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Highlights 13 

• Mining in areas important for biodiversity conservation can cause conflict 14 

• In Madagascar we map areas where gem potential and high biodiversity overlap 15 

• 11-14% of land important for biodiversity in Madagascar may host gem deposits 16 

• But 80% of land with gem potential (7 million hectares) is outside these areas 17 

• There, mining could be promoted and supported to minimise environmental trade-offs 18 

Abstract 19 

Artisanal and small-scale mining (ASM) provides a vitally important livelihood for millions of people 20 

in many low- and middle-income countries. ASM can result in habitat clearance, increased hunting 21 

pressure, pollution, and sedimentation of waterways. Consequently, where mineral and biological 22 

wealth coincide, there are trade-offs. Here, we combine geological data with four datasets capturing 23 

conservation priorities, to evaluate where, and to what extent, mining may impact biodiversity, and 24 

to explore opportunities for both to co-exist. We use Madagascar as a case study: a biodiversity 25 

hotspot rich in economically important minerals where artisanal gem mining has conflicted with 26 

biodiversity conservation. We identify areas of Madagascar most likely to host primary deposits of 27 

gems and find that 11% - 14% of the most important area for biodiversity on the island could host 28 

primary gem deposits. However, we also identify 7 million hectares (80%) of potentially prospective 29 

land which is outside of these areas. Establishing decentralised, community-managed zones for 30 

licensed ASM in such areas could help to incentivise formalisation and minimise social and 31 

environmental trade-offs. Our mapping approach could be applied in other countries to encourage 32 

the establishment of designated zones for ASM in places where mining does not conflict with 33 

conservation.  34 

Keywords:  35 

Artisanal and small-scale mining, biodiversity conservation, Madagascar, formalisation, protected 36 

areas.  37 

1. Introduction 38 

Artisanal and small-scale mining (ASM) has expanded rapidly in recent decades to become a major 39 

livelihood in many low- and middle-income countries, involving an estimated 45 million people in 40 

2020 (World Bank, 2020). Much ASM occurs in countries which are resource-rich but economically 41 

poor (IGF, 2017), where ASM can contribute towards poverty alleviation by providing alternative or 42 

additional means of income generation, particularly in rural areas with few other options (Hirons, 43 

2020). Engaging in ASM can help to buffer shocks, sustain agricultural livelihoods, and raise funds for 44 



investments which are otherwise unattainable (Hilson and Garforth, 2012; Hilson and Maconachie, 45 

2020). However, many of these places are also hotspots for biodiversity (e.g. the Amazon, East 46 

Africa, Indonesia and Madagascar), where ASM’s contributions to development may involve 47 

significant environmental trade-offs (Villegas et al., 2012; Hirons, 2020).  48 

ASM is a labour-intensive and sometimes risky form of mineral extraction and processing 49 

characterised by limited use of machinery (Hilson and McQuilken, 2014; Lahiri-Dutt, 2018). It 50 

requires little capital investment and, as such, is highly accessible (Yakovleva, 2007). ASM operates 51 

mostly outside of the legal economy and formal regulatory structures, and this informality can lead 52 

to environmental degradation, poor health and safety, crime and corruption (Duffy, 2007; 53 

Verbrugge, 2015; Smith et al., 2016; Gerety, 2017). Historically, much of the narrative around ASM 54 

has focussed on these negative social and environmental impacts (Hilson and McQuilken, 2014). 55 

However, in recent decades there has been growing recognition of the key role that ASM plays in 56 

poverty alleviation and it’s potential to contribute towards development (Hilson and McQuilken, 57 

2014). This has led to growing calls to formalise the sector to improve conditions, increase efficiency 58 

and to mitigate the environmental impacts (Hilson et al., 2017).  59 

1.1 The environmental impacts of ASM 60 

Direct environmental impacts of ASM include; deforestation and habitat loss (Espejo et al., 2018; 61 

Macháček, 2019; Álvarez-Berríos, L’Roe and Naughton-Treves, 2021; Barenblitt et al., 2021; Laing 62 

and Moonsammy, 2021); soil disturbance leading to the sedimentation of waterways, impacting 63 

freshwater biodiversity, water quality and flow (Hollestelle, 2012; Lobo et al., 2016); and chemical 64 

pollution (Nkuba, Muhanzi and Zahinda, 2022). Mercury contamination from artisanal gold mining is 65 

a major problem in many countries (although not currently Madagascar, Klein 2022b), with serious 66 

implications for both human (Gibb and O’Leary, 2014) and ecosystem (Boening, 2000) health. ASM 67 

can also generate substantial indirect impacts, particularly when it occurs at scale in remote areas 68 

(Villegas et al., 2012; Hirons, 2020). Miners need fuel and wood for constructing shelters and 69 

mineshaft supports, resulting in tree felling (Schure et al., 2011; Macháček, 2019; Nkuba, Muhanzi 70 

and Zahinda, 2022). A growth in local demand for food can spur land conversion for agriculture 71 

(Maconachie and Binns, 2007) and increase hunting of threatened species (Hollestelle, 2012; Spira et 72 

al., 2019). Artisanal mining can open up remote frontiers to other forms of resource extraction and 73 

miners may turn to other, more environmentally damaging forms of income generation, such as 74 

charcoal production, as the value of finds decreases (Villegas et al., 2012; Kinyondo and Huggins, 75 

2021; Zhu and Klein, 2022). When hundreds, or even thousands of people converge upon a remote, 76 

biodiverse area (such as a Protected Area) to mine, the collective impact on biodiversity can be 77 



severe (Villegas et al., 2012; Asner and Tupayachi, 2017). Consequently, where the world’s mineral 78 

and biological wealth coincide, there can be substantial trade-offs.  79 

1.2 Madagascar: a biological and mineral hotspot 80 

Madagascar is internationally renowned for its biodiversity (Myers et al., 2000), but the island is also 81 

incredibly rich in economic minerals (Yager, 2019). Madagascar is a poor country and is 82 

unsurprisingly using its mineral wealth to support development (EDBM, 2021). While the 83 

government has been promoting expansion of the formal mining sector (Canavesio, 2014), ASM has 84 

grown rapidly over the past 30 years to become the second most important rural livelihood after 85 

agriculture, involving hundreds of thousands of people and indirectly supporting an estimated 2.5 86 

million more in downstream industries (World Bank, 2010; Hilson, 2016). Most ASM targets gold and 87 

high-value gemstones, such as ruby and sapphire (Cartier, 2009; Cook and Healy, 2012).  88 

Both Madagascar’s mineral and biological wealth stem from a dynamic geological history involving 89 

the formation and break-up of supercontinents (Pezzotta, 2001; Richard, 2022). Most of 90 

Madagascar’s gem deposits, as well as those of neighbouring Mozambique, Tanzania and Kenya, 91 

were formed 650 – 500 Ma during the East African and Kuungan orogenies (Rakotondrazafy et al., 92 

2008; Giuliani et al., 2020) when much of Madagascar, and subsequently India, collided with East 93 

Africa during the assembly of Gondwana (Fritz et al., 2013). The eastern two-thirds of Madagascar 94 

comprises a mosaic of Precambrian crustal blocks that were finally assembled during this period 95 

(Figure S1; (Tucker et al., 2014). Continental convergence led to regional metamorphism and 96 

intrusive magmatism which produced the high temperatures, pressures, and fluids necessary for the 97 

formation of gems. Understanding the geological conditions (i.e. the temperatures, pressures and 98 

chemical compositions of rocks) required for gem formation allows us to identify which areas of 99 

Madagascar are most likely to be prospective for gems.   100 

Madagascar’s gem deposits remained mostly untapped until the discovery of sapphires in the far 101 

south of the island in 1992 (Cook and Healy, 2012). This initiated a cascade of discoveries across the 102 

island, each attracting a rush of migrant miners, sometimes numbering in the tens of thousands 103 

(Canavesio and Pardieu, 2019). Since then ruby and sapphire have been found in numerous locations 104 

across the island (Figure 2,(Rakotondrazafy et al., 2008), making Madagascar a leading global 105 

producer of high-quality gems (Shor and Weldon, 2009; Giuliani et al., 2020).  106 

1.3 Environmental and social trade-offs of ASM in Madagascar 107 

People engage in artisanal mining in Madagascar for a variety of reasons: to meet basic needs; 108 

diversify livelihoods and reduce risk; raise income to invest in business, housing or education; as a 109 



last line of defence against destitution; or to spend on luxury goods (Walsh, 2003; Cartier, 2009; 110 

Lawson, 2018). Artisanal mining can also facilitate female empowerment (Lawson, 2018). As such, 111 

ASM plays a vitally important role supporting the lives and livelihoods of millions of people across 112 

Madagascar, but it can also generate negative social and environmental impacts (Walsh, 2003; 113 

Duffy, 2007; Canavesio, 2009; Cook and Healy, 2012; Cabeza et al., 2019). ASM for gems has 114 

impacted important areas for biodiversity as the following examples illustrate.  115 

In 1996, sapphires were discovered near the village of Ambondromifehy in the north-west (Figure 2) 116 

and within two years an estimated 14,000 people were mining in the area, including within the 117 

adjacent Ankarana Special Reserve (Walsh, 2003; Tilghman, Baker and Deleon, 2007). Miners felled 118 

trees to clear the land for mining and to obtain wood for fuel and mine supports (Cook and Healy, 119 

2012). Repeated disturbance displaced wildlife and impeded forest regeneration. The number of 120 

miners operating within the reserve and the inability of the authorities to evict them, exacerbated 121 

by long-standing conflicts over resources, created de-facto conditions of open access in the northern 122 

part of the reserve (Baker-Médard, 2012). This enabled an increase in other, more destructive forms 123 

of resource use, namely charcoal production and harvesting of precious woods (Tilghman, Baker and 124 

Deleon, 2007; Cook and Healy, 2012).  125 

The giant Ilakaka sapphire rush which started in 1998 has affected an extensive area of south-west 126 

Madagascar (Figure 1; Canavesio, 2009). Whilst much of this region comprises species-poor 127 

savannah, ASM has impacted highly biodiverse dry forests within Zombitse-Vohibasia National Park 128 

(Tilghman, Baker and Deleon, 2007; Cook and Healy, 2012). In the early 2000s, forest within and 129 

around the protected area were cleared for agriculture to meet the growing demand for food from 130 

the burgeoning mining population (Cook and Healy, 2012). Then, in 2003, sapphires were discovered 131 

in the buffer zone around the protected area and mining gradually spread into the interior 132 

(Tilghman, Baker and Deleon, 2007). ASM has, directly and indirectly, caused substantial forest loss 133 

within Zombitse-Vohibasia National Park, as well as increased soil erosion and sedimentation of 134 

waterways (Cook and Healy, 2012).  135 

1.4 This study 136 

We evaluate where, and to what extent, gem mining could occur within other important areas for 137 

biodiversity across Madagascar, and explore ways to minimise trade-offs between ASM, rural 138 

livelihoods and biodiversity conservation. We quantify the spatial overlap between the potential 139 

distribution of primary gem deposits and four datasets capturing biodiversity conservation priorities. 140 

We focus on ruby, sapphire and emerald as these constitute Madagascar’s largest gem exports by 141 

quantity and value (Cartier, 2009). Using a simplified mineral systems approach we identify areas 142 



most likely to host primary ruby, sapphire and emerald deposits based on the underlying geology, 143 

and validate the resulting map against a database we compiled of known gem deposits. Next, we 144 

explore the spatial overlap with areas of importance for biodiversity; Key Biodiversity Areas (Birdlife 145 

International, 2021); Conservation Priority Areas, which capture the distribution of many endemic 146 

species (Kremen et al., 2008); protected areas (Rebioma, 2017); and natural forests (Hansen et al., 147 

2013).  148 

 149 

Figure 1: Ilakaka before (left) and ten years after (right) the discovery of sapphires which triggered 150 

Madagascar’s largest gem rush and transformed the area into a gem mining and trading hub. © 151 

Pierrot Men. 152 

 153 

  154 



2. Methods 155 

2.1 Identifying areas potentially prospective for gemstones 156 

Potentially prospective refers to areas with the right geological conditions for the formation of 157 

gemstones at the broad-scale. We use the qualifier ‘potentially’ because; a) small-scale variation 158 

means the right conditions will not be present across the entire area, and b) ground truthing and 159 

geological exploration is necessary to determine whether an area is truly prospective (i.e. likely to 160 

contain economic deposits of gemstones). 161 

We use a top-down, mineral systems approach (Wyborn, Heinrich and Jacques, 1994) to identify 162 

broad areas potentially prospective for primary ruby, sapphire and emerald deposits based on the 163 

critical geological processes and lithologies required for formation.  This technique was designed to 164 

aid targeting of mineral exploration by identifying new prospective areas at larger scales (Hagemann, 165 

Lisitsin and Huston, 2016). The focus on large-scale processes of mineralisation, which are often 166 

generic, can enable the identification of areas prospective for multiple minerals, and avoids 167 

limitations in the availability of high-resolution data needed for traditional targeting methods (e.g. 168 

deposit models; Hagemann, Lisitsin and Huston, 2016) 169 

A mineral systems approach requires an understanding of the geological processes and conditions in 170 

which the specific minerals are formed. Ruby and sapphire are gem-quality variants of the mineral 171 

corundum (Al2O3) and typically occur in rocks which are aluminium-rich and silica-poor, and have 172 

been metamorphosed at moderate pressures and relatively high temperatures (Simonet, Fritsch and 173 

Lasnier, 2008; Giuliani et al., 2020). Corundum formation often requires the circulation of a fluid to 174 

supply aluminium or other trace elements and remove silica from the host rock, via diffusion along 175 

geochemical gradients (Simonet, Fritsch and Lasnier, 2008; Giuliani et al., 2020). Emerald is green 176 

gem-quality beryl (Be2Al2Si6O18) and requires beryllium and trace amounts of chromium and/or 177 

vanadium to form. Beryllium is rare in the upper crust and is typically supplied through the intrusion 178 

of magma, or by fluids circulating from depth (Giuliani et al., 2019). As such, emeralds are usually 179 

associated with intrusive granites, pegmatites or shear zones (zones of rock with enhanced 180 

permeability which act as fluid conduits) intersecting chromium-rich rocks (Giuliani et al., 2019). See 181 

Supplementary Information for more details.  182 

Our analysis is restricted to primary deposits; those where the gems have not been significantly 183 

affected by processes (i.e. erosion and deposition) at the Earth’s surface and remain in-situ in the 184 

host rock. Secondary deposits are those where gems have been removed from the host rock by 185 

erosion and weathering and deposited downslope or within contemporary or paleo river systems. 186 



We have topographic data that would enable us to map contemporary river systems, but it is more 187 

challenging to map paleo river systems (e.g. within the sedimentary rocks of western Madagascar) 188 

and data for these do not exist at a consistent scale across Madagascar. Therefore, as we could not 189 

comprehensively assess the potential distribution of secondary deposits, we chose not to include 190 

these in our identification of potentially prospective areas. 191 

In Madagascar, the critical large-scale geological processes required for gem formation include: 1) 192 

regional metamorphism and magmatism associated with the East African and Kuungan orogenies 193 

(Rakotondrazafy et al., 2008; Giuliani et al., 2020); 2) presence of key lithologies in which gems are 194 

likely to have formed; notably metamorphosed mafic-ultramafic rocks, low-silica sedimentary rocks 195 

such as carbonates, and alkaline volcanic rocks that may contain gems transported from depth 196 

(Giuliani et al., 2019, 2020); and 3) major km-scale areas of significant fluid flow, which are typically 197 

mapped as shear zones (see Supplementary Information). 198 

The first critical process, regional metamorphism and magmatism, has occurred throughout much of 199 

the island’s Precambrian basement, excluding the Antongil domain (BGS-USGS-GLW, 2008; Schofield 200 

et al., 2010; Fritz et al., 2013). In order to map the other two critical factors, we used the Geological 201 

Map of Madagascar at the 1: 1,000,000 scale (Roig et al., 2012) to identify: a) major shear zones, and 202 

b) geological units with prospective lithologies (marble, mafic-ultramafic rocks, aluminous 203 

metasedimentary rocks, skarns, alkaline volcanic rocks) based on the classifications of Giuliani et al 204 

(2020; Table S1). Shear zones can introduce fluids bearing elements such as beryllium and aluminium 205 

which can lead to metasomatism of the rocks within and around the shear zones (Giuliani et al., 206 

2020). However, these rocks must be of a suitable lithology for ruby, sapphire, or emerald to form. 207 

Therefore, we only selected shear zones which at some point intersect our selected geological units, 208 

which are all silica-poor. Since many of Madagascar’s major shear zones are associated with 209 

metavolcanics and metasedimentary rocks, most are considered prospective.  210 

2.2 Geological data 211 

The 1:1M Geological Map of Madagascar (Roig et al., 2012) was produced by the World Bank funded 212 

Projet de Gouvernance de Ressources Minerales (PGRM) which aimed to facilitate development of 213 

the mining sector in Madagascar by improving geological knowledge and data availability, 214 

governance and management (Cook and Healy, 2012). The map represents the finest resolution, 215 

most up-to-date and complete visualisation of Madagascar’s geology available.  216 

The geological units in this map represent a simplification of more detailed mapping, and some of 217 

these units encompass a range of different lithologies, intimately associated, which cannot be 218 



differentiated on a map of this scale (e.g. the basic paragneiss of the Tsaratanana thrust sheet 219 

incorporates smaller-scale areas of prospective mafic gneiss and schist which are not shown (Tucker 220 

et al., 2014)). In these cases, we took a conservative approach. Where the unit description does not 221 

clearly indicate a prospective lithology, and where no corundum or emerald deposits are known 222 

from that area, we did not include it in our selection. The units identified thus represent those that 223 

are considered most likely to be prospective, but it is still possible that primary gem deposits could 224 

be found outside these areas.  225 

We first assessed all the lithological units on the map legend and decided which had the potential to 226 

be prospective for gems (Table S1). Then we produced a polyline shapefile of the map which we 227 

overlaid on a georeferenced image of the original map and used this to identify and merge polyline 228 

segments outlining potentially prospective units. Finally, we digitised the shear zones shown in the 229 

raster image and merged with the shapefile of potentially prospective units to form our map of gem 230 

potential. 231 

2.3 Validating our map of gem potential against known gem deposits 232 

To provide a first-order validation of our map of gem potential, we compiled a spatial database of 233 

known gem deposits (categorised according to whether they are primary or secondary; Table S3) 234 

and calculated the distance from each point to the nearest area we identified as potentially 235 

prospective (Table S4). Whilst known secondary deposits are not needed to validate our map of gem 236 

potential, which is targeted towards primary deposits, they were included in this analysis to explore 237 

the distance between secondary deposits and potential source rocks.  238 

Known gem deposits in Madagascar were identified from the peer-reviewed and grey literature, and 239 

the Mindat website. Rakotondrazafy et al (2008), Canavesio and Pardieu (2019) and Cook and Healy 240 

(2012) provided many key references. We searched the Journal of Gemmology, and Gems and 241 

Gemmology using the search term Madagascar for case study analyses of gems from specific 242 

locations. We also searched the grey literature to find expedition reports published on the websites 243 

of field gemmologists (e.g. Perkins, 2016) and gemmology institutes (e.g. Pardieu and Rakotosaona, 244 

2012). Vincent Pardieu shared the locations of numerous sites he had visited in east and south-west 245 

Madagascar.  246 

Mindat (an open spatial database of global mineral occurrences and mine sites compiled by 4500 247 

contributors and verified by a team of 50 experts) was principally used to locate deposits that had 248 

been named, but not georeferenced, in other sources. Where available co-ordinates were coarse 249 

resolution, or where distance to the nearest settlement was given, we scanned the area on Google 250 



Earth to try to visually identify any mine sites. Mindat entries with a margin of error greater than 251 

5km were not included if no other sources of information could be found. 252 

Our review was not systematic and there are undoubtedly many known gem occurrences in 253 

Madagascar which are not reported in the international literature. Therefore, our database should 254 

not be considered comprehensive but rather an indicative and informative sample of the distribution 255 

of known gem deposits across Madagascar.  256 

2.4 Biodiversity data 257 

Biodiversity is inherently complex and difficult to summarise in a single measure (Purvis and Hector, 258 

2000). To mitigate this, we use four different measures, or proxies, of biodiversity, and calculate the 259 

proportion of each which is potentially prospective for gems (Table S2). These datasets are: 1) 260 

protected areas (Rebioma, 2017), 2)  Key Biodiversity Areas (Birdlife International, 2021), 3) 261 

Conservation Priority Areas (Kremen et al., 2008), 4) natural forests (Harper et al., 2007; Hansen et 262 

al., 2013; Vieilledent et al., 2018). The overlap with areas of gem potential is not intended to be 263 

compared between measures as each measure uses different methodology, biological data, and is 264 

subject to different constraints. While there is some spatial overlap between the four layers, there 265 

are still considerable differences (Table 1). 266 

Protected areas are established and, in theory, managed to conserve biodiversity. Madagascar’s 267 

latest cohort of protected areas (granted temporary status in 2005 and formally protected in 2015) 268 

was designed to capture important biodiversity features, informed by conservation planning and gap 269 

analyses ([including Kremen et al, 2008]; Gardner et al., 2018). However, protected areas do not, 270 

and cannot, capture all areas important for biodiversity. Therefore, we use three additional datasets 271 

to ensure we capture the wider distribution of biodiversity outside the protected area network. Key 272 

Biodiversity Areas and Conservation Priority Areas both represent areas of high conservation priority 273 

based on species richness and level of threat, incorporating factors such as species range size, 274 

endemism, habitat loss and extinction risk (Kremen et al., 2008; IUCN, 2016), but they use different 275 

underlying species data. The Key Biodiversity Areas for Madagascar mostly comprise Important Bird 276 

Areas and sites identified by the Critical Ecosystem Partnership Fund (CEPF, 2014; pers comm. A 277 

Plumptre) using data from a wide range of taxa and expert elicitation. The Conservation Priority 278 

areas were defined to maximise the proportional representation of >2000 endemic species from 6 279 

taxonomic groups (ants, butterflies, lemurs, frogs, geckos and plants) on 10% of the land surface 280 

(Kremen et al., 2008). Forest is a useful indicator of biodiversity as most terrestrial Malagasy species 281 

are forest-dependent (Goodman, 2022). Furthermore, forests also provide essential ecosystem 282 



services such as carbon storage, clean water provision, and erosion mitigation, which could be 283 

compromised by the environmental impacts of ASM (Laing and Moonsammy, 2021).  284 

To produce a recent map of forest cover we masked the Global Forest Change dataset (Hansen et al., 285 

2013) to a national-scale map of natural forests (excluding plantations) for the year 2000 (Harper et 286 

al., 2007; Vieilledent et al., 2018). Following Vieilledent et al (2018), we then removed all pixels 287 

classed as deforested between 2001 and 2020. The resulting map represents forest cover in 288 

Madagascar in January 2020.  289 

Protected areas officially classified as marine protected areas and those within a marine portion 290 

greater than 80% were removed from the dataset (Table S2). The remaining protected areas were 291 

clipped to the boundary of Madagascar. The same procedure was applied to remove marine 292 

portions of Key Biodiversity Areas. 293 

 
Biodiversity layer 1 

Biodiversity layer 2 KBA Priority Areas Protected areas Forests 

KBA N/A 46% 74% 55% 

Priority Conservation Areas 30% N/A 31% 28% 

Protected areas 55% 36% N/A 44% 

Forests 49% 38% 53% N/A 

Table 1: The extent of spatial overlap between the four biodiversity datasets. Values refer to the 294 

percentage of biodiversity layer 1 which is within biodiversity layer 2. E.g. 44% of forests are within 295 

protected areas. 296 

2.5 Spatial overlay analysis 297 

Raster overlay was used to calculate the proportion of each biodiversity layer which is potentially 298 

prospective for primary ruby, sapphire, or emerald deposits (see Supplementary Information). 299 

Following Eklund et al (2022) we disaggregated the results for forest by forest type (using the biome 300 

classification from the Resolve Ecoregions project (Dinerstein et al., 2017)), to evaluate whether 301 

certain types of forest (humid, dry or spiny) are more likely to overlap with areas of high gemstone 302 

potential (these results are presented in the Supplementary Information, Figure S2).  303 

We then calculated the percentage of each individual locality (Key Biodiversity Area/Conservation 304 

Priority Area/protected area or forest block) which is potentially prospective for gems using Tabulate 305 

Intersection on the polygon data (forest and Priority Area layers were first converted from raster, 306 

see Supplementary Methods).    307 

2.6 Ethical considerations regarding the presentation of results 308 



Our analysis is a large-scale identification of areas most likely to host primary gem deposits based on 309 

the underlying geology. It does not provide detailed locations of where gems will be found (both 310 

because of uncertainties associated with the method, and the scale of analysis). However, to avoid 311 

signposting potentially prospective areas and generating perverse outcomes, such as encouraging 312 

mining within protected areas (Lindenmayer and Scheele, 2017), we have chosen to present our 313 

results in a way that obscures identification of these areas (even at the coarse resolution of the 314 

image). As such, we only present maps showing the percentage of each locality that is potentially 315 

prospective for gems, not the area within these localities that is potentially prospective (i.e. we do 316 

not overlay the map of gem potential on each of the biodiversity layers). This is to avoid highlighting 317 

that, for example, the south-west corner of a protected area may contain gems. For this reason, we 318 

have also chosen not to make publicly available the detailed spatial data showing the area of gem 319 

potential (shown in Figure 2). However, we do publish our spatial database of known gem deposits 320 

as these are already known and information is accessible online. We hope that the maps presented 321 

below will provide valuable information for policy-makers working in Madagascar on the potential 322 

for gem mining to occur in certain areas. 323 

 324 

3. Results 325 

The known gem deposits map well onto the areas we identified as potentially prospective for 326 

primary gem deposits. Of the 13 primary deposits of ruby, sapphire and emerald in our database, 10 327 

were located within a potentially prospective unit (including all sapphire and emerald deposits) and 328 

the other 3 were located within 2 km (Figure 2; Table S4). This is considered within the margin of 329 

error for the geological map due to the limited amount of rock exposure on the ground.  330 

Our results show that approximately 8.8 million hectares of land in Madagascar is potentially 331 

prospective for primary deposits of ruby, sapphire or emerald, representing ~15% of the land surface 332 

(Figure 2). 7 million hectares of this (~80%) occurs outside of the most important areas for 333 

biodiversity (combining all four biodiversity layers). Potentially prospective areas occur across much 334 

of the Precambrian basement in the eastern two-thirds of the island (Figure 2 and Figure S1).  335 



 336 

Figure 2: Our map of gem potential and the location of known gem deposits. Light grey represents 337 

the area of gem potential outside of protected areas, Key Biodiversity Areas, Priority Areas, and 338 

forests (80%). Potentially prospective land within any of these important areas for biodiversity is 339 

shown in black (20%). The histogram shows the frequency distribution of distances between known 340 



gem deposits and the nearest polygon we identified as potentially prospective for primary ruby, 341 

sapphire or emerald. Points and bars are symbolised according to the type of deposit (i.e. the type of 342 

gem and whether the deposit is primary or secondary). The large cluster of secondary sapphire 343 

deposits in the south-west are part of the giant Ilakaka deposit. Places named in the text are 344 

indicated by numbers: 1 = Ambondromifehy, 2 = mine sites near Zombitse-Vohibasia National Park, 3 345 

= Soabiby.  346 

We find that 11% of the total terrestrial extent of Key Biodiversity Areas (1,017,857 ha), 14% of 347 

Priority Areas (839,447 ha), 11% of the terrestrial protected area estate (741,994 ha) and 12% of 348 

forested land (991,704 ha) is potentially prospective for primary deposits of ruby, sapphire and 349 

emerald (Table S5). A substantial proportion of highly biodiverse, potentially prospective land lies 350 

outside of the protected area network:  41% (414,086 ha) of KBA land with gem potential is 351 

unprotected, 67% (559,928 ha) of Priority Areas, and 47% (466,479 ha) of forests (Table S5).  352 



 353 

Figure 3: The percentage of each locality (individual Key Biodiversity Area, Priority Area, protected 354 

area and forest block) which is potentially prospective for gems. Darker colours indicate a greater 355 

proportion of the area is potentially prospective.  356 



Figure 3 shows the percentage of each individual locality (Key Biodiversity Area, Priority Area, 357 

protected area, or forest block) which is potentially prospective for primary gem deposits. Most 358 

localities in the north and east of the island have potential for gems to occur in at least 5% of their 359 

area. 14 Key Biodiversity Areas (6%), 158 Priority Areas (12%), 11 protected areas (10%) and 304 360 

forest blocks (7%) have potential for gems to be found in more than 75% of their area (Figures 3 and 361 

4). These localities are mostly small (median size = 135ha). However, overall, most localities (over 362 

50%) within each biodiversity layer, are not mapped as containing any potentially prospective 363 

geology (Figure 4). For example, localities in the south-west and west which overlie Mesozoic 364 

sedimentary sequences have not been subject to the metamorphic conditions necessary for the 365 

formation of gems (Figure 3 and Figure S1) and are therefore not considered prospective for primary 366 

deposits (although some contain secondary deposits exploited by artisanal miners, eg. Zombitse-367 

Vohibasia National Park and Amoron’I Onilahy Protected Landscape). 368 

Our results are supported by the data on the 69 known gem deposits (both primary and secondary). 369 

Including a 500m buffer zone, there are 11 (16%) known deposits within Key Biodiversity Areas, 11 370 

(16%) within Priority Areas, 8 (12%) within protected areas (the Coridor Ankeniheny-Zahamena, 371 

Zahamena National Park, Ankarana Special Reserve, Zombitse-Vohibasia National Park, and 372 

Amoron’I Onilahy Protected Landscape), and 11 (16%) within a forest (although many of these 373 

deposits occur within multiple overlapping biodiversity features; Figure S3).  374 

 375 

 376 

 377 



Figure 4: Histogram shows the number of localities within each biodiversity layer grouped according 378 

to the percentage of the locality which is potentially prospective for primary gem deposits. Pale 379 

yellow bars represent the number of localities which do not contain any potentially prospective land. 380 

Forest blocks are only those larger than 84ha (Supplementary Methods).  381 

 382 

 383 

 384 

  385 



4. Discussion 386 

This study has revealed areas of potential future conflict between artisanal and small-scale gem 387 

mining and biodiversity conservation in Madagascar, but also opportunities for co-existence. Our 388 

results show that 11-14% of the most important area for biodiversity on the island could potentially 389 

host primary gem deposits and therefore be impacted by gem mining in future. This has global 390 

significance as high rates of endemism in Madagascar combined with the very restricted ranges of 391 

some species (Goodman, 2022) means habitat loss or degradation from mining could potentially 392 

lead to species extinction. However, we also show that 80% of the potentially prospective land (7 393 

million hectares) lies outside these important areas for biodiversity, where the environmental trade-394 

offs of gem mining could be minimised.  395 

First, we explore how our approach could inform efforts to formalise ASM in countries with a 396 

nascent or growing sector through the establishment of designated zones for ASM. We then explore 397 

how this could apply within the legal and political context of Madagascar. Next, we consider the 398 

conditions which would be needed for legalised ASM within protected areas to be managed 399 

effectively. We finish by discussing the limitations of this study and potential avenues for future 400 

research. 401 

4.1 Informing the establishment of designated zones for ASM  402 

Our methods can be used to identify areas with the potential to host primary gem deposits outside 403 

of important areas for biodiversity. The top-down identification of potentially prospective areas, 404 

which contain the right geological conditions for the mineralisation of gems, can be used to target 405 

more detailed geological analysis and on-the-ground geological exploration to identify zones within 406 

these areas which are truly prospective (i.e. likely to contain primary gem deposits). This could 407 

inform efforts to formalise ASM through the establishment of designated zones where licensed ASM 408 

can be promoted and supported (Corbett, O’Faircheallaigh and Regan, 2017), while minimising 409 

impacts on biodiversity. 410 

Formalisation, bringing informal ASM into the legal economy, has emerged as a core policy response 411 

to the challenges of ASM (Hilson and McQuilken, 2014). Legalising ASM can enable better regulation, 412 

taxation, and improved environmental performance as license holders can be required to conduct 413 

environmental impact assessments or site remediation (Hilson et al., 2017; but see Álvarez-Berríos, 414 

L’Roe and Naughton-Treves, 2021). It can also facilitate access to credit and technical support for 415 

miners, enabling investment in labour or technology to increase production and improve health and 416 

safety practices (Siegel and Veiga, 2009; Nopeia et al., 2022). In some countries (e.g. DRC, 417 



Mozambique) ASM is only legal within certain designated zones for miners in possession of a license 418 

(Hilson, 2020). However, these zones are often not defined on any geological basis and therefore 419 

may not contain any workable economic mineral deposits (Dondeyne et al., 2009; Geenen, 2012). It 420 

is essential that any designation of ASM zones is grounded in the geology, to ensure that zones are 421 

truly prospective for the relevant minerals (Corbett, O’Faircheallaigh and Regan, 2017; Hilson, 2020).   422 

There are considerable political and practical barriers which need to be overcome for ASM to be 423 

formalised generally, and within designated zones. There is often a lack of political will to formalize 424 

ASM (Corbett, O’Faircheallaigh and Regan, 2017; Hilson et al., 2017) rooted in a bias towards large-425 

scale mining, elite vested interests, outdated discourses about the characteristics of artisanal miners, 426 

and a lack of understanding of the importance of ASM for rural livelihoods (Duffy, 2007; Geenen, 427 

2012; Hilson et al., 2017; Vuola, 2022). A lack of political capacity to enforce the regulations is 428 

exacerbated by the remote location of much ASM and centralised governance structures (Geenen, 429 

2012; Corbett, O’Faircheallaigh and Regan, 2017; Hilson, 2020), and by inappropriate regulations 430 

(Hilson et al., 2017). Many formalisation efforts have failed because the duration and size of license 431 

squares do not reflect the nature of the deposits or the often transient, part-time nature of ASM 432 

(Dondeyne et al., 2009; Siegel and Veiga, 2009; Hirons, 2020). Additionally, there are practical 433 

challenges in demarcating designated zones for ASM amid existing land claims, both formal and 434 

customary (Corbett, O’Faircheallaigh and Regan, 2017; Álvarez-Berríos, L’Roe and Naughton-Treves, 435 

2021). In many countries where ASM is an important contributor to livelihoods, little land is truly 436 

unowned and unoccupied, and state attempts to acquire land for designated ASM zones could 437 

amount to further enclosure of the commons (Alden Wily, 2014; Mitchell, 2016). Finally, miners are 438 

typically risk-adverse and therefore must believe that the benefits of formalisation will outweigh the 439 

costs (Siegel and Veiga, 2009). Miners may be more willing to obtain a license and operate within 440 

designated zones if they know the area is likely to contain gemstones (Nopeia et al., 2022).  441 

4.2 Establishing designated zones for ASM in Madagascar 442 

Mining in Madagascar is regulated by the Mining Code of 2005, although a revised Code has recently  443 

been approved by the National Assembly and is proceeding through the courts, but has not yet been 444 

promulgated (L’Express de Madagascar, 2023)). The revised Code includes a new provision for the 445 

creation of artisanal mining zones (in addition to individual permits for artisanal miners, Permis 446 

Réservé aux Exploitants Artisanaux, which can cover up 50km2; Code Minier, 2023). These zones are 447 

to be proposed by decentralised authorities and approved by the Minister of Mines. Artisanal miners 448 

wishing to work within these zones must form a collective and obtain an authorisation permit 449 

(Autorisation minière d’exploitation artisanale) which is valid for 6 months and renewable once 450 



(Code Minier, 2023). Similar provisions permitting the creation of gold panning corridors have been 451 

in force since 2005 (Code Minier, 2005). However, a recent a court audit found that no panning 452 

corridors have been established in Madagascar’s main gold mining region (Cour des Comptes, 2022). 453 

Unfortunately, poor governance and capacity shortfalls severely limit the application and 454 

enforcement of the Mining Code in practice. 455 

In the absence of the state, communities have established a variety of novel governance regimes, 456 

often drawing on customary arrangements, to regulate and govern ASM (Klein, 2022a, 2022b). In 457 

some cases, this has improved health and safety, community cohesion, benefit-sharing and 458 

mitigated environmental impacts (Klein, 2022a, Cook and Healy, 2012; Baker-Médard, 2012, cf. 459 

Canavesio, 2009). For example, in Soabiby in south-west Madagascar the local community was able 460 

to impose respect for local rules and customs on thousands of migrant sapphire miners, preventing 461 

mining within sacred forest areas and enabling land-owners to extract rents from miners (Baker-462 

Médard, 2012). Given the current inability of the state to regulate ASM and broad distrust of state 463 

institutions (Walsh, 2003; Klein, 2022b), a decentralised, community-based approach towards 464 

establishing and managing designated zones for ASM could prove more effective, better at 465 

reconciling with existing land claims, and consequently more socially acceptable (Corbett, 466 

O’Faircheallaigh and Regan, 2017; Hilson, 2020; Klein, 2022a, 2022b).  467 

Designated zones for ASM may be best suited to establishing new, or formalising existing, long-term 468 

mining sites in Madagascar. They may struggle to provide strong enough incentives to discourage 469 

the ‘rush type’ mining common in Madagascar (Cartier, 2009), or mining in Protected Areas. 470 

Especially as Protected Areas are sometimes targeted for ASM in active resistance against the 471 

perceived appropriation of resources (minerals) by state/conservation interests, and the history of 472 

exclusion (Baker-Médard, 2012; Klein, 2022b).  473 

4.3 The conditions needed for ASM within protected areas to be managed effectively 474 

ASM within protected areas is illegal in many countries, including Madagascar (Code Minier, 2005; 475 

IGF, 2017). Yet, efforts to keep ASM out of protected areas, often involving the police or military, 476 

have often failed (Dondeyne et al., 2009; Villegas et al., 2012). In the worse cases, the resulting 477 

conflict has threatened lives (Baker-Médard, 2012; Gerety, 2017). Allowing a small amount of tightly-478 

regulated ASM by license holders within sustainable use zones of a protected area has been 479 

attempted as an approach to address the impact caused by unregulated ASM within protected areas 480 

(e.g. in Gabon, Villegas et al., 2012; Hollestelle et al., 2012, and Daraina, Madagascar, Cook and 481 

Healy 2012). This approach could also help mitigate the impact of conservation restrictions and land 482 

enclosures on local livelihoods (Vuola, 2022).  483 



However, effective management and regulation of ASM within protected areas requires strong rule 484 

of law, good governance, and effective, non-corrupt policing to monitor and enforce rules (Álvarez-485 

Berríos, L’Roe and Naughton-Treves, 2021). Without these foundations, which are lacking in many 486 

ASM hotspots (including Madagascar; IGF, 2017), permitting ASM within protected areas risks 487 

creating an open-access situation, leading to uncontrolled mining and environmental damage, 488 

jeopardising conservation goals (Villegas et al., 2012). Outcomes of efforts so far to regulate ASM 489 

within protected areas have been mixed. An influx of migrant miners caused the failure of the 490 

agreement in Gabon (Hollestelle, 2012). In Daraina, Madagascar, efforts of the conservation NGO 491 

Fanamby to regulate artisanal gold mining within the Loky-Manambato protected area have met 492 

with varying success and faced considerable challenges (Fanamby, 2021), including from rising 493 

insecurity during the political crisis of 2009 (Cook and Healy, 2012). In places without the capacity to 494 

prevent, or strictly manage, mining within protected areas, formalizing ASM outside of protected 495 

areas is the best solution (although this still requires considerable governance capacity).   496 

4.4 Limitations of the study 497 

The strength of our results rests on the quality of the data. The Geological Map of Madagascar (Roig 498 

et al., 2012) is a relatively broad scale (1:1,000,000) generalisation of more detailed mapping, which 499 

was itself constrained by the limited amount and accessibility of bedrock exposure across much of 500 

Madagascar. Consequently, there is uncertainty in the location of boundaries between geological 501 

units and the map cannot capture small-scale variation, meaning we were unable to capture small 502 

areas of gem potential (<1km) within larger non-prospective units. We were unable to map the 503 

potential distribution of secondary deposits as maps of alluvial sediments are not available at a 504 

consistent scale across Madagascar. This is an important limitation, given that some of the largest 505 

gem rushes exploited secondary deposits. Finally, it was not possible to map the potential spread of 506 

gold deposits with the existing data available. Yet artisanal gold mining is widespread in Madagascar, 507 

including within Protected Areas, and is a source of conflict between mining and conservation (Cook 508 

and Healy, 2012; Cabeza et al., 2019). These limitations highlight the need for accessible, detailed 509 

geological data to underpin policy decisions. 510 

None of the biodiversity datasets used in this study perfectly captures the distribution of 511 

Madagascar’s biodiversity, and there will still be valuable biodiversity outside of these areas. 512 

However, using four datasets allows us to capture a variety of species and habitats and, by 513 

combining them, identify the areas of highest biodiversity value where the trade-offs from mining 514 

would be greatest. 515 

4.5 Future research priorities 516 



To date, there have been no robust, quantitative evaluations of the impacts of ASM on biodiversity 517 

in Madagascar. This needs to be addressed to ensure policy responses to ASM, particularly within 518 

protected areas, are appropriate and proportionate. A better understanding of local ASM 519 

governance is also needed to ensure formalisation policies are tailored to fit the context (Siegel and 520 

Veiga, 2009; Klein, 2022a). 521 

 522 

5. Conclusion 523 

ASM supports an estimated 45 million people within 80 low- and middle-income countries (World 524 

Bank, 2020). It is also a significant source of minerals, supplying 20% of global gold, up to 30% of 525 

cobalt, and 80% of the world’s sapphires (World Bank, 2020). Yet ASM’s positive contributions to 526 

development and mineral supply can involve substantial environmental trade-offs, impacting some 527 

of the most biodiverse regions on earth. Our approach could be applied in other biodiversity 528 

hotspots with a nascent or growing ASM sector to identify potentially prospective areas outside 529 

important areas for biodiversity where ASM could be promoted and supported. Policies to 530 

encourage ASM within designated zones of known mineral potential, but low biodiversity, could help 531 

to mitigate conflicts between mining and conservation, facilitate distribution of financial and 532 

technical support to improve practices, and contribute towards formalisation of the sector.  533 

 534 

Acknowledgements 535 

We are grateful to Jorge Llopis for sharing the edited protected areas dataset and Vincent Pardieu 536 

for sharing the GPS locations of the many gem mining sites he has visited in Madagascar. This work 537 

was funded by the Natural Environmental Research Council Envision DTP.  538 

 539 

Data availability 540 

The database of known gem deposits compiled in this study is available here: 541 

https://github.com/katie-devs  542 



References 543 

Alden Wily, L. (2014) ‘The Global Land Grab: The New Enclosures’, in Bollier, D. and Helfrich, S. (eds) 544 
The Wealth of the Commons: A World Beyond Market and State. Levellers Press, p. 8. 545 

Álvarez-Berríos, N., L’Roe, J. and Naughton-Treves, L. (2021) ‘Does formalizing artisanal gold mining 546 
mitigate environmental impacts? Deforestation evidence from the Peruvian Amazon’, Environmental 547 
Research Letters, 16(6). doi: 10.1088/1748-9326/abede9. 548 

Asner, G. P. and Tupayachi, R. (2017) ‘Accelerated losses of protected forests from gold mining in the 549 
Peruvian Amazon’, Environmental Research Letters, 12(9). doi: 10.1088/1748-9326/aa7dab. 550 

Baker-Médard, M. S. A. (2012) ‘Conflicting treasures: Contrasting resource use governance in two 551 
artisanal gemstone mining sites in Madagascar’, Journal of Political Ecology, 19(1), pp. 221–237. doi: 552 
10.2458/v19i1.21728. 553 

Barenblitt, A. et al. (2021) ‘The large footprint of small-scale artisanal gold mining in Ghana’. doi: 554 
10.1016/j.scitotenv.2021.146644. 555 

BGS-USGS-GLW (2008) Revision de la cartographie géologique et minière des zones Nord et Centre de 556 
Madagascar. Antananarivo, Madagascar. 557 

Birdlife International (2021) World Database of Key Biodiversity Areas. Available at: 558 
http://keybiodiversityareas.org/kba-data/request. 559 

Boening, D. W. (2000) ‘Ecological effects, transport, and fate of mercury: A general review’, 560 
Chemosphere, 40(12), pp. 1335–1351. doi: 10.1016/S0045-6535(99)00283-0. 561 

Cabeza, M. et al. (2019) ‘Gold is not green: artisanal gold mining threatens Ranomafana National 562 
Park’s biodiversity’, Animal Conservation, 22(5), pp. 417–419. doi: 10.1111/acv.12475. 563 

Canavesio, R. (2009) De la durabilité à la rentabilité , l ’ évolution des systèmes de production dans la 564 
région d ’ Ilakaka à Madagascar. Avignon, France. Available at: https://halshs.archives-565 
ouvertes.fr/halshs-00378982/document. 566 

Canavesio, R. (2014) ‘Formal mining investments and artisanal mining in southern Madagascar: 567 
Effects of spontaneous reactions and adjustment policies on poverty alleviation’, Land Use Policy. 568 
doi: 10.1016/j.landusepol.2013.08.001. 569 

Canavesio, R. and Pardieu, V. (2019) ‘Rushing for gemstones and gold: Reflecting on experiences 570 
from the United States, Canada, New Zealand, Australia and Madagascar, 1848-present’, The 571 
Extractive Industries and Society. doi: 10.1016/J.EXIS.2019.08.005. 572 

Cartier, L. E. (2009) ‘Livelihoods and production cycles in the Malagasy artisanal ruby–sapphire trade: 573 
A critical examination’, Resources Policy, 34(1–2), pp. 80–86. doi: 574 
10.1016/J.RESOURPOL.2008.02.003. 575 

CEPF (2014) Ecosystem Profile: Madagascar and the Indian Ocean Islands. Available at: 576 
https://www.cepf.net/sites/default/files/ecosystemprofile_madagascar_en.pdf. 577 

Code Minier (2005). Madagascar. Available at: https://www.resourcedata.org/dataset/rgi-578 
madagascar-mining-code/resource/a9c54b97-b586-47d5-8bbd-e74d250eefed. 579 

Code Minier (2023). Version votée en seconde lecture à l’Assemblée nationale et non promulguée. 580 
Madagascar. 581 

Cook, R. and Healy, T. (2012) Artisanal and Small-Scale Mining in and Around Protected Areas and 582 
Critical Ecosystems Project (ASM PACE) - Madagascar case study: Artisanal mining rushes in 583 



protected areas and a response toolkit, World Wide Fund for Nature. 584 

Corbett, T., O’Faircheallaigh, C. and Regan, A. (2017) ‘“Designated areas” and the regulation of 585 
artisanal and small-scale mining’, Land Use Policy, 68(August), pp. 393–401. doi: 586 
10.1016/j.landusepol.2017.08.004. 587 

Cour des Comptes (2022) Rapport Public 2022. Antananarivo, Madagascar. Available at: 588 
https://www.ccomptes.mg/fr/publication/150. 589 

Dinerstein, E. et al. (2017) ‘An Ecoregion-Based Approach to Protecting Half the Terrestrial Realm’, 590 
BioScience, 67(6), pp. 534–545. doi: 10.1093/biosci/bix014. 591 

Dondeyne, S. et al. (2009) ‘Artisanal mining in central Mozambique: Policy and environmental issues 592 
of concern’, Resources Policy, 34(1–2), pp. 45–50. doi: 10.1016/J.RESOURPOL.2008.11.001. 593 

Duffy, R. (2007) ‘Gemstone mining in Madagascar: Transnational networks, criminalisation and 594 
global integration’, Journal of Modern African Studies, 45(2), pp. 185–206. doi: 595 
10.1017/S0022278X07002509. 596 

EDBM (2021) Yearbook rapport economique Madagascar 2021-2022: L’emergence Malagasy. 597 
Antananarivo, Madagascar. Available at: https://edbm.mg/wp-content/uploads/2021/12/Yearbook-598 
economique-Madagascar-2021.pdf. 599 

Eklund, J. et al. (2022) ‘Elevated fires during COVID-19 lockdown and the vulnerability of protected 600 
areas’, Nature Sustainability, 5(July). doi: 10.1038/s41893-022-00884-x. 601 

Espejo, J. C. et al. (2018) ‘Deforestation and forest degradation due to gold mining in the Peruvian 602 
Amazon: A 34-year perspective’, Remote Sensing, 10(12), pp. 1–17. doi: 10.3390/rs10121903. 603 

Fanamby (2021) Rapport Annuel 2021. Antananarivo, Madagascar. Available at: https://association-604 
fanamby.org/documents-en/. 605 

Fritz, H. et al. (2013) ‘Orogen styles in the East African Orogen: A review of the Neoproterozoic to 606 
Cambrian tectonic evolution’, Journal of African Earth Sciences, 86, pp. 65–106. doi: 607 
10.1016/j.jafrearsci.2013.06.004. 608 

Gardner, C. J. et al. (2018) ‘The rapid expansion of Madagascar’s protected area system’, Biological 609 
Conservation, 220(September 2017), pp. 29–36. doi: 10.1016/j.biocon.2018.02.011. 610 

Geenen, S. (2012) ‘A dangerous bet: The challenges of formalizing artisanal mining in the Democratic 611 
Republic of Congo’, Resources Policy, 37(3), pp. 322–330. doi: 10.1016/j.resourpol.2012.02.004. 612 

Gerety, R. M. (2017) ‘Conservation in a weak state: Madagascar struggles with enforcement’, 613 
Mongabay, October. Available at: https://news.mongabay.com/2017/10/conservation-in-a-weak-614 
state-madagascar-struggles-with-enforcement/. 615 

Gibb, H. and O’Leary, K. G. (2014) ‘Mercury exposure and health impacts among individuals in the 616 
artisanal and small-scale gold mining community: A comprehensive review’, Environmental Health 617 
Perspectives, 122(7), pp. 667–672. doi: 10.1289/ehp.1307864. 618 

Giuliani, G. et al. (2019) ‘Emerald deposits: A review and enhanced classification’, Minerals, 9(2), pp. 619 
1–63. doi: 10.3390/min9020105. 620 

Giuliani, G. et al. (2020) ‘Ruby Deposits: A Review and Geological Classification’, Minerals, 10(7), p. 621 
597. doi: 10.3390/min10070597. 622 

Goodman, S. M. (2022) The New Natural History of Madagascar. Princeton: Princeton University 623 
Press. 624 



Hagemann, S. G., Lisitsin, V. A. and Huston, D. L. (2016) ‘Mineral system analysis: Quo vadis’, Ore 625 
Geology Reviews, 76, pp. 504–522. doi: 10.1016/j.oregeorev.2015.12.012. 626 

Hansen, M. C. et al. (2013) ‘High-resolution global maps of 21st-century forest cover change’, 627 
Science, 342(6160), pp. 850–853. doi: 10.1126/science.1244693. 628 

Harper, G. J. et al. (2007) ‘Fifty years of deforestation and forest fragmentation in Madagascar’, 629 
Environmental Conservation, 34(4), pp. 325–333. doi: 10.1017/S0376892907004262. 630 

Hilson, G. (2016) ‘Farming, small-scale mining and rural livelihoods in Sub-Saharan Africa: A critical 631 
overview’, Extractive Industries and Society, 3(2), pp. 547–563. doi: 10.1016/j.exis.2016.02.003. 632 

Hilson, G. et al. (2017) ‘Artisanal and small-scale mining (ASM) in sub-Saharan Africa: Re-633 
conceptualizing formalization and “illegal” activity’, Geoforum, 83(February), pp. 80–90. doi: 634 
10.1016/j.geoforum.2017.05.004. 635 

Hilson, G. (2020) ‘“Formalization bubbles”: A blueprint for sustainable artisanal and small-scale 636 
mining (ASM) in sub-Saharan Africa’, Extractive Industries and Society, 7(4), pp. 1624–1638. doi: 637 
10.1016/j.exis.2020.11.001. 638 

Hilson, G. and Garforth, C. (2012) ‘“Agricultural Poverty” and the Expansion of Artisanal Mining in 639 
Sub-Saharan Africa: Experiences from Southwest Mali and Southeast Ghana’, Population Research 640 
and Policy Review, 31(3), pp. 435–464. doi: 10.1007/s11113-012-9229-6. 641 

Hilson, G. and Maconachie, R. (2020) ‘Artisanal and small-scale mining and the Sustainable 642 
Development Goals: Opportunities and new directions for sub-Saharan Africa’, Geoforum, 643 
111(September 2019), pp. 125–141. doi: 10.1016/j.geoforum.2019.09.006. 644 

Hilson, G. and McQuilken, J. (2014) ‘Four decades of support for artisanal and small-scale mining in 645 
sub-Saharan Africa: A critical review’, Extractive Industries and Society, 1(1), pp. 104–118. doi: 646 
10.1016/j.exis.2014.01.002. 647 

Hirons, M. (2020) ‘How the Sustainable Development Goals risk undermining efforts to address 648 
environmental and social issues in the small-scale mining sector’, Environmental Science and Policy, 649 
114(April), pp. 321–328. doi: 10.1016/j.envsci.2020.08.022. 650 

Hollestelle, M. R. (2012) Artisanal and Small-scale Mining in and around Protected Areas and Critical 651 
Ecosystems (ASM-PACE): Gabon case study report. 652 

IGF (2017) GLOBAL TRENDS IN ARTISANAL AND SMALL-SCALE MINING (ASM): A REVIEW OF KEY 653 
NUMBERS AND ISSUES. Winnipeg. Available at: http://pubs.iied.org/pdfs/G04266.pdf. 654 

IUCN (2016) A global standard for the identification of Key Biodiversity Areas, version 1.0. Gland, 655 
Switzerland. doi: 10.19741/j.issn.1673-4831.2017.0847. 656 

Kinyondo, A. and Huggins, C. (2021) ‘State-led efforts to reduce environmental impacts of artisanal 657 
and small-scale mining in Tanzania : Implications for fulfilment of the sustainable development 658 
goals’, Environmental Science and Policy, 120(June 2020), pp. 157–164. doi: 659 
10.1016/j.envsci.2021.02.017. 660 

Klein, B. I. (2022a) ‘Local institutions and artisanal mining: Governance forms in the goldfields of 661 
Madagascar’, Journal of Rural Studies, 92(November 2021), pp. 269–283. doi: 662 
10.1016/j.jrurstud.2022.03.030. 663 

Klein, B. I. (2022b) ‘Mineral commons: Collective claims to territory in the goldfields of Madagascar’, 664 
Political Geography, 99(October), p. 102783. doi: 10.1016/j.polgeo.2022.102783. 665 

Kremen, C. et al. (2008) ‘Aligning conservation priorities across taxa in Madagascar with high-666 



resolution planning tools’, Science, 320(5873), pp. 222–226. doi: 10.1126/science.1155193. 667 

L’Express de Madagascar (2023) ‘ASSEMBLÉE NATIONALE -Le nouveau code minier passe en 668 
deuxième lecture’, L’Express de Madagascar, 7 June. Available at: 669 
https://lexpress.mg/07/06/2023/assemblee-nationale-le-nouveau-code-minier-passe-en-deuxieme-670 
lecture/. 671 

Lahiri-Dutt, K. (2018) ‘Extractive peasants: reframing informal artisanal and small-scale mining 672 
debates’, Third World Quarterly, 39(8), pp. 1561–1582. doi: 10.1080/01436597.2018.1458300. 673 

Laing, T. and Moonsammy, S. (2021) ‘Evaluating the impact of small-scale mining on the 674 
achievement of the sustainable development goals in Guyana’, Environmental Science and Policy, 675 
116(July 2020), pp. 147–159. doi: 10.1016/j.envsci.2020.11.010. 676 

Lawson, L. (2018) ‘Rice, sapphires and cattle: Work lives of women artisanal and small-scale miners 677 
in Madagascar’, Between the Plough and the Pick: Informal, artisanal and small-scale mining in the 678 
contemporary world, pp. 171–192. doi: 10.22459/bpp.03.2018.08. 679 

Lindenmayer, D. and Scheele, B. (2017) ‘Do not publish’, Science, 356(6340), pp. 800–801. doi: 680 
10.1126/science.aan1362. 681 

Lobo, F. et al. (2016) ‘Distribution of Artisanal and Small-Scale Gold Mining in the Tapajós River Basin 682 
(Brazilian Amazon) over the Past 40 Years and Relationship with Water Siltation’, Remote Sensing, 683 
8(7), p. 579. doi: 10.3390/rs8070579. 684 

Macháček, J. (2019) ‘Typology of environmental impacts of artisanal and small-scale mining in 685 
African Great Lakes Region’, Sustainability, 11(11). doi: 10.3390/su11113027. 686 

Maconachie, R. and Binns, T. (2007) ‘“Farming miners” or “mining farmers”?: Diamond mining and 687 
rural development in post-conflict Sierra Leone’, Journal of Rural Studies, 23(3), pp. 367–380. doi: 688 
10.1016/j.jrurstud.2007.01.003. 689 

Mitchell, J. (2016) ‘Pulling the rug out from under: The land tenure dynamics of mining concessions 690 
in sub-Saharan Africa’, The Extractive Industries and Society, 3(4), pp. 1117–1129. doi: 691 
10.1016/j.exis.2016.10.003. 692 

Myers, N. et al. (2000) Biodiversity hotspots for conservation priorities, NATURE |. Available at: 693 
www.nature.com. 694 

Nkuba, B., Muhanzi, A. G. and Zahinda, M. F. (2022) ‘How do technological changes in artisanal and 695 
small-scale gold mining affect the environment and communities’ health?’, Extractive Industries and 696 
Society, 12, pp. 1–27. doi: 10.1016/j.exis.2022.101178. 697 

Nopeia, M. et al. (2022) ‘An integrated geoscience approach to effective formalization of artisanal 698 
mining in Mozambique: A case study of Namuno District, northeastern Mozambique’, Extractive 699 
Industries and Society, 11(December 2021), p. 101098. doi: 10.1016/j.exis.2022.101098. 700 

Orientation de l’Aménagement du Territoire (2015). Madagascar. Available at: 701 
https://faolex.fao.org/docs/pdf/Mad176900.pdf. 702 

Pardieu, V. and Rakotosaona, N. (2012) Ruby and Sapphire rush near Didy, Madagascar. Available at: 703 
https://www.researchgate.net/profile/Vincent-704 
Pardieu/publication/264540085_Ruby_and_sapphire_rush_near_Didy_Madagascar/links/53e34f9d0705 
cf275a5fddad5bc/Ruby-and-sapphire-rush-near-Didy-Madagascar.pdf. 706 

Perkins, R. (2016) ‘Sapphire Rush in the Jungle East of Ambatodrazaka, Madagascar’. 707 

Pezzotta, F. (2001) Madagascar: A mineral and gemstone paradise. Lapis International. 708 



Purvis, A. and Hector, A. (2000) ‘Getting the measure of biodiversity’, Nature, 405(6783), pp. 212–709 
219. doi: 10.1038/35012221. 710 

Rakotondrazafy, A. F. M. et al. (2008) ‘Gem corundum deposits of Madagascar: A review’, Ore 711 
Geology Reviews, 34(1–2), pp. 134–154. doi: 10.1016/J.OREGEOREV.2007.05.001. 712 

Rebioma (2017) ‘Système d’Aires Protégées de Madagascar’. Rebioma. Available at: 713 
www.rebioma.net. 714 

Richard, A. (2022) The Sloth Lemur’s Song: Madagascar from the deep past to the uncertain present. 715 
Harper Collins. 716 

Roig, J. Y. et al. (2012) Carte géologique de la République de Madagascar à 1/1 000 000. 717 
Antananarivo, Madagascar. 718 

Schofield, D. I. et al. (2010) ‘Geological evolution of the Antongil Craton, NE Madagascar’, 719 
Precambrian Research, 182(3), pp. 187–203. doi: 10.1016/j.precamres.2010.07.006. 720 

Schure, J. et al. (2011) ‘Is the god of diamonds alone? The role of institutions in artisanal mining in 721 
forest landscapes, Congo Basin’, Resources Policy, 36(4), pp. 363–371. doi: 722 
10.1016/j.resourpol.2011.09.002. 723 

Shor, R. and Weldon, R. (2009) ‘Ruby and Sapphire Production and Distribution: A Quarter Century 724 
of Change’, Gems and Gemology, 45(4), pp. 236–259. 725 

Siegel, S. and Veiga, M. M. (2009) ‘Artisanal and small-scale mining as an extralegal economy: De 726 
Soto and the redefinition of “formalization”’, Resources Policy, 34(1–2), pp. 51–56. doi: 727 
10.1016/j.resourpol.2008.02.001. 728 

Simonet, C., Fritsch, E. and Lasnier, B. (2008) ‘A classification of gem corundum deposits aimed 729 
towards gem exploration’, Ore Geology Reviews, 34(1–2), pp. 127–133. doi: 730 
10.1016/j.oregeorev.2007.09.002. 731 

Smith, N. M. et al. (2016) ‘Human health and safety in artisanal and small-scale mining: An 732 
integrated approach to risk mitigation’, Journal of Cleaner Production, 129, pp. 43–52. doi: 733 
10.1016/j.jclepro.2016.04.124. 734 

Spira, C. et al. (2019) ‘The socio-economics of artisanal mining and bushmeat hunting around 735 
protected areas: Kahuzi-Biega National Park and Itombwe Nature Reserve, eastern Democratic 736 
Republic of Congo’, Oryx, 53(1), pp. 136–144. doi: 10.1017/S003060531600171X. 737 

Tilghman, L., Baker, M. and Deleon, S. D. (2007) ‘Artisanal Sapphire Mining in Madagascar: 738 
Environmental and Social Impacts’, University of Vermont Gemecology Reports. 739 

Tucker, R. D. et al. (2014) ‘A geological synthesis of the Precambrian shield in Madagascar’, Journal 740 
of African Earth Sciences, 94, pp. 9–30. doi: 10.1016/j.jafrearsci.2014.02.001. 741 

Verbrugge, B. (2015) ‘The Economic Logic of Persistent Informality: Artisanal and Small-Scale Mining 742 
in the Southern Philippines’, Development and Change, 46(5), pp. 1023–1046. doi: 743 
10.1111/dech.12189. 744 

Vieilledent, G. et al. (2018) ‘Combining global tree cover loss data with historical national forest 745 
cover maps to look at six decades of deforestation and forest fragmentation in Madagascar’, 746 
Biological Conservation, 222, pp. 189–197. doi: 10.1016/j.biocon.2018.04.008. 747 

Villegas, C. et al. (2012) ‘Artisanal and small-scale mining in protected areas and critical ecosystems 748 
programme (ASM-PACE); a global solutions study.’, (september), p. 77. Available at: 749 
http://www.sidalc.net/cgi-750 



bin/wxis.exe/?IsisScript=orton.xis&B1=Buscar&formato=1&cantidad=50&expresion=ARTISANAT. 751 

Vuola, M. (2022) ‘The intersections of mining and neoliberal conservation’, World Development, 152, 752 
p. 105816. doi: 10.1016/j.worlddev.2022.105816. 753 

Walsh, A. (2003) ‘“Hot money” and daring consumption in a northern Malagasy sapphire-mining 754 
town’, American Ethnologist, 30(2), pp. 290–305. doi: 10.1525/ae.2003.30.2.290. 755 

World Bank (2010) Madagascar: Governance and Development Effectiveness Review, A Political 756 
Economy Analysis of Governance in Madagascar. AFTPR, Report No. 54277-MG. 757 

World Bank (2020) State of the Artisanal and Small-Scale Mining Sector. Washington DC. 758 

Wyborn, L., Heinrich, C. and Jacques, A. (1994) ‘Australian Proterozoic mineral systems: essential 759 
ingredients and mappable criteria.’, in The AUSIMM Annual Conference. AUSIMM Darwin, pp. 109–760 
115. 761 

Yager, T. R. (2019) ‘2015 Minerals Yearbook The Mineral Industry of Madagascar’, (May). Available 762 
at: https://prd-wret.s3-us-west-2.amazonaws.com. 763 

Yakovleva, N. (2007) ‘Perspectives on female participation in artisanal and small-scale mining: A case 764 
study of Birim North District of Ghana’, Resources Policy, 32(1–2), pp. 29–41. doi: 765 
10.1016/j.resourpol.2007.03.002. 766 

Zhu, A. L. and Klein, B. (2022) ‘The rise of flexible extraction: Boom-chasing and subject-making in 767 
northern Madagascar’, Geoforum, (September 2021). doi: 10.1016/j.geoforum.2022.06.005. 768 

 769 

 770 


