovered mainly using three techniques: gravimetric methods, cyanidation, and gold-mercury (Au-Hg) amalgamation. Legal primary and secondary mining projects use gravimetric methods: mechanically separating gold particles from the matrix, initially during the exploitation phase, to reduce the grain-size of recoverable ore, and subsequently during the recovery phase to concentrate the gold particles. Moderately sophisticated equipment (e.g. concentrators and laboratory sluice boxes) are used in addition to traditional panning [START_REF] Aertgeerts | L'exploitation de l'or alluvionnaire en Guyane : synthe se des techniques employe és, recommandations et alternatives[END_REF]. When the wastes are badly managed, stream water turbidity become a major risk.

The cyanide-based methods developed for gold recovery in French Guiana are described in several reports [START_REF] Moisan | Utilisation de la cyanuration dans l'industrie aurife re en Guyane[END_REF]GeoPlus Environnement, 2017;[START_REF] Menard | Technologies de substitution du cyanure pour le traitement des minerais d'or en Guyane : avantages et inconve ńients sur les plans e ćonomiques et les risques environnementaux[END_REF]Urien, 2018). Although cyanidation is not presently used in French Guiana, one semiindustrial operator has constructed a cyanidation plant and accompanying apparatuses [START_REF] Thomassin | Exploration et exploitation minie re en Guyane[END_REF]. Cyanidation is associated with specific risks, which are linked mainly to its transportation [START_REF] Ineris | Revue synthétique des bonnes pratiques relatives a ̀ l'utilisation du cyanure pour le traitement de l'or dans le contexte guyanais[END_REF] and storage before gold recovery (e.g. explosions), as well as after processing (e.g. dam failures). Any mishandling or mishaps could have catastrophic consequences (WISE Uranium, 2019); the dispersion of free cyanide ions could cause severe eco-toxicological impacts [START_REF] Donato | Heap leach cyanide irrigation and risk to wildlife: Ramifications for the international cyanide management code[END_REF].

Since the gold recovery rate by gravimetry is low, informal miners use mercury, as did legal small-scale miners before Hg was banned by the French Government in 2006. This is despite it yielding up to 90% gold recovery in some cases [START_REF] Hinton | Clean artisanal gold mining: a utopian approach[END_REF]. Gold particles are concentrated, and amalgamated with Hg in a simple napkin to obtain a soft nugget. Since the Hg melting point is lower than gold's, the amalgam is roasted using a retort or a simple spoon. The Hg-related risks in French Guiana's gold-mining sector have been widely discussed [START_REF] Grimaldi | Impact of gold mining on mercury contamination and soil degradation in Amazonian ecosystems of French Guiana[END_REF], and are linked to specific concerns about the health of miners and welfare of local communities. Soil, air and water are all affected: 20% of Hg is lost during amalgamation, while 70% evaporates during the roasting phase [START_REF] Moullet | All the gold for nothing? Impacts of mining on rural livelihoods in Northern Burkina Faso[END_REF]. With an annual gold production of 10 tons, approximately 13 tons of Hg are also released into streams in French Guiana [START_REF] Wwf | Lutte contre l'Orpaillage Illégal en Guyane ; orientations pour une efficacité renforcée[END_REF]. Contaminated hotspots have emerged in areas located some distance from mine sites [START_REF] Marchand | Heavy metals distribution in mangrove sediments along the mobile coastline of French Guiana[END_REF], where the impacts on biodiversity are well documented [START_REF] Fréry | Gold-Mining Activities and Mercury Contamination of Native Amerindian Communities in French Guiana: Key Role of Fish in Dietary Uptake[END_REF][START_REF] Godard | Le Mercure en Guyane: Risques et enjeux de santé[END_REF][START_REF] Sebastiano | High levels of mercury and low levels of persistent organic pollutants in a tropical seabird in French Guiana, the Magnificent frigatebird, Fregata magnificens[END_REF]Gentès et al. 2019). The most significant problems result when Hg is transformed in methylmercury (MeHg) (Guedron et al. 2011a). Illegal and ancient legal gold mines are locations of high concentrations and seasonal cross-watershed transfers of MeHg (Guedron et al. 2011b). Contamination might affect the food chain and lead to severe endocrine disorders among local populations [START_REF] Fréry | Gold-Mining Activities and Mercury Contamination of Native Amerindian Communities in French Guiana: Key Role of Fish in Dietary Uptake[END_REF]. Human exposure to MeHg depends also on the receptors and their socio-cultural habits [START_REF] Grandjean | Methylmercury Neurotoxicity in Amazonian Children Downstream from Gold Mining[END_REF][START_REF] Boudan | Étude de l'imprégnation par le mercure de la population de Sinnamary[END_REF]ARS, 2013).

Existing classifications of gold mining project types

7 Gold mining project types are often considered individually, and their detailed specificities neglected. The environmental and social impacts of artisanal and small-scale gold mining has been widely discussed (Hilson, 2002a;[START_REF] Seccatore | An estimation of the artisanal small-scale production of gold in the world[END_REF]. Moreover, the definition of these activities varies from country to country (e.g. Brazil, Ethiopia, Ghana, Mexico, Suriname) (Hilson, 2002b andTable 3). Informal gold mining has been widely examined in the literature, especially in the context of its social, environmental and governance-related impacts. However, no explicit distinction between illegal (informal) primary and secondary gold mining is usually made (Table 3), although the type of deposit demands the application of different methods. Illegal gold mining is mostly contextualized as a social phenomenon rather than a simple individual project, specifically framed as activities undertaken outside of regulatory frameworks and without trained formal skills [START_REF] Bansah | Socioeconomic and environmental assessment of informal artisanal and small-scale mining in Ghana[END_REF][START_REF] Zvarivadza | Artisanal and Small-Scale Mining as a challenge and possible contributor to Sustainable Development[END_REF]. The success of these activities is contingent upon gold price variations in the global market, the availability of an abundant and mobile workforce, the free circulation of products for gold recovery, and finally the money laundering networks which bind the informal and formal sectors of gold production [START_REF] Heemskerk | The Gold Marketing Chain in Suriname, WWF Guianas Sustainable Natural Resource Management Project[END_REF]. Both legal and illegal artisanal and small-scale mining "must be fast, easy and cheap" to assure simplicity and a low investment [START_REF] Hinton | Clean artisanal gold mining: a utopian approach[END_REF]. Conversely, large-scale gold mining activities are typically capitalintensive projects financed by multinational corporations. Medium-scale mining is rarely discussed (Ribeiro-Duthie and Castilhos, 2016). Such "semi-industrial" activities are specific to some territories, such as French Guiana; here, medium-scale operators target primary deposits, with a view toward industrializing further. The existing classifications do not comprehensively cover these different types of projects, especially in the context of gold mining; the operations found in this sector vary in size, and feature different techniques. Moreover, existing differentiations are based on a few distinguishing factors (e.g. gold production, degree of mechanization, size of the company). In French Guiana, the different types of mining projects and their attributes are only addressed in various "grey" literature, mostly technical reports produced by public institutes or private consultants hired by mining operators. The only exhaustive classification found in the literature is presented in a report produced by the Brazilian Geological Survey, an analysis which covers artisanal and small, medium and large-scale gold mining projects (Ribeiro-Duthie and Castilhos, 2016). However, such categories are not structured specifically for impact assessment purposes at the territorial level. Gold productivity is used as the only distinguishing criterion but only stands for a project-centered approach: indeed, in some cases, including, and as noted, French Guiana, illegal mining produces more gold than the entire legal sector. Therefore, it is essential to switch from a project-centered to a "sectorcentered" approach. This underscores the need for a territorial-based approach to impact assessment which takes into account a range of various coexisting mining projects of different types. Such an approach must begin with a classification that distinguishes mining project types according to multiple criteria. 

Objectives and methodology for the development of a mining project classification for risk assessment

The spatial multiscalarity of mining projects might be viewed in two ways: on one hand, from the vantagepoint of the spatial variability of outcomes (positive and negative) of mining which extend beyond the site itself, and on the other hand, from the perspective of the formal variability of the methodologies currently employed for impact assessment studies in the sector. Such methods focus on one project only or, in other cases, on the vulnerability of the territory in which a mine is located, where the mining project is viewed as a black-box [START_REF] Durucan | Mining life cycle modelling: a cradle-to-gate approach to environmental management in the minerals industry[END_REF]. The classification of mine projects for impact assessment purposes allows for the adoption of a methodology that does not neglect their technical and operational spheres while considering their potential interaction with other activities at a much larger spatial scale. The objective of the proposed classification is to offer a standardized representative typology of gold mine projects with details of the specific features of each, with a view toward providing a basis to analyze and compare risk-based scenarios for future land use planning. For instance, if a specific type A project is developed within an area, how many type B projects would be necessary to cover the productivity or produce fewer impacts? As shown in Figure 2, as a first step, the foreground data were collected, drawn from a thorough bibliographic review (scientific literature, technical reports), interviews conducted with local experts between December 2017 and November 2018, and observations made during field visits. Further data were gathered during the public debate on the "Montagne d'Or" project or MDO (CNDP, 2018) and the information contained in several technical reports produced on industrial projects within the Guiana Shield [START_REF] Allain | Projet d'exploitation par la socie te ́ CBJ-Caı̈man/Iamgold d'une mine d'or a ̀ Roura (Guyane) et perspectives d'e ĺaboration d'une politique minie re en Guyane[END_REF]Théveniaut et al. 2011;SRK, 2016SRK, , 2017)). The main categories of gold mine operators in French Guiana were classified according to different criteria. For each, standard flowsheets of the mining system were developed. In line with new socio-ecological objectives (e.g. ecosystem services support, contribution to local employment, stakeholders' integration) linked to mining projects (e.g. financial viability and technical-operational requirements) [START_REF] Azapagic | Developing a framework for sustainable development indicators for the mining and minerals industry[END_REF][START_REF] Hodge | Mining company performance and community conflict: moving beyond a seeming paradox[END_REF][START_REF] Monteiro | Sustainable development goals in mining[END_REF], the simplified models are based on the following questions:

• What is the function of a (gold) mining project?

• What are the objectives and performances leading to the achievement of this function?

• What are the components of a mining project that support such objectives?

• What happens if the objectives are not achieved and its performance is unsatisfactory, thereby leading to negative outcomes? These models and their detailed features have been discussed with local experts for validation (Appendices A and B). For each project type, a series of standard qualitative and quantitative features (e.g. number of workers, tailings dam height, pit depth, etc.) have been specified based on mine site visits, interviews and analysis of literature focused on French Guiana (Table 4 and Appendix B). In a fourth and final step, both the potential positive and negative impacts of each project type were identified based on the same data sources presented above.
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. Proposed classification of gold mining projects

From the information gathered, four main types of gold mines are identified. Each is based on several specific criteria intrinsic to the mining project itself: the type of geological deposit predominantly being exploited, the permitting status of the project, the techniques used for ore exploitation and processing, and the surface occupied by the mine site (Figure 3). As indicated, in French Guiana, illegal artisanal and small-scale gold mining ("i-ASM") can centre on underground or surface (placer) mining for the exploitation of primary (subtype i-ASMp) or secondary (subtype i-ASMs) gold deposits, respectively. The distinguishing feature of i-ASM is the use of Au-Hg amalgam for gold recovery. Legal mining is divided into three main categories: legal small-scale mining ("ASM") involves placer mining activities with gravity-based recovery methods, whereas medium-scale mining ("MSM") and large-scale mining ("LSM") exploit predominantly primary deposits. However, MSM and LSM operations also exploit secondary deposits depending on the morphology of the deposits and the confines of the mining permit. Finally, MSM here is divided into two subgroups, depending on whether the project involves gravimetric (MSMg) or cyanide-based methods (MSMc) for gold recovery. Thus, the main distinction here between MSMg and LSM concerns the surface footprint. Although other criteria may be used for such purposes (e.g. average annual revenues, capital or operating expenditure, number of workers), for impact assessment, focusing on the surface occupied by a mine site allows for a first level of potential impacts to be conceptualized, which is particularly significant in vulnerable regions of the Amazon basin. The proposed classification, therefore, aims to fill these gaps. Moreover, the distinguishing criteria are selected based on their influence over the intensity and nature of the positive and 11 negative impacts generated by a mining project. At present, no such structured and synthetic comprehensive view of French Guiana's gold mining projects, adapted for the purpose of impact assessment, exists.

Figure 3 Main types and sub-types of gold mining projects in French Guiana's gold mining sector

Characteristics and impacts of typical gold mine types in French Guiana

The specific features of each type of gold mining project in French Guiana are presented in Table 4. The specificities are detailed in Appendix B: the targeted geological deposit, the main regulatory constraints, the type of company, technical aspects concerning infrastructure (from excavation to mineral processing and waste management) with a specific focus on tailings dams, production and employment information, as well as fiscal and financial data. Unfortunately, a shortage of data means that some gaps remain. However, the presented characteristics confirm that the horizontal variability between each typology ("inter-class" variability) is higher than the vertical variability between the characteristics of each project type ("intra-class" variability), confirming the clear-cut classification. The presented data represent the inputs for the conceptual modeling of each project type and allow the development of standardized project types for risk and impact assessment purposes.

Table 4 The main specificities of each legal gold mining project type in French Guiana

The multi-criteria classification proposed in this article has been realized to categorize gold mining project types according to specific characteristics (Table 4). Based on this information, it is possible to identify and characterize a range of impacts, the occurrence, nature and intensity of which depend on the defined gold mining project types. Table 5 highlights the typical impacts of gold mining projects in French Guiana based on the six mine types of the proposed classification. The classification allows for an understanding of how risks might vary from one project type to another, and which type of information is available for their identification. Although some impacts are typical to all mining projects, others seem to be specific to certain typologies and confirm the proposed classification. For instance, AMD is a typical impact, mainly linked to mining projects working primary gold deposits. Moreover, pit instability affects projects where excavation works are significant. However, in some cases, a white-box might underline the absence of available information rather than the absence of the impact itself. Laperche et al. 2007 Galochet and[START_REF] Galochet | La biodiversité dans l'aménagement du territoire en Guyane française[END_REF] [START_REF] Clifford | Assessing releases of mercury from small-scale gold mining sites in Ghana[END_REF][START_REF] Rahm | Monitoring the impact of gold mining on the forest cover and freshwater in the Guiana Shield[END_REF][START_REF] Wwf | Lutte contre l'Orpaillage Illégal en Guyane ; orientations pour une efficacité renforcée[END_REF] Laperche et al. 2008 Labriere et al. 2015 [START_REF] Miramond | Diagnostic du phénomène Drainage Minier Acide sur des mines d'or primaire en Guyane française -Evaluation des risques associés[END_REF] Simate and Ndlovu, 2014 Hentschel et al. 2002 Moisan and[START_REF] Moisan | Utilisation de la cyanuration dans l'industrie aurife re en Guyane[END_REF] 

○ • ○ • ○ • ○ • ○ • ○ •
▴ ▴ ◼ ▴ ◼ ▴ ◼ ▴ ▴ ◼ Deforestation ○ • ○ • ○ • ○ • ○ • ○ • ONF
▴ ▴ ◼ ▴ ◼ ▴ ◼ ▴ ▴ ◼ Surface water turbidity ○ • ○ • ○ • ○ • ○ • ○ •
▴ ▴ ▴ ▴ ▴ ◼ Cyanide spills ○ ○ ○ ○ ○ • ○ • Moisan and Blanchard, 2012 Urien, 2018 ▴ ◼ ▴ ◼ Soil erosion ○ ○ • ○ • ○ • ○ • ○ •
▴ ▴ ◼ ▴ ◼ ▴ ◼ ▴ ▴ ◼ Physical alteration of riverbeds (hydromorphological impacts) ○ ○ • ○ • ○ • ○ • ○ • Laperche et al. 2008 Bourbon and Mathon, ▴ ◼ ▴ ◼ ▴ ◼ ▴ ▴ ◼ Acid mine drainage (AMD) ○ ○ • ○ • ○ •
▴ ▴ ◼ ▴ ▴ ◼ Atmospheric pollution ○ • ○ • ○ • ○ • ○ • ○ • Melières et al. 2003 Laperche et al. 2007 ▴ ▴ ◼ ▴ ◼ ◼ ▴ ◼ Landscape degradation ○ • ○ • ○ • ○ • ○ • ○ • Laperche et al. 2008 WWF, 2018 ▴ ◼ ▴ ◼ ▴ ◼ ▴ ▴ ◼ Mine subsidence ○ • Bourbon, 2014 Bourbon, 2015 ▴ Pit instability ○ • ○ • ○ • ○ •
○ • ○ • ○ • ○ • ○ • ○ • Moullet et al., 2006 ▴ ◼ ▴ ◼ ▴ ◼ ▴ ◼ ▴ ◼ ▴ ◼ Deloitte, 2018 Work injuries ○ • ○ • ○ • ○ • ○ • ○ •
○ • ○ • ○ ○ ○ ○ Hentschel et al. 2002 WWF, 2018 ▴ ◼ ▴ ◼ Social disruption (e.g. opposition, conflicts) ○ • ○ • ○ ○ • ○ • ○ •
▴ ◼ ▴ ◼ ▴ ◼ ▴ ▴ ◼ ▴ ◼

Positive

Resource dispossession (e.g. land, water, crops) 

○ ○ ○ ○ ○ ○ Keovikignavong, 2019 Pokorny et al. 2019 ▴ ◼ ▴ ◼ ◼ Direct economic outcomes (e.g. taxes, royalties) ○ • ○ • ○ • ○ • Amirshenava and Osanloo, ▴ ◼ ▴ ◼ ▴ ◼ ▴ ◼ Direct jobs opportunities ○ • ○ • ○ • ○ • ○ • ○ • Amirshenava and Osanloo, Pokorny et al. 2019 ▴ ◼ ◼ ◼ ◼ Raw material supply ○ • ○ • ○ • ○ • ○ • ○ • Amirshenava
○ • ○ • ○ • MDO, 2018 ▴ ▴ ▴ ◼ Support to ethnic minorities ○ ○ ○ ○ ○ ○ MDO, 2018 ▴ ▴ ◼ Fight against illegal mining ○ • ○ • ○ • WWF, 2018 ▴ ◼ ▴ ◼ ▴ ◼
○ General litterature ▴ Expert interviews and site visits No impact or no data 2 sources (other than "○")

• FG-related literature ◼ Public Debate of MDO 1 source (other than "○") 3 sources (other than "○")

Discussion

The normalization of a clear-cut categorization of mining project types

The intensity and nature of a mining project's impacts vary according to the type, size and nature of the project itself. However, the variability among project types should first be examined through differences in their technical and operational features rather than their potential impacts. Thus, it is not sufficient to compare the impacts of each project type without "normalizing" them based on specific features that influence the nature and intensity of their impacts. Such normalization allows for relative values to be assigned to each project type and generates information fundamental to impact assessments. Table 6 lists some examples of information that can be derived from Table 4. For instance, the ratio between the annual mass of gold extracted and the surface footprint of each project type might be a first overall socio-environmental indicator comparing positive economic production outcomes and negative environmental impacts prior to any further detailed assessment. The use of cyanidation for gold recovery by MSMc and LSM seems to ensure a better ratio for those project types, but only because this normalization does not consider the potential impacts related to this process. The inclusion of water consumption might therefore add considerable information about the overall environmental performance of a project. The ratio between direct employment and soil footprint compares social compensation, in terms of employment, to the loss of surface area due to mining infrastructures. For instance, the progressive difference between MSMg and MSMc is mainly due to the fact that the construction and operation of cyanidation plants involves greater numbers of specialized workers and technicians. The ratio between the maximal dam height and annual gold extraction compares the potential impact of a dam failure, as indicated by the height of the dam, to annual gold production. However, the use of dam height as a simple overall indicator might not be pertinent: although the failures of higher and larger dams generate more considerable impacts than those of smaller dams, larger dams are also less likely to fail because of specific monitoring programs. Furthermore, the content of the tailings pond and possible chemical additives (e.g. cyanide, thiosulfates) should also be considered. Finally, legal underground exploitation might be theorized and potentially included within the classification to reduce both the soil footprint of the mine site and the potential volume of mine waste compared to illegal projects.
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Risk, vulnerability and safety measures

Risk is calculated as the product of the probability of an event occurring and its consequences. The risk of a particular mining project type therefore not only depends on the nature and intensity of potential impacts, but also on their probability of occurrence and the vulnerability of the potentially affected area. These latter aspects are not explored by the proposed classification scheme, which focuses solely on the impacts (consequences) of a mining project on socio-ecological spheres. Nevertheless, the probability of occurrence of an event depends both on the vulnerability of the mined territory (e.g. climate conditions, soil type and political stability) and the technical/operational and financial characteristics of the project. On the one hand, the vulnerability of a socio-ecological system is related to the degree to which the system is exposed to threats and its sensitivity and adaptive capacity [START_REF] Berrouet | Vulnerability of socio-ecological systems: A conceptual Framework[END_REF]. Vulnerability assessments thus indicate how the positive and negative outcomes of a mining activity might affect the socio-ecological sphere in which the project exists. On the other hand, understanding the specificities of each project type allows comprehension of both the technical/operational aspects and financial tools/circumstances that might affect the likelihood of an event's occurrence. For instance, although the failure of the exploitation pit of a LSM-type industrial operator might cause considerable damage, their greater financial resources and technical skills allow for better pit monitoring, potentially preventing and thus lowering the risk of pit failure.

Such project characteristics are key to risk assessment studies and are embodied by safety "measures" or "barriers", which can be proactive (e.g. monitoring systems and spillway systems) or reactive (e.g. evacuation programs and alarm systems), depending on whether their purpose is risk prevention or mitigation, respectively [START_REF] Ehlers | Assessing the safety effects of cooperative intelligent transport systems: A bowtie analysis approach[END_REF]. The concept of safety measures -which can take different forms -is essential for the enhancement of the socio-environmental performance of mining projects and might be useful in the integration of new and "green mining" techniques into both mining operations and public policy.

Limitations and adaptability of the proposed classification

The proposed classification methodology -here for the gold mining sector in French Guiana -can only partly be adapted to other cases, limited on a case-by-case basis by the criteria used to classify mining project types. Indeed, the impacts of mining project types depend on the targeted commodity: the exploitation of bauxite does not require the same infrastructure and techniques used for gold mining. Annual productivity is also significantly dependent on the mineral commodity and its market. Furthermore, the i-ASM sector is a social phenomenon peculiar to gold and a few other commodities [START_REF] Hentschel | Breaking new ground: mining, minerals, and sustainable development: the report of the MMSD project[END_REF]) that mainly concerns "developing" countries because it is driven by property rights. The difficulty in defining such projects lies in the fact that they are extremely heterogeneous and relevant data are usually not available. Annual production rates thus greatly differ from one country to another [START_REF] Seccatore | An estimation of the artisanal small-scale production of gold in the world[END_REF], and from site to site. The main sectors of demand for gold are jewelry, investment and banking, with few industrial application (World Gold Council, 2020). Therefore, gold can be considered a strategic product rather than a simple natural resource in ways that differ from other commodities. Moreover, the need for gold mining might be discussed in relation to its environmental costs, whereas the recycling rate of gold is quite satisfactory at approximately 87% of reported consumption (USGS, 2020). Nonetheless, for a given mineral commodity, the classification of mining projects can be greatly affected by the regulatory framework of the state considered. For instance, the gold mining sector in Suriname is very similar to that in French Guiana: as both are located within the Guiana Shield, the geological deposits are the same. However, Surinamese laws do not forbid the use of Au-Hg amalgam for gold recovery. Thus, the use of Hg-based recovery methods cannot be used to distinguish between legal and illegal mining projects in Suriname.

The MSM projects (i.e. projects of intermediate size between ASM and LSM) are specific to French Guiana and a few other countries (e.g. Brazil). In the Guiana Shield and nearby areas (e.g. Bolivia, Peru), similarly sized projects tend to be "mining cooperatives" that rather represent the entrepreneurial and institutional choice of a structured sector for small-and medium-scale miners to reduce negative socio-environmental costs and maximize economic performances [START_REF] Alves | Mining co-operatives: A model to establish a network for sustainability[END_REF].

Finally, political and regulatory challenges might affect the pertinence and effectiveness of such a classification for impact assessment purposes in two ways. The first concerns the critical permeability and porosity that exists between legal and illegal gold mining projects, especially in specific areas of the world. Moreover, in some cases, political decisions might overtake the technical aspects of a mining project, becoming the main determinant of its feasibility. The second is related to the transboundary nature of mining impacts: in some ecological or strategic areas, multiple project types operating within contrasting regulatory frameworks might coexist. One of the clearest examples is that of the Maroni river catchment, which is the largest watershed in French Guiana, but straddles the border with Suriname (Figure 1). There, two legal frameworks for gold mining coexist: one allowing and one forbidding Hg-based recovery methods. These circumstances, when not properly addressed, might hinder impact assessments -and more generally land-planning strategies -that require cross-border efforts for mining governance and policymaking. Moreover, French Guiana is the most frequent migrant destination in the Guiana Shield. However, this phenomenon does not depend specifically on one or more types of gold mining projects (Table 5), since it is strictly correlated to global gold trends and local political and judicial frameworks at a wider scale [START_REF] Christiane | L'or en Guyane : éclats et artifices, Rapport à Monsieur le Premier Ministre[END_REF]. 17

Perspectives and example applications

Although the proposed classification leaves several open questions, it meets our objectives for risk and impact assessment purposes at the territory level. If the classification of mining projects represents a preliminary stage, the next step involves the detailed utilization of these standard project types within the risk assessment process. The classification scheme proposed herein aims to support the elaboration of risk scenarios to compare future development strategies for mining territories. For instance, a fictional location might be selected for one or several standardized project types based on geological, regulatory, environmental and social criteria (Figure 3). Then, based on a chosen spatialized risk scenario, the area of influence of the mining project(s) and the consequences of one or more specific risk events can be estimated using GIS tools. This allows the analysis and comparison of impacts depending on the considered project type and the vulnerability of the mining territory to be developed. Therefore, several strategies could be investigated to determine the most appropriate project type and location. For instance, if a government delivers a mining permit for a LSM project within an area, based on the characteristics presented in Table 4, how many MSM projects would be necessary to cover the same annual gold productivity? If, then, the impacts of the MSM projects are perceived or judged to be too important by local stakeholders and public authorities, how many ASM projects might be necessary to maintain the expected incomes? These further steps are the subject of a future publication in which we report a concrete application of this preliminary risk assessment stage at the territory level.

Conclusion

Mining risks are strictly related to the intrinsic features of mining projects, and the impacts of mining exceed the mine site and impact the socio-ecological sphere in which mining activities are performed. For this reason, mining projects must be considered as a matter of land planning and their impacts must be assessed at the territory level. Here, we proposed a multicriteria mining project classification for the gold mining sector in French Guiana. The distinguishing criteria were chosen based on their contribution to the impacts of gold mining projects. For each standardized project type, a range of technical and operational characteristics is presented to emphasize the differences between project types and their typical impacts. The methodology used herein to create a multi-criteria classification of gold mining projects in FG might prove useful in creating risk scenarios to compare development strategies for a given mining territory. Indeed, such scenarios can be operationalized using standardized project types with representative features, which can then be sited in fictional locations to analyze their potential negative and positive impacts. Depending on data availability, our methodology should be at least partly adaptable to other case studies and/or commodities.
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 1 Figure 1. Localization map of the studied area (French Guiana). The different types of mining permits delivered (AEX, PEX) are shown. Human settlements concern mainly the littoral area and along the two boundary rivers. More than 92% of the territory is covered by rainforest. Mining activities in Suriname -who shares a water catchment with French Guiana are shown as well.

Figure 2

 2 Figure 2 Conceptual flowchart of the methodology used for the classification of gold mining project types in French Guiana and their correspondent impacts
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Table 1

 1 Positive and negative impacts of gold mining

	81			
	Impact Category	Potential Impacts	Nature	Reference(s)
		Crimes and insecurity for local communities (e.g. corruption, drug and arm dealing, prostitution, child labor)	Negative	Hentschel et al. 2002 WWF, 2018
		Development of local business as services providers	Positive	Amirshenava and Osanloo, 2019
	Economic			

Table 2

 2 Mining permits and regulations according to the French Mining Code

	Type of permit	ARM	AEX	PER	PEX	Concession
	Description	Authorization for mining	Authorization for mining	Permit for mining	Permit for mining	-
		exploration	exploitation	exploration	exploitation	
	Nature of the activity	Exploration	Exploitation	Exploration	Exploitation	Exploration
	Max. surface (km 2 )	3	1	Free	Free	Free
	Max. initial duration	4 months	4 years	5 years	5 years	50 years
	Max. renewal times	1x4 months	1x4 years	2x5 years	2x5 years	∞ x25 years
	Spatial scale of the	Regional	Regional	National	National	National
	delivering authority					
	Source: DEAL, 2015				
	2.1.2 Gold deposits					

The type of geological deposit dictates what techniques are selected for mining, and therefore in large part determines associated impacts. There are generally two main categories of gold deposits

Table 3

 3 General definitions of gold mining projects proposed by scientific literature

	Used Name Definition

Table 5

 5 Typical potential impacts of the gold mining sector in French Guiana, according to the proposed project typology.

	385						
	Main potential impacts	i-ASM p	i-ASM s	ASM	MSM g	MSM c	LSM Source

Table 6 :

 6 Examples of indirect information derived from data inTable 4 and Appendix B.
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