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a.Université de Lorraine, CNRS, GeoRessources, F-54000 Nancy, France 

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2214790X20302008
Manuscript_cb6681179296000f51584ca329918ed6

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S2214790X20302008
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2214790X20302008


1 

 

1 

 

1. Introduction 1 
 2 
Mining can be both a driver of economic development and damaging to ecosystems and 3 
human wellbeing (Badri et al. 2012; Lechner et al. 2017; Bansah et al. 2018; Mancini and 4 
Sala, 2018). Planning for the latter, however, can be challenging for large-scale mine 5 
operators, who are under pressure from governments, financial institutions and civil society to 6 
perform at a high level on all fronts (Hodge, 2014; Kemp et al. 2016). When their socio-7 
ecological performance is considered unsatisfactory, therefore, mining projects run the risk of 8 
being suspended and/or fined (Pokorny et al. 2019) leading to delays, investment losses or 9 
even a cessation of activity (Bergeron et al. 2015). 10 
 11 
Since the positive and negative risks – both triggered and suffered – mostly extend beyond the 12 
perimeter of mine sites themselves, any project must be factored into territorial land planning 13 
rather than being treated as a standalone local industrial object. Risk assessment, therefore, is 14 
crucial, and must be performed at different spatial scales, properly taking into account the 15 
vulnerability of the socio-ecological spheres in which one or multiple mining projects are 16 
located and, possibly, interact. 17 
 18 
Risks associated with mining vary considerably depending on the intrinsic features of the 19 
mining project and the techniques used for exploration, ore exploitation and processing, as 20 
well as for remediation. Nevertheless, the great heterogeneity of, sometimes coexisting, 21 
mining projects is often difficult to acknowledge during the risk assessment phase. This is 22 
particularly true for specific commodities such as gold, diamonds, copper, which are 23 
exploited by both artisanal miners and large companies. Indeed, current mining risk 24 
assessment methods are usually focused on one project alone (Castilla-Gomez and Herrera-25 
Herbert, 2015).  They rarely take into consideration the interactions between coexisting 26 
mining projects or the cumulative risks they generate up to the territorial level (Franks et al. 27 
2013). Moreover, risk assessment is mainly performed on large-scale capital-intensive 28 
projects and generally neglects smaller or artisanal activities. 29 
 30 
The purpose of this paper is to propose an operational classification of mining project types 31 
for risk assessment purposes at the territory level. Gold mining in French Guiana has been 32 
selected as a case study to explore different scenarios because here, very different mining 33 
projects coexist in a small area, each of which has significant and controversial social and 34 
ecological impacts on vulnerable territory. Despite specific issues related to its localization in 35 
South America and in its bordering countries (e.g. illegal immigration and informal gold 36 
mining), French Guiana, as a French Overseas Territory, falls under the regulatory umbrella 37 
of France and the wider European Union. The gold-mineralized terrain of French Guiana is 38 
currently largely under-exploited, and decisions have yet to be made about the potential future 39 
development strategies for its mining sector.  40 
 41 
There is also a shortage of information about different mining projects in French Guiana. 42 
Apart from a collection of technical reports, no structured and systematic description of gold 43 
mining projects, their functioning and induced risks, can be found in the scientific literature. 44 
This information gap may undermine future risk assessment studies; a finer classification is 45 
thus needed. The authors are cognizant of the political dimensions of gold mining, often 46 
driven by non-technical considerations, in French Guiana. The technological applications for 47 
gold as a commodity are much lower than its uses in jewelry and finance; however, the 48 
objective of the paper is not to question the utility of gold mining but to develop typologies 49 
for its extraction for territory-based risk assessment purposes. 50 
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 53 
Figure 1.  Localization map of the studied area (French Guiana). The different types of mining permits delivered (AEX, PEX) 54 

are shown. Human settlements concern mainly the littoral area and along the two boundary rivers. More than 92% of the 55 
territory is covered by rainforest.  Mining activities in Suriname – who shares a water catchment with French Guiana are 56 

shown as well. 57 

 58 
2. A call for a classification of mining project types for territorial risk assessment 59 

 60 
A mine is the product of strategic land-planning at the territorial level. It is therefore 61 
important to study and understand the heterogeneity of the intrinsic technical features of the 62 
different mining projects operating within a large area. Indeed, to such heterogeneity 63 
corresponds a great range of impacts, the severity of which depend on specific parameters 64 
related to the mining project itself and the territory where it is located. 65 
 66 
2.1 The most-cited impacts of gold mining in French Guiana and their causes 67 
 68 
The potential impacts of mining projects on the human and natural environmental spheres are 69 
widely discussed in the scientific literature (Hentschel et al. 2002; Amirshenava and Osanloo, 70 
2019). Table 1 provides a list of the most widely-known effects of mining. However, the 71 
nature and the intensity of these impacts, as well as the probability of their occurrence, vary 72 
considerably depending on the technical features of the mining project, and the territory 73 
where activities are found. A classification for impact assessment purposes at the territorial 74 
level should, therefore, be based on these intrinsic factors. Hereafter, some of the most classic 75 
risk-related factors are briefly reviewed in the case of gold mining in French Guiana.  They 76 
are identified as follows: gold deposit type, mining regulatory framework, mining footprint, 77 
and exploitation and recovery methods.  78 
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 80 
Table 1 Positive and negative impacts of gold mining 81 

Impact Category Potential Impacts Nature Reference(s) 

Economic 

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 

Development of research programs Positive MDO, 2018 

Direct economic outcomes (e.g. taxes, royalties) Positive 
Amirshenava and 
Osanloo, 2019 

Direct jobs opportunities Positive Pokorny et al. 2019 

Enhancement of local education and competence development Positive MDO, 2018 

Social 

Enhancement of technological development Positive MDO, 2018 

Enhancement of women status Positive 
Keovilignavong, 
2019 

Health problems and epidemiological diseases (e.g. malaria, HIV, 
food chain contamination) 

Negative Douine et al., 2018 

Expansion of social infrastructures (e.g. roads, energy, services) 
Positive or 
Negative 

Amirshenava and 
Osanloo, 2019 

Fight against illegal mining Positive MDO, 2018 

Migration of legal and illegal miners from bordering countries 
(“gold rushes”) 

Negative 
Moullet et al., 2006; 
Deloitte, 2018 

Price increase of local primary goods 
Positive or 
Negative 

Pokorny et al. 2019 

Raw material supply Positive 
Amirshenava and 
Osanloo, 2019 

Resource dispossession (e.g. land, water, crops) and reallocation of 
communities 

Negative 
Keovikignavong, 
2019 

Social disruption (e.g. opposition, conflicts, increase of inequalities) Negative 
Moisan and 
Blanchard, 2012 

Support to ethnic minorities Positive MDO, 2018 

Technical and 
Operational 

Acid mine drainage (AMD) Negative 
Miramond et al. 

2006 

Cyanide spills Negative Urien, 2018 

Delays and cessation of the activity Negative Bergeron et al. 2015 

Financial loss for the operator Negative Bergeron et al. 2015 

Landslides Negative Laperche et al. 2008 

Mine subsidence Negative Bourbon, 2015 

Pit instability Negative Bourbon, 2015 

Technical infrastructures development Positive MDO, 2018 

Enhancement of local skills and training programs Positive MDO, 2018 

Work injuries Negative Hentschel et al. 2002 

Environmental 

Atmospheric pollution Negative Melières et al. 2003 

Dam failure related flood, contamination and turbidity Negative 
Bourbon and 
Mathon, 2012 

Deforestation Negative Rahm et al. 2017 

Destruction of ecological habitats and biodiversity Negative 
Galochet and Morel, 
2015 

Direct mercury pollution (e.g. gold recovery techniques)  Negative Clifford, 2017 

Food chain contamination with mercury Negative Fréry et al. 2001 
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 82 
2.1.1 The local regulatory framework 83 
 84 
Because of the impacts it potentially generates and its strategic importance, the mining sector 85 
is highly-regulated. This influences the functioning of a project, the amount of surface area 86 
required and the techniques featured during each phase of operation. Several mineral 87 
commodities, however, are exploited informally (IGF, 2018; Kemp and Owen, 2019; Hilson 88 
et al. 2020; Smits et al., 2020), and associated with activities that can be a route out of poverty 89 
for entire communities. Gold is the most important mineral extracted worldwide by informal 90 
miners (World Bank, 2008): it has a considerable value-to-volume ratio, which means that 91 
even small deposits can generate important profits and be easily sold (Hinton et al. 2003; 92 
Verbrugge and Geenen, 2018).  93 
 94 
In the case of French Guiana, mining permits are administered under two complementary 95 
frameworks: the Mining Code, which establishes the size and the duration of the mining 96 
permit depending on the mining phase (Table 2), and the Departmental Mining Plan, which 97 
states where mining can and cannot take place. Moreover, and as indicated, a number of 98 
European dispositions apply in French Guiana. At least 10,000 illegal miners – or 99 
garimpeiros, as they mostly come from Brazil – operate outside such frameworks across 500 100 
to 900 mine sites in the country (Moullet et al. 2006; Tudesque et al. 2012). Despite 101 
significant military intervention, however, illegal mining still persists here. It produces 10 102 
times more gold than legal mines; total production from illegal operations over the last decade 103 
is estimated to be about 10 tons of gold per year, compared to 1–2 tons from legal operations 104 
(WWF, 2018). 105 
 106 
Table 2 Mining permits and regulations according to the French Mining Code 107 

Type of permit ARM AEX PER PEX Concession 

Description 
Authorization for 

mining 
exploration 

Authorization for 
mining 

exploitation 

Permit for 
mining 

exploration 

Permit for 
mining 

exploitation 

- 

Nature of the activity Exploration Exploitation Exploration Exploitation Exploration 

Max. surface (km2) 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 
delivering authority 

Regional Regional National National National 

Source: DEAL, 2015 108 
 109 
2.1.2 Gold deposits 110 
 111 
The type of geological deposit dictates what techniques are selected for mining, and therefore 112 
in large part determines associated impacts. There are generally two main categories of gold 113 
deposits (Thomassin et al. 2017 and Figure 1). The first is primary gold, which is mainly 114 

Heavy metals contamination in water and soils Negative Marchand et al. 2006 

Landscape degradation Negative Laperche et al. 2008 

Physical alteration of riverbeds  (hydromorphological impacts) Negative Laperche et al. 2008 

Remobilization of ancient mercury and sources of methylmercury Negative Guedron et al. 2011a 

Soil erosion Negative Labriere et al. 2015 

 Surface water turbidity Negative Gallay et al. 2018 



5 

 

5 

 

found in quartz veins (type 1) or in oxidized (type 2) and residual (type 3) deposits, depending 115 
on the extent of weathering. Secondary deposits are comprised of gold particles that have 116 
been subjected to significant displacement from the primary source along the lateritic profiles 117 
(type 4) or by gravimetric concentration in streams (type 5) (Dardenne and Schobbenhaus, 118 
2003).  Acid mine drainage (AMD) is generally associated with primary gold deposits rich in 119 
sulfides and occurs under specific operational and environmental conditions (e.g. oxidizing 120 
conditions, absence of carbonates, high temperature, acid pH, microbial activity) (Miramond 121 
et al., 2006; Simate and Ndlovu, 2014; Skousen et al., 2019). 122 
 123 
 124 
2.1.3 Mining surface footprint 125 
 126 
Since the most widespread gold mining techniques in French Guiana are linked to surface 127 
mining, the soil footprint of the mine site is an important indicator of the land use-related 128 
impacts of a project. This is especially important in French Guiana because more than 90% of 129 
its territory is covered by tropical rainforest (De Santi et al. 2016). According to the Mining 130 
Code, the maximum authorized surface of mining projects depends on the individual permit 131 
and, thus, on the nature of the mining activity and the aspects of the project phase (Table 2) 132 
(DEAL, 2015).  133 
 134 
2.1.4 Gold mining extraction techniques 135 
 136 
Depending on the geological deposit, gold extraction can take a wide range of forms and sizes 137 
(Verbrugge and Geenen, 2018). For instance, the evolution of legal and illegal artisanal and 138 
small-scale mining communities is mainly due to the geological accessibility of some gold 139 
deposits, especially where they are too small, scattered or remote for large-scale mining 140 
(Hentschel et al. 2002; Verbrugge and Geenen, 2018). For this reason, since access within the 141 
rainforest is limited, current gold extraction in French Guiana centres on predominantly 142 
secondary deposits (types 4 and 5), featuring artisanal and small-scale techniques (Moullet et 143 
al. 2006; Cassard et al. 2008). 144 
 145 
In French Guiana, secondary gold mining is usually oriented around surface (mining) 146 
techniques (“placer mining”), which have been documented in detail in technical reports 147 
produced by the French Geological Survey (Laperche et al. 2008; Barras, 2010; Bourbon and 148 
Mathon, 2012; Cottard and Laperche, 2012; Aertgeerts et al. 2018). A mine site consists of a 149 
sequence of ponds (called “barranques”) interconnected through spillways which support the 150 
gradual decantation of water from the newer ponds, where sediments settle, to the oldest, 151 
where water is decanted and re-pumped to the hydraulic monitors. Once the gold particles are 152 
separated from the other materials by grain-size through settling tables, concentrates of gold-153 
enriched “sands” are transported to the laboratory for recovery. 154 
 155 
Only a small group of mining projects are engaged in the extraction of primary deposits 156 
(types 2 and 3), although the country’s type 1 primary gold is still mostly untouched 157 
(Massoud, 2008). Primary gold exploitation in French Guiana is most visibly carried out via 158 
open-cast means, which entails the excavation of a pit 20–25 m deep and the transfer of waste 159 
materials on to waste rock piles. The ore is crushed, grinded and then pulped through sluices 160 
to separate gold particles by grain-size. Secondary grinding and centrifugal activities are 161 
performed to trap fine gold particles (Thomassin et al. 2017; Matheus, 2018).  162 
 163 
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More recently, illegal miners have begun exploiting primary deposits underground (Bourbon, 164 
2014; Bourbon, 2015). Miners reach the gold through excavating pits and vertical tunnels, the 165 
depth of which vary between 10 and 40 m. The equipment used is rudimentary, and tunnels 166 
are stabilized using wooden planks affixed to pit walls. Illegal gold mining is now recognized 167 
to be one of the main causes of environmental degradation in the Amazon. 168 
 169 
2.1.5 Gold processing and recovery methods 170 
 171 
In French Guiana, gold is recovered mainly using three techniques: gravimetric methods, 172 
cyanidation, and gold-mercury (Au-Hg) amalgamation. Legal primary and secondary mining 173 
projects use gravimetric methods: mechanically separating gold particles from the matrix, 174 
initially during the exploitation phase, to reduce the grain-size of recoverable ore, and 175 
subsequently during the recovery phase to concentrate the gold particles. Moderately 176 
sophisticated equipment (e.g. concentrators and laboratory sluice boxes) are used in addition 177 
to traditional panning (Aertgeerts et al. 2018). When the wastes are badly managed, stream 178 
water turbidity become a major risk. 179 
 180 
The cyanide-based methods developed for gold recovery in French Guiana are described in 181 
several reports (Moisan and Blanchard, 2012; GeoPlus Environnement, 2017; Menard, 2018; 182 
Urien, 2018). Although cyanidation is not presently used in French Guiana, one semi-183 
industrial operator has constructed a cyanidation plant and accompanying apparatuses 184 
(Thomassin et al. 2017). Cyanidation is associated with specific risks, which are linked 185 
mainly to its transportation (INERIS, 2018) and storage before gold recovery (e.g. 186 
explosions), as well as after processing (e.g. dam failures). Any mishandling or mishaps could 187 
have catastrophic consequences (WISE Uranium, 2019); the dispersion of free cyanide ions 188 
could cause severe eco-toxicological impacts (Donato et al. 2017).  189 
 190 
Since the gold recovery rate by gravimetry is low, informal miners use mercury, as did legal 191 
small-scale miners before Hg was banned by the French Government in 2006. This is despite 192 
it yielding up to 90% gold recovery in some cases (Hinton et al. 2003). Gold particles are 193 
concentrated, and amalgamated with Hg in a simple napkin to obtain a soft nugget. Since the 194 
Hg melting point is lower than gold’s, the amalgam is roasted using a retort or a simple 195 
spoon. The Hg-related risks in French Guiana’s gold-mining sector have been widely 196 
discussed (Grimaldi et al. 2015), and are linked to specific concerns about the health of 197 
miners and welfare of local communities. Soil, air and water are all affected: 20% of Hg is 198 
lost during amalgamation, while 70% evaporates during the roasting phase (Moullet et al. 199 
2006). With an annual gold production of 10 tons, approximately 13 tons of Hg are also 200 
released into streams in French Guiana (WWF, 2018). Contaminated hotspots have emerged 201 
in areas located some distance from mine sites (Marchand et al. 2006), where the impacts on 202 
biodiversity are well documented (Fréry et al. 2001; Godard et al. 2006; Sebastiano et al. 203 
2016; Gentès et al. 2019). The most significant problems result when Hg is transformed in 204 
methylmercury (MeHg) (Guedron et al. 2011a). Illegal and ancient legal gold mines are 205 
locations of high concentrations and seasonal cross-watershed transfers of MeHg (Guedron et 206 
al. 2011b). Contamination might affect the food chain and lead to severe endocrine disorders 207 
among local populations (Fréry et al. 2001). Human exposure to MeHg depends also on the 208 
receptors and their socio-cultural habits (Grandjean et al. 1999; Boudan et al. 2004; ARS, 209 
2013). 210 
 211 
 212 

2.2. Existing classifications of gold mining project types 213 
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 214 
Gold mining project types are often considered individually, and their detailed specificities 215 
neglected. The environmental and social impacts of artisanal and small-scale gold mining has 216 
been widely discussed (Hilson, 2002a; Seccatore et al. 2014.  Moreover, the definition of 217 
these activities varies from country to country (e.g. Brazil, Ethiopia, Ghana, Mexico, 218 
Suriname) (Hilson, 2002b and Table 3). Informal gold mining has been widely examined in 219 
the literature, especially in the context of its social, environmental and governance-related 220 
impacts. However, no explicit distinction between illegal (informal) primary and secondary 221 
gold mining is usually made (Table 3), although the type of deposit demands the application 222 
of different methods. Illegal gold mining is mostly contextualized as a social phenomenon 223 
rather than a simple individual project, specifically framed as activities undertaken outside of 224 
regulatory frameworks and without trained formal skills (Bansah et al. 2018; Zvarivadza, 225 
2018). The success of these activities is contingent upon gold price variations in the global 226 
market, the availability of an abundant and mobile workforce, the free circulation of products 227 
for gold recovery, and finally the money laundering networks which bind the informal and 228 
formal sectors of gold production (Heemskerk, 2010). Both legal and illegal artisanal and 229 
small-scale mining “must be fast, easy and cheap” to assure simplicity and a low investment 230 
(Hinton et al. 2003). Conversely, large-scale gold mining activities are typically capital-231 
intensive projects financed by multinational corporations. Medium-scale mining is rarely 232 
discussed (Ribeiro-Duthie and Castilhos, 2016). Such “semi-industrial” activities are specific 233 
to some territories, such as French Guiana; here, medium-scale operators target primary 234 
deposits, with a view toward industrializing further. 235 
 236 
The existing classifications do not comprehensively cover these different types of projects, 237 
especially in the context of gold mining; the operations found in this sector vary in size, and 238 
feature different techniques. Moreover, existing differentiations are based on a few 239 
distinguishing factors (e.g. gold production, degree of mechanization, size of the company). 240 
In French Guiana, the different types of mining projects and their attributes are only 241 
addressed in various “grey” literature, mostly technical reports produced by public institutes 242 
or private consultants hired by mining operators. The only exhaustive classification found in 243 
the literature is presented in a report produced by the Brazilian Geological Survey, an analysis 244 
which covers artisanal and small, medium and large-scale gold mining projects (Ribeiro-245 
Duthie and Castilhos, 2016). However, such categories are not structured specifically for 246 
impact assessment purposes at the territorial level. Gold productivity is used as the only 247 
distinguishing criterion but only stands for a project-centered approach: indeed, in some 248 
cases, including, and as noted, French Guiana, illegal mining produces more gold than the 249 
entire legal sector. Therefore, it is essential to switch from a project-centered to a “sector-250 
centered” approach. This underscores the need for a territorial-based approach to impact 251 
assessment which takes into account a range of various coexisting mining projects of different 252 
types. Such an approach must begin with a classification that distinguishes mining project 253 
types according to multiple criteria. 254 
  255 
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Table 3 General definitions of gold mining projects proposed by scientific literature 256 

Used Name Definition Reference 

ASM 
Individuals, groups, families or cooperatives mining with minimal or no mechanization, 
often in the informal (illegal) sector of the market 

Hentschel et 

al. 2002 

ASM 
Any single mining operation having an annual production of unprocessed materials of 50,000 
metric tons or less at the entrance of the mine 

UN, 1972 

SSM Any operation producing 10,000–100,000 t/yr of ore Vale, 2000 

 Mining operations both labor intensive and low-tech Barry, 1997 

ASM 
Activities involving the exploitation of marginal ore deposits unprofitable to mine on a large-
scale., using rudimentary tools (e.g. picks, shovels, wheelbarrows, panning dishes)  Zvarivadza, 

2018 

Small-scale 
mining 

Any operation with intense labor activity located in remote and isolated sites using 
rudimentary techniques and low technological knowledge, low degree of mechanization, and 
low levels of environmental, health and safety awareness 

Hilson, 
2002b 

 Micro-miners who pan the river banks to produce 0.1–0.5 g of Au per day 
Veiga, 2013 
 

ASM 
ASM is a subset of SSM (mining activity producing less than 100,000 t/d ROM* for profit) 
where operation does not follow the conventional ecological and engineering principles of 
mining and uses rudimentary or basic simple techniques 

Seccatore et 

al. 2014 

SSGM 
Mining projects with rudimentary methods and limited mine planning, by a workforce that is 
not formally trained in mining engineering or geology and operates entirely or partly in the 
informal economy 

UNDP, 2011 

ASM Mining operations with a production <100,000 oz/year 

Ribeiro-
Duthie and 
Castilhos, 
2016 

ASGM 
Legal or illegal gold extractions conducted by individuals or groups with limited capital 
investment, manual labor, simple and basic machinery 

Graham 
Sustainability 
Institute, 
2015 

MSM 
Projects which may assure long or short-term operations. They might also associate with 
other MSM or be merged to or acquired by other major corporation groups. They produce 
100,000–1,000,000 oz/yr 

Ribeiro-
Duthie and 
Castilhos, 
2016 

LSM 
LSM usually involves a company “with many employees which exploit the deposit until the 
ore is completely excavated” 

Kricher, 
1997 

LSM 

Mining operations performed by multinationals companies well-known in the market and 
generally on the long term. They usually report corporate social responsibility goals and 
certifications. LSM operations require trainings, investments and expertise in environmental 
management. Their production is >1,000,000 oz/yr 

Ribeiro-
Duthie and 
Castilhos, 
2016 

LSM 
LSM projects can influence the development trajectory of nations, alter the social fabric of 
local communities and disrupt the environment on which livelihoods depend 

Kemp et al. 

2016 

LSM 
LSM are complex and highly demanding endeavors carried by multinationals which require 
large investments, systematic management structures, in-depth geological and economic 
analyses 

Vergara, 
2009 

*Tons per day in the Run-of-Mine production 

 

 257 
 258 
 259 
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2.3. Objectives and methodology for the development of a mining project 260 
classification for risk assessment 261 

 262 
The spatial multiscalarity of mining projects might be viewed in two ways: on one hand, from 263 
the vantagepoint of the spatial variability of outcomes (positive and negative) of mining 264 
which extend beyond the site itself, and on the other hand, from the perspective of the formal 265 
variability of the methodologies currently employed for impact assessment studies in the 266 
sector. Such methods focus on one project only or, in other cases, on the vulnerability of the 267 
territory in which a mine is located, where the mining project is viewed as a black-box 268 
(Durucan et al. 2006). 269 
 270 
The classification of mine projects for impact assessment purposes allows for the adoption of 271 
a methodology that does not neglect their technical and operational spheres while considering 272 
their potential interaction with other activities at a much larger spatial scale. The objective of 273 
the proposed classification is to offer a standardized representative typology of gold mine 274 
projects with details of the specific features of each, with a view toward providing a basis to 275 
analyze and compare risk-based scenarios for future land use planning. For instance, if a 276 
specific type A project is developed within an area, how many type B projects would be 277 
necessary to cover the productivity or produce fewer impacts?  278 
 279 
As shown in Figure 2, as a first step, the foreground data were collected, drawn from a 280 
thorough bibliographic review (scientific literature, technical reports), interviews conducted 281 
with local experts between December 2017 and November 2018, and observations made 282 
during field visits. Further data were gathered during the public debate on the “Montagne 283 
d’Or” project or MDO (CNDP, 2018) and the information contained in several technical 284 
reports produced on industrial projects within the Guiana Shield (Allain et al. 2008; 285 
Théveniaut et al. 2011; SRK, 2016, 2017). The main categories of gold mine operators in 286 
French Guiana were classified according to different criteria. For each, standard flowsheets of 287 
the mining system were developed. In line with new socio-ecological objectives (e.g. 288 
ecosystem services support, contribution to local employment, stakeholders’ integration) 289 
linked to mining projects (e.g. financial viability and technical-operational requirements) 290 
(Azapagic, 2004; Hodge, 2014; Monteiro et al. 2019), the simplified models are based on the 291 
following questions:  292 

• What is the function of a (gold) mining project?  293 
• What are the objectives and performances leading to the achievement of this function?  294 
• What are the components of a mining project that support such objectives?  295 
• What happens if the objectives are not achieved and its performance is unsatisfactory, 296 

thereby leading to negative outcomes?  297 
These models and their detailed features have been discussed with local experts for validation 298 
(Appendices A and B). For each project type, a series of standard qualitative and quantitative 299 
features (e.g. number of workers, tailings dam height, pit depth, etc.) have been specified 300 
based on mine site visits, interviews and analysis of literature focused on French Guiana 301 
(Table 4 and Appendix B). In a fourth and final step, both the potential positive and negative 302 
impacts of each project type were identified based on the same data sources presented above. 303 
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 304 
Figure 2 Conceptual flowchart of the methodology used for the classification of gold mining project types in French Guiana 305 

and their correspondent impacts 306 

 307 
3. Proposed classification of gold mining projects in French Guiana and their 308 

associated impacts 309 
 310 
3.1. Proposed classification of gold mining projects 311 
 312 
From the information gathered, four main types of gold mines are identified.  Each is based 313 
on several specific criteria intrinsic to the mining project itself: the type of geological deposit 314 
predominantly being exploited, the permitting status of the project, the techniques used for 315 
ore exploitation and processing, and the surface occupied by the mine site (Figure 3).  316 
 317 
As indicated, in French Guiana, illegal artisanal and small-scale gold mining (“i-ASM”) can 318 
centre on underground or surface (placer) mining for the exploitation of primary (subtype i-319 
ASMp) or secondary (subtype i-ASMs) gold deposits, respectively. The distinguishing feature 320 
of i-ASM is the use of Au-Hg amalgam for gold recovery. 321 
 322 
Legal mining is divided into three main categories: legal small-scale mining (“ASM”) 323 
involves placer mining activities with gravity-based recovery methods, whereas medium-scale 324 
mining (“MSM”) and large-scale mining (“LSM”) exploit predominantly primary deposits. 325 
However, MSM and LSM operations also exploit secondary deposits depending on the 326 
morphology of the deposits and the confines of the mining permit.  327 
 328 
Finally, MSM here is divided into two subgroups, depending on whether the project involves 329 
gravimetric (MSMg) or cyanide-based methods (MSMc) for gold recovery. Thus, the main 330 
distinction here between MSMg and LSM concerns the surface footprint. Although other 331 
criteria may be used for such purposes (e.g. average annual revenues, capital or operating 332 
expenditure, number of workers), for impact assessment, focusing on the surface occupied by 333 
a mine site allows for a first level of potential impacts to be conceptualized, which is 334 
particularly significant in vulnerable regions of the Amazon basin. 335 
 336 
The proposed classification, therefore, aims to fill these gaps. Moreover, the distinguishing 337 
criteria are selected based on their influence over the intensity and nature of the positive and 338 
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negative impacts generated by a mining project. At present, no such structured and synthetic 339 
comprehensive view of French Guiana’s gold mining projects, adapted for the purpose of 340 
impact assessment, exists. 341 
 342 

 343 
Figure 3 Main types and sub-types of gold mining projects in French Guiana’s gold mining sector 344 

 345 
3.2. Characteristics and impacts of typical gold mine types in French Guiana 346 
 347 
The specific features of each type of gold mining project in French Guiana are presented in 348 
Table 4. The specificities are detailed in Appendix B: the targeted geological deposit, the 349 
main regulatory constraints, the type of company, technical aspects concerning infrastructure 350 
(from excavation to mineral processing and waste management) with a specific focus on 351 
tailings dams, production and employment information, as well as fiscal and financial data. 352 
Unfortunately, a shortage of data means that some gaps remain. However, the presented 353 
characteristics confirm that the horizontal variability between each typology (“inter-class” 354 
variability) is higher than the vertical variability between the characteristics of each project 355 
type (“intra-class” variability), confirming the clear-cut classification. The presented data 356 
represent the inputs for the conceptual modeling of each project type and allow the 357 
development of standardized project types for risk and impact assessment purposes.  358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 

 366 

  367 
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Table 4 The main specificities of each legal gold mining project type in French Guiana 368 

 369 
The multi-criteria classification proposed in this article has been realized to categorize gold 370 
mining project types according to specific characteristics (Table 4). Based on this 371 
information, it is possible to identify and characterize a range of impacts, the occurrence, 372 
nature and intensity of which depend on the defined gold mining project types. Table 5 373 
highlights the typical impacts of gold mining projects in French Guiana based on the six mine 374 
types of the proposed classification. The classification allows for an understanding of how 375 
risks might vary from one project type to another, and which type of information is available 376 
for their identification. Although some impacts are typical to all mining projects, others seem 377 
to be specific to certain typologies and confirm the proposed classification. For instance, 378 
AMD is a typical impact, mainly linked to mining projects working primary gold deposits. 379 
Moreover, pit instability affects projects where excavation works are significant. However, in 380 
some cases, a white-box might underline the absence of available information rather than the 381 
absence of the impact itself. 382 

Main characteristics of each project type ASM 
MSM 

LSM 
MSMg MSMc 

Predominantly exploited gold deposit1 
Secondary 
(types 4, 5) 

Primary 
(types 2, 3) 

Primary 
(types 1–3) 

Mining permit or authorization Yes Yes Yes 

Soil footprint of the mine site (ha) <100 >100 >500 

Main exploitation technique 
Placer mining ponds 

(barranques) 
Pit Pit 

Gold recovery methods Gravimetry Gravimetry CN– 
CN– (+ 

gravimetry) 

Total OPEX (k€) >100 >1,000 >3,000 >1,000,000 
Average revenues per year (k€/yr) <1,000 >1,000 >1,000 >200,000 
Maximal produced gold per year (kg/yr) <150 150–300 >400 >5,000 
Number of direct employees 10–15 >50 50–350 >350 
Gold resources (t) <10 10 10 >50 
Extracted materials (waste-rock and ore) 
(kt/yr) 

5–35 >150 >150 5,000–25,000 

Exploitation pit/pond depth (m) 2–8 10–100 10–100 >100 

Processing plant type Gravimetric Gravimetric 
Gravimetric + 
Cyanidation 

Gravimetric + 
Cyanidation 

Cyanidation plant surface (ha) - - <1 >10 
Processed materials by cyanidation (t/d) - - 100 >5,000 
Gold recovery rate (%) 20–30 20–40 >90 >90 

Decantation and storage system 
(wastewater and tailings) 

Barranque (TSF and 
waterpond) 

Gravitary 
TSF, water 

pond 

Gravitary TSF, 
Cyanide TSF, 

Decantation ponds 
Cyanide TSF 

Total surface of gravitary tailings pond 
(ha) 

0.5–2 10–20 >20 n/a 

Total surface of cyanide tailings storage 
facility (TSF) pond (ha) 

- - 5–15 >150 

Total capacity of gravitary TSF (m3) < 500, 000 
500,000–3 

000,000 
500,000–3 

000,000 
- 

Cyanide tailings per year (m3/yr) - - >60,000 >10,000,000 

Total capacity of cyanide TSF (m3) - - 
500,000–3 

000,000 
>100,000,000 

Maximal height of TSF dam (m) 2–3 15–20 15–20 >50 
TSF dam elevation method - Upstream Upstream Downstream 
Life-camp surface (ha) <1 ~1 >2 >10 
Equipment (e.g. hydraulic monitors, 
bulldozer) 

<10 10–50 >50 >100 

Total electrical power (kW) ~40 kVA >250 kVA 1,178.4 ~20,000 

Fuel stockage capacity (L) 5,000–10,000 
15,000–
30,000 

15,000–30,000 >100,000 
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 383 
 384 
Table 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 

N
e

g
a

ti
v
e
 

Destruction of ecological habitats and 
biodiversity 

○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Laperche et al. 2007 

Galochet and Morel, 2015 
▴  

▴ ◼ 
▴ ◼ 

▴ ◼ 
▴  

▴ ◼ 

Deforestation 
○  ● ○  ● ○  ● ○  ● ○  ● ○  ● ONF, 2017 ; Rahm et al. 2017 

WWF, 2018 
▴  

▴ ◼ 
▴ ◼ 

▴ ◼ 
▴  

▴ ◼ 

Surface water turbidity 
○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Tudesque et al. 2012 

Gallay et al. 2018 
▴

 
▴

◼ 
▴

◼ 
▴

◼ 
▴

 
▴

◼ 

Heavy metals contamination in water and soils 
○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Laperche et al. 2008 

Marchand et al. 2006 
▴

◼ 
▴

◼ 
▴

◼ 
▴

◼ 
▴

 
▴

◼ 

Direct Hg pollution and contamination (e.g. 
gold recovery techniques) 

○  ● ○  ● ○       ○   Guedron et al. 2011b 

Kahhat et al. 2019 
▴ ◼ 

▴ ◼         

Indirect Hg contamination due to the 
remobilization of ancient Hg 

○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Guedron et al. 2011a 

Gentès et al., 2019 
▴ ◼ 

▴ ◼ 
▴ ◼ 

▴ ◼ 
▴  

▴ ◼ 

Dam failure related flood, contamination and 
turbidity 

○   ○   ○   ○  ● ○  ● ○  ● Bourbon and Mathon, 2012 

Ineris, 2018   
▴  

▴  
▴  

▴  
▴ ◼ 

Cyanide spills 
○   ○   ○   ○   ○  ● ○  ● Moisan and Blanchard, 2012 

Urien, 2018         
▴ ◼ 

▴ ◼ 

Soil erosion 
○   ○  ● ○  ● ○  ● ○  ● ○  ● Laperche et al. 2008 

Labriere et al. 2015 
▴

 
▴

◼ 
▴

◼ 
▴

◼ 
▴

 
▴

◼ 

Physical alteration of riverbeds  
(hydromorphological impacts) 

○   ○  ● ○  ● ○  ● ○  ● ○  ● Laperche et al. 2008 

Bourbon and Mathon, 2012   
▴

◼ 
▴

◼ 
▴

◼ 
▴

 
▴

◼ 

Acid mine drainage (AMD) 
○       ○  ● ○  ● ○  ● Miramond et al. 2006 

Simate and Ndlovu, 2014 
▴      

▴ ◼ 
▴  

▴ ◼ 

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 
○  ●     ○  ● ○  ● ○  ● Bourbon and Mathon, 2012 

Bourbon, 2015 
▴           ◼ 

Landslides 
○  ● ○   ○  ● ○   ○   ○  ● Laperche et al. 2008 

Bourbon and Mathon, 2012 
▴   ◼ 

▴ ◼ 
▴     ◼ 

Health problems and serious epidemiological 
diseases (e.g. malaria, HIV) 

○  ● ○  ● ○  ● ○       de Santi et al. 2016 

Douine et al. 2018 
▴ ◼ 

▴ ◼ 
▴        

Migration of legal and illegal miners from 
bordering countries (“gold rushes”) 

○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Moullet et al., 2006 

▴
◼ 

▴
◼ 

▴
◼ 

▴
◼ 

▴
◼ 

▴
◼ Deloitte, 2018 

Work injuries 
○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Hentschel et al. 2002 

Amirshenava and Osanloo, 2018 
▴

◼ 
▴

◼ 
▴

      ◼ 
Crimes and insecurity for local communities  
(e.g. drug, arm dealing, prostitution, child labor)  

○  ● ○  ● ○   ○   ○   ○   Hentschel et al. 2002 

WWF, 2018 
▴

◼ 
▴

◼         

Social disruption (e.g. opposition, conflicts) 
○  ● ○  ● ○   ○  ● ○  ● ○  ● Hentschel et al. 2002 

Moisan and Blanchard, 2012 
▴ ◼ 

▴ ◼ 
▴ ◼ 

▴  
▴ ◼ 

▴ ◼ 

P
o

s
it
iv

e
 

Resource dispossession (e.g. land, water, crops) 
○   ○   ○   ○   ○   ○   Keovikignavong, 2019 

Pokorny et al. 2019 
▴ ◼ 

▴ ◼        ◼ 

Direct economic outcomes (e.g. taxes, royalties) 
    ○  ● ○  ● ○  ● ○  ● Amirshenava and Osanloo, 2019 

    
▴ ◼ 

▴ ◼ 
▴ ◼ 

▴ ◼ 

Direct jobs opportunities 
○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Amirshenava and Osanloo, 2019 

Pokorny et al. 2019   
▴

  ◼  ◼  ◼  ◼ 

Raw material supply 
○  ● ○  ● ○  ● ○  ● ○  ● ○  ● Amirshenava and Osanloo, 2019 

     ◼  ◼  ◼  ◼ 

Development of local business as services 
providers 

○   ○   ○   ○  ● ○  ● ○  ● Amirshenava and Osanloo, 2019 

▴  
▴  

▴  
▴     ◼ 

Expansion of social infrastructures (e.g. roads, 
energy, services) 

        ○  ● ○  ● Amirshenava and Osanloo, 2019 

          
▴ ◼ 
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Support of local education, research and skill 
development 

      ○  ● ○  ● ○  ● MDO, 2018 

      
▴  

▴  
▴ ◼ 

Support to ethnic minorities 
○   ○   ○   ○   ○   ○   MDO, 2018 

    
▴  

▴     ◼ 

Fight against illegal mining 
      ○  ● ○  ● ○  ● WWF, 2018 

      
▴ ◼ 

▴ ◼ 
▴ ◼ 

 386 
○ 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 "○") 

 387 
 388 
4. Discussion 389 
 390 
4.1 The normalization of a clear-cut categorization of mining project types 391 
 392 
The intensity and nature of a mining project’s impacts vary according to the type, size and 393 
nature of the project itself. However, the variability among project types should first be 394 
examined through differences in their technical and operational features rather than their 395 
potential impacts. Thus, it is not sufficient to compare the impacts of each project type 396 
without “normalizing” them based on specific features that influence the nature and intensity 397 
of their impacts. Such normalization allows for relative values to be assigned to each project 398 
type and generates information fundamental to impact assessments. 399 
 400 
Table 6 lists some examples of information that can be derived from Table 4. For instance, the 401 
ratio between the annual mass of gold extracted and the surface footprint of each project type 402 
might be a first overall socio-environmental indicator comparing positive economic 403 
production outcomes and negative environmental impacts prior to any further detailed 404 
assessment. The use of cyanidation for gold recovery by MSMc and LSM seems to ensure a 405 
better ratio for those project types, but only because this normalization does not consider the 406 
potential impacts related to this process. The inclusion of water consumption might therefore 407 
add considerable information about the overall environmental performance of a project. 408 
 409 
The ratio between direct employment and soil footprint compares social compensation, in 410 
terms of employment, to the loss of surface area due to mining infrastructures. For instance, 411 
the progressive difference between MSMg and MSMc is mainly due to the fact that the 412 
construction and operation of cyanidation plants involves greater numbers of specialized 413 
workers and technicians. The ratio between the maximal dam height and annual gold 414 
extraction compares the potential impact of a dam failure, as indicated by the height of the 415 
dam, to annual gold production. However, the use of dam height as a simple overall indicator 416 
might not be pertinent: although the failures of higher and larger dams generate more 417 
considerable impacts than those of smaller dams, larger dams are also less likely to fail 418 
because of specific monitoring programs. Furthermore, the content of the tailings pond and 419 
possible chemical additives (e.g. cyanide, thiosulfates) should also be considered. Finally, 420 
legal underground exploitation might be theorized and potentially included within the 421 
classification to reduce both the soil footprint of the mine site and the potential volume of 422 
mine waste compared to illegal projects. 423 
 424 
  425 
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Table 6 : Examples of indirect information derived from data in Table 4 and Appendix B. 426 

 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 

4.2 Risk, vulnerability and safety measures 441 
 442 
Risk is calculated as the product of the probability of an event occurring and its consequences. 443 
The risk of a particular mining project type therefore not only depends on the nature and 444 
intensity of potential impacts, but also on their probability of occurrence and the vulnerability 445 
of the potentially affected area. These latter aspects are not explored by the proposed 446 
classification scheme, which focuses solely on the impacts (consequences) of a mining project 447 
on socio-ecological spheres. Nevertheless, the probability of occurrence of an event depends 448 
both on the vulnerability of the mined territory (e.g. climate conditions, soil type and political 449 
stability) and the technical/operational and financial characteristics of the project. 450 
 451 
On the one hand, the vulnerability of a socio-ecological system is related to the degree to 452 
which the system is exposed to threats and its sensitivity and adaptive capacity (Berrouet et 453 
al. 2018). Vulnerability assessments thus indicate how the positive and negative outcomes of 454 
a mining activity might affect the socio-ecological sphere in which the project exists. On the 455 
other hand, understanding the specificities of each project type allows comprehension of both 456 
the technical/operational aspects and financial tools/circumstances that might affect the 457 
likelihood of an event’s occurrence. For instance, although the failure of the exploitation pit 458 
of a LSM-type industrial operator might cause considerable damage, their greater financial 459 
resources and technical skills allow for better pit monitoring, potentially preventing and thus 460 
lowering the risk of pit failure. 461 

Such project characteristics are key to risk assessment studies and are embodied by safety 462 
“measures” or “barriers”, which can be proactive (e.g. monitoring systems and spillway 463 
systems) or reactive (e.g. evacuation programs and alarm systems), depending on whether 464 
their purpose is risk prevention or mitigation, respectively (Ehlers et al., 2017). The concept 465 
of safety measures – which can take different forms – is essential for the enhancement of the 466 
socio-environmental performance of mining projects and might be useful in the integration of 467 
new and “green mining” techniques into both mining operations and public policy. 468 
 469 
 470 
4.3 Limitations and adaptability of the proposed classification 471 
 472 
The proposed classification methodology – here for the gold mining sector in French Guiana 473 
– can only partly be adapted to other cases, limited on a case-by-case basis by the criteria used 474 

Examples of indirect deducible information  ASM 
MSM 

LSM 
MSMg MSMc 

Annual extracted gold/Mine soil footprint (kg/yr/ha) ~1.5 ~1.5 ~3 5–10 

Total direct jobs/Mine soil footprint (number of workers/ha) ~0.15 ~0.3–0.6 ~0.4–0.7 0.7–1 

Total direct jobs/Annual gold production (workers/kg/yr) 0.1 0.3 ~0.7 ~1.4 

Maximal dam height/Annual extracted gold (m/kg/yr) 0.02 0.07 ~0.04 ~0.01 

Water consumption/Annual extracted gold (m3/kg/yr) n/a n/a ~6 ~12 
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to classify mining project types. Indeed, the impacts of mining project types depend on the 475 
targeted commodity: the exploitation of bauxite does not require the same infrastructure and 476 
techniques used for gold mining. Annual productivity is also significantly dependent on the 477 
mineral commodity and its market. Furthermore, the i-ASM sector is a social phenomenon 478 
peculiar to gold and a few other commodities (Hentschel et al. 2002) that mainly concerns 479 
“developing” countries because it is driven by property rights. The difficulty in defining such 480 
projects lies in the fact that they are extremely heterogeneous and relevant data are usually not 481 
available. Annual production rates thus greatly differ from one country to another (Seccatore 482 
et al. 2014), and from site to site. 483 
 484 
The main sectors of demand for gold are jewelry, investment and banking, with few industrial 485 
application (World Gold Council, 2020). Therefore, gold can be considered a strategic 486 
product rather than a simple natural resource in ways that differ from other commodities. 487 
Moreover, the need for gold mining might be discussed in relation to its environmental costs, 488 
whereas the recycling rate of gold is quite satisfactory at approximately 87% of reported 489 
consumption (USGS, 2020). 490 
 491 
Nonetheless, for a given mineral commodity, the classification of mining projects can be 492 
greatly affected by the regulatory framework of the state considered. For instance, the gold 493 
mining sector in Suriname is very similar to that in French Guiana: as both are located within 494 
the Guiana Shield, the geological deposits are the same. However, Surinamese laws do not 495 
forbid the use of Au-Hg amalgam for gold recovery. Thus, the use of Hg-based recovery 496 
methods cannot be used to distinguish between legal and illegal mining projects in Suriname. 497 
 498 
The MSM projects (i.e. projects of intermediate size between ASM and LSM) are specific to 499 
French Guiana and a few other countries (e.g. Brazil). In the Guiana Shield and nearby areas 500 
(e.g. Bolivia, Peru), similarly sized projects tend to be “mining cooperatives” that rather 501 
represent the entrepreneurial and institutional choice of a structured sector for small- and 502 
medium-scale miners to reduce negative socio-environmental costs and maximize economic 503 
performances (Alves et al. 2019). 504 
 505 
Finally, political and regulatory challenges might affect the pertinence and effectiveness of 506 
such a classification for impact assessment purposes in two ways. The first concerns the 507 
critical permeability and porosity that exists between legal and illegal gold mining projects, 508 
especially in specific areas of the world. Moreover, in some cases, political decisions might 509 
overtake the technical aspects of a mining project, becoming the main determinant of its 510 
feasibility. The second is related to the transboundary nature of mining impacts: in some 511 
ecological or strategic areas, multiple project types operating within contrasting regulatory 512 
frameworks might coexist. One of the clearest examples is that of the Maroni river catchment, 513 
which is the largest watershed in French Guiana, but straddles the border with Suriname 514 
(Figure 1). There, two legal frameworks for gold mining coexist: one allowing and one 515 
forbidding Hg-based recovery methods. These circumstances, when not properly addressed, 516 
might hinder impact assessments – and more generally land-planning strategies – that require 517 
cross-border efforts for mining governance and policymaking. Moreover, French Guiana is 518 
the most frequent migrant destination in the Guiana Shield. However, this phenomenon does 519 
not depend specifically on one or more types of gold mining projects (Table 5), since it is 520 
strictly correlated to global gold trends and local political and judicial frameworks at a wider 521 
scale (Taubira Delannon, 2000). 522 
 523 
 524 
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 525 
4.4 Perspectives and example applications 526 
 527 
Although the proposed classification leaves several open questions, it meets our objectives for 528 
risk and impact assessment purposes at the territory level. If the classification of mining 529 
projects represents a preliminary stage, the next step involves the detailed utilization of these 530 
standard project types within the risk assessment process. 531 
 532 
The classification scheme proposed herein aims to support the elaboration of risk scenarios to 533 
compare future development strategies for mining territories. For instance, a fictional location 534 
might be selected for one or several standardized project types based on geological, 535 
regulatory, environmental and social criteria (Figure 3). Then, based on a chosen spatialized 536 
risk scenario, the area of influence of the mining project(s) and the consequences of one or 537 
more specific risk events can be estimated using GIS tools. This allows the analysis and 538 
comparison of impacts depending on the considered project type and the vulnerability of the 539 
mining territory to be developed. 540 
 541 
Therefore, several strategies could be investigated to determine the most appropriate project 542 
type and location. For instance, if a government delivers a mining permit for a LSM project 543 
within an area, based on the characteristics presented in Table 4, how many MSM projects 544 
would be necessary to cover the same annual gold productivity? If, then, the impacts of the 545 
MSM projects are perceived or judged to be too important by local stakeholders and public 546 
authorities, how many ASM projects might be necessary to maintain the expected incomes? 547 
 548 
These further steps are the subject of a future publication in which we report a concrete 549 
application of this preliminary risk assessment stage at the territory level. 550 
 551 

5. Conclusion 552 
 553 
Mining risks are strictly related to the intrinsic features of mining projects, and the impacts of 554 
mining exceed the mine site and impact the socio-ecological sphere in which mining activities 555 
are performed. For this reason, mining projects must be considered as a matter of land 556 
planning and their impacts must be assessed at the territory level. Here, we proposed a multi-557 
criteria mining project classification for the gold mining sector in French Guiana. The 558 
distinguishing criteria were chosen based on their contribution to the impacts of gold mining 559 
projects. For each standardized project type, a range of technical and operational 560 
characteristics is presented to emphasize the differences between project types and their 561 
typical impacts. 562 
 563 
The methodology used herein to create a multi-criteria classification of gold mining projects 564 
in FG might prove useful in creating risk scenarios to compare development strategies for a 565 
given mining territory. Indeed, such scenarios can be operationalized using standardized 566 
project types with representative features, which can then be sited in fictional locations to 567 
analyze their potential negative and positive impacts. Depending on data availability, our 568 
methodology should be at least partly adaptable to other case studies and/or commodities. 569 
 570 
  571 
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illustrations et 12 tableaux. 727 

Lechner, A.M., McIntyre, N., Witt, K., Raymond, C.M., Arnold, S., Scott, M., Rifkin, W., 2017. Challenges of 728 
integrated modelling in mining regions to address social, environmental and economic impacts. Environmental 729 
Modelling and Software 93, 268–281. https://doi.org/10.1016/j.envsoft.2017.03.020  730 

Mancini, L., Sala, S., 2018. Social impact assessment in the mining sector: Review and comparison of indicators 731 
frameworks. Resources Policy 57, 98–111. https://doi.org/10.1016/j.resourpol.2018.02.002  732 

Marchand, C., Lallier-Vergès, E., Baltzer, F., Albéric, P., Cossa, D., Baillif, P., 2006. Heavy metals distribution in 733 
mangrove sediments along the mobile coastline of French Guiana. Marine Chemistry 98, 1–17. 734 
https://doi.org/10.1016/j.marchem.2005.06.001 735 

Massoud Hamid, Contrat Étude Prospective Filière « OR » en Guyane, Rapport Final Partie A, Décembre 2008, 736 
Photos de Anne-Marie LLanta. 737 

Matheus P., Les techniques et conditions d’exploitation des mines aurifères, F.F.E. « Annales des Mines – Réalités 738 
industrielles », 2018/4 Novembre 2018, pages 10 à 19, ISSN 1148-7941 https://www.cairn.info/revue-realites-739 
industrielles-2018-4-page-10.htm 740 

Mélières, M.-A., Pourchet, M., Charles-Dominique, P., Gaucher, P., 2003. Mercury in canopy leaves of French 741 
Guiana in remote areas. Science of The Total Environment 311, 261–267. https://doi.org/10.1016/S0048-742 
9697(03)00142-6 743 

Menard Y. (2018) - Technologies de substitution du cyanure pour le traitement des minerais d'or en Guyane : 744 
avantages et inconvénients sur les plans économiques et les risques environnementaux. Rapport final. 745 
BRGM/RP-68620-FR, 17 pages,1 tableau. 746 



21 

 

21 

 

Miramond, N., Miau, D., Brochard, F. 2006 Diagnostic du phénomène Drainage Minier Acide sur des mines d’or 747 
primaire en Guyane française - Evaluation des risques associés. GEM Impact – DIREN. Guyane Française. XX 748 
pp. 749 

Moisan M. et Blanchard F., 2012. Utilisation de la cyanuration dans l’industrie aurifère en Guyane. Impacts 750 
potentiels sur l’environnement et recommandations. Rapport final BRGM/RP- 61968-FR, 120 pages. 751 

Montagne d’Or Compagnie Minière (MDO), Projet de Mine d’or en Guyane, Dossier du Maître d’Ouvrage, Débat 752 
Public, Mars 2018 http://cpdp.debatpublic.fr/cpdp-montagnedor/images/Documents-Mo-753 
montagnedor/Montagnedor-dossier-maitre-ouvrage-vweb.pdf 754 

Monteiro, N.B.R., da Silva, E.A., Moita Neto, J.M., 2019. Sustainable development goals in mining. Journal of 755 
Cleaner Production 228, 509–520. https://doi.org/10.1016/j.jclepro.2019.04.332 756 

Moullet, D., Saffache, P., Transler, A.-L., 2006. L’orpaillage en Guyane française : synthèse des connaissances. 757 
Études caribéennes. https://doi.org/10.4000/etudescaribeennes.753Pokorny, B., von Lübke, C., Dayamba, S.D., 758 
Dickow, H., 2019. All the gold for nothing? Impacts of mining on rural livelihoods in Northern Burkina Faso. 759 
World Development 119, 23–39. https://doi.org/10.1016/j.worlddev.2019.03.003 760 

Office National des Forêts (ONF), Collectivité Territoriale de Guyane (CTG), Ministère de l’Agriculture et de 761 
l’Alimentation, Bureau des recherches géologiques et minières (BRGM), SEAS Guyane, Occupation du sol en 762 
2015 sur la bande littorale de la Guyane et son évolution entre 2005 et 2015, Rédaction 2017. 763 

Rahm M., Thibault P., Shapiro A., Smartt T., Paloeng C., Crabbe S., Farias P., Carvalho R., Joubert P. (2017). 764 
Monitoring the impact of gold mining on the forest cover and freshwater in the Guiana Shield. Reference year 765 
2015. pp.20 766 

Ribeiro-Duthie, Ana Cristina, Brazilian gold mining industry and relations amid ASM, MSM and LSM: sustainable 767 
development initiatives / Ana Cristina Ribeiro-Duthie, Zuleica Carmen Castilhos __Rio de Janeiro: 768 
CETEM/MCTIC, 2016. 60p.: il. (Série Tecnologia Ambiental, 93) 769 

Skousen, J.G., Ziemkiewicz, P.F., McDonald, L.M. 2019.  Acid mine drainage formation, control and treatment: 770 
Approaches and strategies.  Extractive Industries and Society, 6 (1), pp. 241-249. 771 

Sebastiano, M., Bustamante, P., Costantini, D., Eulaers, I., Malarvannan, G., Mendez-Fernandez, P., Churlaud, C., 772 
Blévin, P., Hauselmann, A., Dell’Omo, G., Covaci, A., Eens, M., Chastel, O., 2016. High levels of mercury and 773 
low levels of persistent organic pollutants in a tropical seabird in French Guiana, the Magnificent frigatebird, 774 
Fregata magnificens. Environmental Pollution 214, 384–393. https://doi.org/10.1016/j.envpol.2016.03.070 775 

Seccatore, J., Veiga, M., Origliasso, C., Marin, T., De Tomi, G., 2014. An estimation of the artisanal small-scale 776 
production of gold in the world. Science of The Total Environment 496, 662–667. 777 
https://doi.org/10.1016/j.scitotenv.2014.05.003 778 

Simate, G.S., Ndlovu, S., 2014. Acid mine drainage: Challenges and opportunities. Journal of Environmental 779 
Chemical Engineering 2, 1785–1803. https://doi.org/10.1016/j.jece.2014.07.021 780 

Smits, K.M., McDonald, L., Smith, N.M., Gonzalez, F., Lucena, J., Martinez, G., Restrepo, O.J., Rosas, S. 2020.  781 
Voces Mineras: Clarifying the future of artisanal and small-scale mining collaborations.  The Extractive 782 
Industries and Society 7(1): 68-72. 783 

SRK Consulting Inc., NI 43-101 Technical Report Bankable Feasibility Study, Montagne d’Or Project, French 784 
Guiana, Report Prepared for Nordgold, Columbus Gold, April 28, 2017 785 
https://www.columbusgold.com/site/assets/files/3679/techrep-2017-04-28-mdo-bfs.pdf 786 

SRK Consulting Inc., with Metal Mining Consultants Inc., NI 43-101 Technical Report 2015 Updated Feasibility 787 
Study for the Aurora Gold Project, Guyana, Prepared for AGM Inc., January 18, 2016 788 
https://s21.q4cdn.com/896225004/files/doc_technicalreports/aurora-project-technical-reports.pdf 789 

Taubira-Delannon Christiane, L’or en Guyane : éclats et artifices, Rapport à Monsieur le Premier Ministre, rapport 790 
public, 1 décembre 2000, https://www.vie-publique.fr/sites/default/files/rapport/pdf/004001895.pdf  791 
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