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Abstract

Artisanal and small-scale gold mining (ASGM) is crucial to the livelihoods of close to 20 million people in over 80
countries, including 4-5 million women, mainly in rural areas with limited alternative economic prospects, particularly in
developing countries. ASGM is largely informal, which can add to the challenge of addressing negative social and
environmental effects including impacts on biodiversity. However, with proper guidance, ASGM can operate in a
responsible manner, using cleaner production methods that minimize impacts on human health and the environment. This
study presents and analyzes the interactions between ASGM and biodiversity based on new findings from 27 ASGM
National Action Plans (NAPs) developed within the framework of Article 7 and Annex C of the Minamata Convention on
Mercury, as well as a global literature review of more than 100 publications. In terms of key findings according to the
literature reviewed, alongside other human occupation such as agriculture and industrial activities, ASGM also has an impact
on the environment and biodiversity. The interrelationship between ASGM and biodiversity, including protected areas, is
pervasive at every stage of ASGM operations, from extraction to mine closure, and generates significant impacts on the
surrounding ecosystems. These impacts include, in descending order of most reported impacts: deforestation, soil
degradation, chemical contamination of aquatic and terrestrial systems, and changes to the turbidity of watercourses.
Tropical regions and key species such as amphibians and freshwater fish are among the most affected. Singly or combined,
these environmental stressors lead to loss or deterioration of habitat and, by extension, indigenous biodiversity and
ecosystem services. In addition, legal, institutional, and regulatory frameworks and related measures, inadequate or non-
existent in some cases, may not necessarily support sustainable practices, often resulting in exploited sites abandoned
without remediation, reclamation, rehabilitation, or restoration measures. To mitigate such impacts a key recommendation
arising from the literature review is to strengthen the integration of the interrelationship between ASGM and biodiversity in
the implementation of existing relevant national strategies, including those developed under the NAPs. The global literature
review also highlights the importance of a multi-stakeholder, systemic approach combining the use of geospatial analysis,
scientific and local knowledge, as well as the adaptation of the relevant frameworks, capacity building, and awareness
raising. This approach can inform decision making with a view to developing sustainable initiatives that prevent and reduce
the impacts of artisanal and small-scale gold mining on ecosystems, and that preserve biodiversity.
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Artisanal and small-scale gold mining (ASGM) has been
practised for hundreds of years. This practice currently takes
place primarily in Latin America, Africa, and Southeast and
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ASGM, with an estimated workforce of nearly 20 million
miners, including about 5 million of women and children
(Keane et al. 2023). Given the potential to generate quick
revenues, the recently rising price of gold, and availability
of rudimentary practices, ASGM constitutes a considerable
source of employment, income, and poverty reduction,
especially in remote rural areas with limited alternative
livelihoods. It is a direct source of income for nearly 20
million people and an indirect driver for improving the
living conditions of more than one hundred million people
(Macdonald et al. 2014, Keane et al. 2023).

However, despite the potential economic benefits of
ASGM, it poses a significant risk to human health and to
ecosystems and biota, even if of lesser importance than
other anthropological activities. The use of chemicals,
including mercury and cyanide, to extract the gold is a
common practice in ASGM (Grasmick et al. 1998, Babut
et al. 2003, Veiga et al. 2006, Spiegel et al. 2014, UNEP
2021, Yao and Ahoussi 2021, Gerson et al. 2022, Keane
et al. 2023). In parallel to its natural occurring sources (such
as volcanic activities, erosion and evaporation), in the
ASGM operations, liquid mercury is added to the gold ore
to form a mercury-gold amalgam, which is then burned to
vaporize the mercury leaving the gold behind. This gaseous
form of mercury is emitted into the atmosphere from where
it can be deposited in terrestrial and aquatic ecosystems
(Gerson et al. 2022). Once deposited, mercury can be
sequestered in sediments in its inorganic form. When it
enters into aquatic environments with the right conditions,
inorganic mercury can be converted by microbial activity
into methylmercury (MeHg). Easily soluble in lipids and
possessing bioaccumulation and biomagnification proper-
ties in the food web, the organic form of mercury can easily
cross biological membranes (Martinez et al. 2018, Pascal
et al. 2020).

People can be exposed to mercury primarily through
breathing mercury vapor and to MeHg by eating fish or
other animals. MeHg, a potent neurotoxin, bioaccumulates
in aquatic and terrestrial species. MeHg bioaccumulation
can affect the central nervous system, and lead to adverse
behavioral, neurological, physiological, and reproductive
effects on contaminated wildlife (Evers 2018). Consuming
fish and other animals with elevated MeHg levels is there-
fore hazardous to humans. Based on a global analysis of
mercury in freshwater fish, 45% of fish families include
individuals that exceed the U.S. established human health
safety threshold of 0.46ug/g, wet weight (n=312,335
individual fish representing 131 families) (Evers et al.
2024). Many species of fish families are from tropical
regions and commonly exceed this health threshold (e.g., 16
of 30 fish families in South America) (Evers et al. 2024).
Therefore, there is a growing risk to mining communities in
tropical regions that consume freshwater fish from
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surrounding waterbodies. Pregnant women and their fetuses
are particularly vulnerable (Markham and Sangermano
2018, Cabeza et al. 2019, Omara et al. 2019, Schon-Blume
et al. 2021).

The Minamata Convention on Mercury, which entered
into force in August 2017, aims to protect human health and
the environment from the adverse effects of mercury and
mercury compounds. As a legally binding instrument, the
Convention requires parties with more than insignificant
ASGM activity that uses mercury to develop a National
Action Plan (NAP) to reduce and, when feasible, eliminate
mercury use in the sector. The NAP must also include
strategies for promoting the reduction of emissions and the
release of, and exposure to, mercury.

ASGM miners frequently work without any prior
knowledge of environmental contamination and mitigation
measures (Mawala and Merket 2019). Biological diversity
(or biodiversity) is defined by the Convention on Biological
Diversity (CBD) as “the variety of life on Earth and the
natural patterns it forms.” The term biological diversity
therefore includes all living species, their ecosystems, and
their overall interactions. The actions of miners sometimes
have irreversible impacts on biodiversity and surrounding
ecosystems, contributing to the triple planetary crisis of
climate change, nature and biodiversity loss, and pollution.
ASGM is linked to, among others, deforestation, land
degradation, chemical pollution, and deterioration of water
quality (Villegas et al. 2012, Hinton and Hollestelle 2012,
Niane et al. 2014, Asner and Tupayachi 2017, Espejo et al.
2018, Atangana 2019, UNEP. 2021, UNEP 2021). More-
over, lack of protective measures around mercury amalga-
mation and limited management of tailings from gold
mining lead to contamination of air, water, and soil, which
further endangers ecosystem integrity (Macdonald et al.
2014).

While the mining communities and a broader group of
stakeholders generally recognize the links between ASGM
and biological diversity, as well as the importance of the
ecosystem services nature provides, these stakeholders
perceive the protection of biodiversity, and the sustain-
ability of ecosystem services to be favored at the expense of
the socio-economic development of targeted populations.
Given the growth of ASGM and the threats this sector poses
to the preservation of biodiversity and ecosystem services,
the global literature review has been undertaken to docu-
ment current knowledge about the relationship between
ASGM and biodiversity. This paper presents key findings
gathered from the existing literature, such as: (1) reported
interactions among ASGM, wildlife, and surrounding
environments; (2) socio-economic, legal, regulatory aspects;
and (3) monitoring and mapping capacities for sound
management of ASGM sites. This paper also includes
recommendations drawn from the literature for possible
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Table 1 Predefined criteria used for the global literature review

Period to be covered
Geographic coverage
Language of the documentation  * English, French, and Spanish

Key words

* Publishing dates between 1990 to 2023

* All geographical and climatic regions

* Artisanal and small-scale gold mining, ASGM, mining activities, ASM, mercury, gold mining

* Aquatic ecosystems, water, sediment, terrestrial ecosystems, soil, biodiversity, biota, protected areas,
biodiversity hotspots, forests, wildlife, ecosystems services, ecosystems accounting

* Threats, contamination risks and ecosystem sensitivity

Type and form of documents

 Theoretical, empirical, historical, statistical, scientific, and technical and/or popular

* Archives, newspaper articles, periodicals, audio-visual and/or cartographic sources, manuals, laws and
regulations, monographs, reports, government publications, statistical series, theses, and memoirs

future action to reduce adverse impacts on biodiversity,
including, where feasible, closure of the mining sites as
initiatives towards, protection, conservation, and rehabili-
tation of ecosystem services.

Methodology

The global literature review consisted of a screening,
extraction, compilation, and analysis of existing and
accessible literature according to predefined criteria
(Table 1). A total of 116 resources were reviewed, including
articles, reports from international and non-governmental
organizations, guides and methodologies, toolkits, and
academic theses. The literature was assessed and key
information extracted.

In addition, information of reported impacts on the
environment, including linkages with biodiversity, wildlife,
and ecosystem services, were also extracted from the 27
NAPs submitted to the Secretariat of the Minamata Con-
vention as of July 2023.

The data on ASGM locations produced as part of the
NAP projects, together with the information available on
biodiversity hotspots, protected areas (including national
parks) have been used to map the interaction between
identified ASGM activities and important biodiversity areas.

The ASGM sites have been identified and added to the
geodatabase as follows:

e Coordinates of the sites were listed in the NAP report or
the NAP field report, or were shared by a relevant
national stakeholder. All the coordinates were converted
into decimal degrees for latitude and longitude. The sites
were entered into a standardized EXCEL table and
added to QGIS. The EXCEL table records mercury uses
for each site as indicated in the NAP report as Yes, No
or No data.

e In CAR, DRC and Tanzania the sites were taken from
IPIS online database, saved as csv and added as new
layer in QGIS. In Zimbabwe, some of the sites were

taken from IPIS online database and some coordinates
from the NAP report.

e In countries where the NAP report only has an image
map showing location of the sites with no associated
coordinates, the sites’ locations were digitized from that
map. The map was georeferenced into QGIS using 4
known points then each site was manually added and
recorded with also the name of the region within
boundaries of which it fell.

e For some NAP countries (Ecuador, Kenya, Kyrgyzstan,
Mali, Mongolia), it was not possible to get ASGM site
coordinates and it was not possible to digitize site
locations based on maps in the NAP.

e The ASGM regions have been manually recorded in
QGIS using as a base layer the gadm admin_l or
admin_2 layer for each country. The ASGM regions are
either named in the NAP and/or are selected because
there is a site falling within the boundaries.

e Compiled ASGM sites were overlaid over Key Biodi-
versity Areas (KBAs; BirdLife International 2023) and
Protected Areas classified as TUCN Protected Area
Management Categories I-IV (PA, UNEP-WCMC and
TUCN 2023).

¢ Distance from the ASGM sites to the closest KBA or PA
was calculated. All sites that intersected or were within
5km of a KBA or a PA were identified and aggregated
by country.

Results and discussion

More than 80% of the reviewed documents, alongside the
27 NAPs published, were peer-reviewed scientific articles
or reports from intergovernmental and nongovernmental
organizations. Most documents were published between
2015 and 2023 and mainly covered Sub-Saharan Africa,
Latin America, or mining regions around biodiversity
hotspots and protected areas (Table 2). Only five resour-
ces were found that covered Asia (primarily Southeast
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Table 2 Overall characterization of consulted documents

Type of documents Number
Scientific Article 65
Report 30
Other (Press releases, methodologies, policy brief 11
among others)

Thesis 5

Guide 5

Period Coverage Number
1995-2000 4
2000-2005 7
2005-2010 9
2010-2015 8
2015-2020 47
2020-2023 41
Geographic Coverage Distribution
Global coverage 43
Sub-Saharan Africa 40

Latin America 28

Asia 5

Asia), although this region is well known for its mining
activities.

From Latin America to Asia to Sub-Saharan Africa, the
assessed literature globally reported the existence of dozens
of mining regions, often near or within biodiversity hotspots
and, in some cases, protected areas. All 27 submitted NAPs
(Table 3) expressed growing concern about observed
impacts of ASGM on the surrounding environment and
biodiversity.

ASGM, key biodiversity areas and protected areas

Many of the countries known to have a high incidence of
ASGM activities, including those in Africa (Congo, Cote
d’Ivoire, Ghana, Guinea, Kenya, Madagascar, Nigeria,
Tanzania, the Democratic Republic of Congo, Uganda,
Zambia, Zimbabwe), Asia (Cambodia, Indonesia, Mon-
golia), and South America (Ecuador, Guyana, Paraguay),
also have some of the highest levels of biological diversity
identified globally, resulting in observed ASGM practices
in and/or within the vicinity of Key Biodiversity Areas
(KBAs, Fig. 1). In fact, Eswatini, the Republic of the
Congo, the Lao Peoples Democratic Republic and
Madagascar respectively include up to 75%, 38%, 32%
and 26% of ASGM sites in and/or within 5 km of their
KBAs (Table 4).

All 27 NAPs identify relationships between ASGM
operations and the loss of biodiversity. ASGM was reported
in these NAPs as one of the key drivers for biodiversity loss
and impact on ecosystem services in mining areas due to
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deforestation, land degradation, and chemicals pollution of
aquatic and terrestrial systems (Obeng et al. 2019). Nine out
of the 27 submitted NAPs explicitly reported ASGM
activities happening inside or in the vicinity of protected
areas (Table 5). For example, the Democratic Republic of
the Congo reported ASGM presence in almost 40% of
protected areas. Lao People’s Democratic Republic noted
that hard rock mining and processing with mercury occurs
within the boundaries of the Nakai-Nam Theun National
Biodiversity Conservation Area. Niger reported that ASGM
is practiced in some protected areas, such as in the Reserve
Naturelle National de I’ Air et du Ténéré. Mali and Mon-
golia highlighted the link between ASGM activities and
excessive poaching of the wildlife and disruption of
migration routes of protected species in the vicinity of or
inside protected areas.

Similarly, more than 20% of reviewed documents
highlight ASGM activities near or in the premises of
biodiversity hotspots and protected areas leading to habitat
and wildlife disappearance. ASGM activities near or
within biodiversity hotspots and protected areas were
reported, among others, in the Amazon region in Madre de
Dios (Espinosa and Beyeler 2021, Cuya et al. 2021,
Markham and Sangermano 2018), the Tapajos River Basin
(Malm 1998, Espinosa and Beyeler 2021), the Guiana
Forest (Rahm et al. 2017, Espinosa and Beyeler 2021), as
well as in the Choco biogeographic region, a global bio-
diversity hotspot located at the Colombian Pacific (Pala-
cios-Torres et al. 2018). In the Democratic Republic of
Congo, ASGM was identified in almost 40% of protected
areas (NAP Democratic Republic of Congo 2020) Cabeza
et al. (2019) and Puluhulawa and Harun (2020) reported
gold mining in Ranomafana (Madagascar) and Taman
Nasional Bogani Nani Wartabone (Indonesia) National
Parks, respectively.

According to the World Wildlife Fund (WWF) report on
“Artisanal and Small-scale Mining in Protected Areas and
Critical Ecosystems Programme” (2012), mining in pro-
tected areas may be favored as they are generally perceived
as the property of the community and therefore would not
require any prior exploitation authorization. Moreover,
protected areas often lack monitoring and can therefore be
easily exploited. The use of protected zones may be a
default alternative in some cases. For example, investiga-
tions in Ghana, Liberia, the Democratic Republic of Congo,
Sierra Leone, and Tanzania concluded that exploiting pro-
tected areas is a result of territorial conflicts with large-scale
mining industries that often hold exploitation permits and
push artisanal miners to look for other sites to continue their
activity. Protected areas are also of interest to mining
communities because they provide a number of ecosystem
services, including food and charcoal production (Villegas
et al. 2012).
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Table 3 Observed impacts of
ASGM on biodiversity that were
reported in the National Action
Plans*

Deforestation (19
countries)

Land degradation and loss
of habitat (18 countries)

Chemicals pollution
(19 countries)

Physical impacts on
water (14 countries)

* Burkina Faso * Burundi * Burkina Faso * Central African
Republic

* Central African e Chad * Burundi * Guyana

Republic
e Chad * Eritrea * Congo * Indonesia
* Democratic Republic of ¢ Guyana * Chad * Kyrgyzstan
the Congo

* Ecuador ¢ Indonesia * Eritrea * Lao Peoples
Democratic Republic

* Ghana * Kyrgyzstan * Guinea * Mali

* Guinea * Lao Peoples Democratic ¢ Guyana * Niger

Republic

* Guyana * Madagascar * Indonesia * Nigeria

* Indonesia * Mali * Kenya * Paraguay

* Mali * Niger » Madagascar * Senegal

* Niger * Nigeria * Mali * Sierra Leone

* Nigeria * Senegal * Nigeria » Uganda

* Senegal * Sierra Leone * Paraguay * Zambia

* Sierra Leone * eSwatini * Senegal * Zimbabwe

* eSwatini » Tanzania * Sierra Leone

 Tanzania * Uganda * Tanzania

* Uganda * Zambia * Uganda

* Zambia * Zimbabwe * Zambia

* Zimbabwe * Zimbabwe

“Note that only countries that completed their project on National Action Plan and submitted their report to
the Secretariat of the Minamata Convention are mentioned.

Furthermore, the importance of interaction between artisanal and small-scale gold mining and biodiversity
conservation becomes apparent when overlapping the distribution of ASGM mining regions as reported in
NAPs with the Key Biodiversity Areas (KBAs) (Fig. 1).

ASGM, biodiversity, and ecosystem services

The global literature review has confirmed that the expan-
sion of ASGM activities in recent decades is often coupled
with adverse impacts to the surrounding environment, fish
and wildlife, and ecosystem services (Malm 1998, Mark-
ham and Sangermano 2018, Obeng et al. 2019, Cuya et al.
2021, Espinosa and Beyeler 2021, NAPs). Nearly 70% of
the documents studied and more than 90% of finalized
NAPs acknowledge various effects of ASGM practices on
ecosystems and wildlife, the main ones highlighted by the
literature include: deforestation, land degradation and loss
of habitat, chemical pollution of terrestrial and aquatic
ecosystems, and physical impacts on water.

Deforestation
Although the extent of deforestation varies depending on

the region and type of forest cutting, mining activities are
reported to be a major driver for deforestation, after other

human occupations such as agriculture, infrastructure, and
urban expansion in terms of importance. With the increase
in mining activities in recent decades, Kramer et al. (2023)
points out that globally, “almost 63% (approximately
8600 km?) of deforestation caused by the expansion of
global mining activities in the past 20 years took place after
2010 and only 37% in the period 2001 to 2010.” For
example, Guyana reported more than 9182 hectares were
cleared for ASGM operations between 2004 and 2021 based
on studies in four key ASGM locations. In French Guiana,
the proportion is even higher, with 90% of deforestation
caused by gold mining, with no less than 1,000 hectares of
forest destroyed every year since 2012 (Melun and Bihan
2020).

More than half of the submitted NAPs reported defor-
estation, loss of vegetation, and loss of forest cover as key
impacts of ASGM activities. Documents reviewed also
identified deforestation, vegetation clearing, and related
phenomena as being the most visible and most documented
of the main impacts of ASGM on surrounding ecosystems
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Fig. 1 Map of ASGM sites reported in NAPs that intersect or are within 5 km of Key Biodiversity Areas (KBAs)

and biota (Laperche et al. 2008, Villegas et al. 2012, Espejo
et al. 2018, Ngom et al. 2022). Nearly three quarters of the
documents and NAPs, covering mainly Latin America and
Sub-Saharan Africa, report deforestation, loss of vegetation,
and loss of forest cover as key impacts of ASGM activities,
resulting in loss of habitats and, therefore, disappearance of
related biodiversity.

In the context of the mining sector, direct causes of
deforestation mainly take the form of the conversion of
forests and/or agricultural areas into mining sites (Ngom
et al. 2022). According to the WWF report on deforestation
(Kramer et al. 2023), tropical forests are home to the
greatest biological diversity (80% of amphibian species,
75% of birds, 68% of mammals, and 60% of vascular
plants), and are the most exposed to mining-related defor-
estation, including from ASGM activities. Over the last 20
years, 84% of the deforestation resulting directly from
mining activities have been concentrated in only ten coun-
tries, including countries with reported widespread ASGM
activities, such as Indonesia, Brazil, Ghana, Peru, Myanmar,
and Suriname (Kramer et al. 2023). ASGM-linked defor-
estation in these countries often affects the habitats of
endemic species (Cabeza et al. 2019).

In addition, other practices related to mining activities
can indirectly lead to deforestation. For example, support
activities such as transport or energy infrastructure may
induce forest clearing (Kramer et al. 2023). Deforestation in
ASGM areas may also result from the proliferation of wood
fires, the removal of trees to gain access to gravel for the
construction of makeshift dwellings (NAP Burundi. 2019,
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NAP Central African Republic. 2019), or in some cases to
strengthen road access to mining sites (NAP Tanzania.
2020). Certain tree species are used to construct the shafts
for underground extraction, to create barriers on the rivers
in the case of alluvial extraction, or to make charcoal for
cooking (NAP Democratic Republic of Congo. 2020). The
Central African Republic and, further south, the Democratic
Republic of Congo report in their NAPs that miners not
only cut down trees for mining exploration, but also use
these trees to build temporary settlements or protect exca-
vated pits. In Kenya (Figs. 2, 3), felled trees are used to
build sheds for machinery, covers for dug shafts, shelters, or
even houses on site for the miners (East Africa ASGM
Study Tour in Kenya, 2023).

Beyond that, mining activities often attract people,
leading to migration. The result is the emergence of other
parallel activities, such as agriculture, which further con-
tribute to the increase in deforestation. Considering that the
indirect effects of mining activities are difficult to quantify,
it is likely that the importance of mining as a cause of
deforestation is largely underestimated (Kramer et al. 2023).
Deforestation, in turn, also has other effects such as the
disappearance of fauna and flora, soil erosion, and the
alteration of watercourses around sites, as well as an
increase in water turbidity. In some cases, deforestation can
even lead to an increase in the temperature of aquatic sys-
tems (Laperche et al. 2008).

Intense deforestation in the areas exploited for gold
panning in French Guyana has led to the destruction and
sometimes even complete loss of habitats (Ngom et al.
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Table 4 Number of ASGM sites

. . Country Number of KBAs % of ASGM % of ASGM % of ASGM
reported in NAPs that are inside, . . .. . . .
ithin 5 k d outside K — - sites in sites in 5 km sites in/within
within > km, and outside fey In Within  Outside Total gpa¢ buffer of KBAs 5 km of KBAs
Biodiversity areas by country 5km
Democratic 229 226 1669 2124 10.8% 10.6% 21.4%
Republic of the
Congo
Sierra Leone 19 7 109 135 14.1% 52% 19.3%
Central African 13 247 261 5.0% 0.4% 5.4%
Republic
Indonesia 10 17 127 154 6.5% 11.0% 17.5%
Lao Peoples 10 3 28 41 24.4% 7.3% 31.7%
Democratic
Republic
Uganda 62 79 10.1% 11.4% 21.5%
Madagascar 40 54 9.3% 16.7% 25.9%
Republic of the 5 3 13 21 23.8% 14.3% 38.1%
Congo
Eritrea 5 0 19 24 20.8% 0.0% 20.8%
Zimbabwe 3 7 310 320 0.9% 2.2% 3.1%
eSwatini 3 6 3 12 25.0% 50.0% 75.0%
Tanzania 2 6 329 337 0.6% 1.8% 2.4%
Zambia 2 1 13 16 12.5% 6.3% 18.8%
Togo 1 4 79 84 1.2% 4.8% 6.0%
Ghana 1 4 12 17 5.9% 23.5% 29.4%
Burundi 0 11 43 54 0.0% 20.4% 20.4%
Nigeria 0o 2 77 79 0.0% 2.5% 2.5%
Guinea 0o 2 40 42 0.0% 4.8% 4.8%
Guyana 0 1 291 292 0.0% 0.3% 0.3%
Chad 0 1 58 59 0.0% 1.7% 1.7%
Senegal 0 1 52 53 0.0% 1.9% 1.9%
Burkina Faso 0 0 180 180 0.0% 0.0% 0.0%
Paraguay 0o 0 43 43 0.0% 0.0% 0.0%
Niger 0o 0 18 18 0.0% 0.0% 0.0%
Total 316 321 3862 4499  7.0% 7.1% 14.2%

2022). The same phenomenon is observed in the pro-
tected areas of Madre de Dios (Espejo et al. 2018), the
Tapajos River, and in the forest shared by the nine
countries of the Amazon region (Bolivia, Brazil,
Colombia, Ecuador, French Guiana, Guyana, Peru, Sur-
iname and Venezuela). In Sub-Saharan Africa as well,
Burkina Faso (Ngom et al. 2022), Ghana (Obeng et al.
2019, Ngom et al. 2022), Ivory Coast (Affessi et al. 2016;
Ngom et al. 2022), Madagascar (NAP Madagascar.
2018), Mali (Ngom et al. 2022), Niger (Grégoire and
Gagnol 2017), and Tanzania (Mawala and Merket 2019)
are witnessing increasing deforestation as a result of
ASGM and/or related activities, leading to the destruction
of pastureland, loss of vegetation and forest cover, as well
as soil degradation. In Indonesia, deforestation is
accompanied by the decrease of organic soil and aquatic

habitats (UNITAR. 2016). Notably, due to the inacces-
sibility and/or lack of preliminary geological data and site
characteristics, pits dug by miners can be quickly aban-
doned when no mineral deposits are found. In the absence
of environmentally sound rehabilitation or restoration
measures, abandoned pits are left open, not only altering
the surrounding landscape, but also posing a danger to
miners and wildlife.

Land degradation and loss of habitat

Land degradation and loss of habitat are other key impacts
of ASGM that have been reported in the consulted resour-
ces. In remote rural areas, any individual wishing to engage
in ASGM may relatively easily find a site or join an existing
team of miners, with little or no preliminary site
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Table 5 Overview of National Action Plans reporting ASGM activities in protected areas

Country Impacts on biodiversity
5 Congo * Possible contamination of water bodies and sediment with mercury as mining waste are released directly into
the environment
 Existence of ASGM sites in the vicinity of protected areas
6 DRC * Deforestation

14 Lao Peoples Democratic
Republic

15 Madagascar

17 Mongolia

18 Niger

23 eSwatini

25 Uganda

26 Zambia

* Loss of biodiversity

* Decrease in land useable for agriculture

* Mining in protected areas

* Water pollution and siltation

» Negative impacts to aquatic animals

* Mining activities in protected areas

* Land degradation

 Contamination of water and soils

« Sites using mercury in vicinity of protected areas

* Severely eroded land

* Large amount of solid waste generated

» Rangeland degradation

* Unrehabilitated mine pits, causing animals and people fall into pits/shafts

» Excessive use of wood and bushes for shaft pillars in Khangai region, and destroying topsoil and plant cover
* Water and soil contamination

* Excessive poaching of wildlife and presence of ASGM in vicinity or inside protected areas

» Damage to ecosystems, namely the abusive cutting of trees on the sites leading to the destruction of flora and
habitat for fauna

* Disappearance of certain animal species
* Wind and water erosion, leading to soil degradation in these areas

* ASGM practiced in some protected areas, such as in the Reserve Naturelle National de I’Air et du Ténéré
(RNNAT) in the Agadez region

* ASGM operations within the country’s major national park (Malolotja Nature Reserve)
 Impacts on protected plant species

* Roads created in the reserve by gold ore smugglers through the South African fence has resulted in an impact in
the spatial distribution of wild animals

* Rehabilitation non existent

* Rubble and waste not managed properly

* local land degradation and deforestation due to panning

* Operational gold mining and exploration licenses in protected areas and forest reserves

* No deliberate efforts to carry out active restoration as required by the Ugandan environmental laws were
observed

* Land degradation

* Deforestation

» Contamination of surface and groundwater

« Siltation of water bodies

* Water stagnation in abandoned mine pits

* Pollution from mercury use in gold amalgamation
* Dust and noise pollution

* ASGM activities near protected areas negatively impacted wildlife population due to migration and
poaching

investigation, geological explorations, or environmental  historical knowledge passed down from generation to gen-
impact assessment (Mawala and Merket 2019; West Africa  eration to determine the sites to be exploited (West Africa
ASGM Study Tour, Togo, 2023), instead relying on = ASGM Study Tour, Togo, 2023).
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Fig. 2 Deforestation to accommodate the mine site, Narok County,
Kenya (East Africa ASGM Study Tour, Kenya, 2023)

Fig. 3 Cutting down trees to build makeshift housing, Migori County,
Kenya (East Africa ASGM Study Tour, Kenya, 2023)

Consequently, in the hard rock context, the depth of
shafts dug may vary from a few meters (West Africa ASGM
Study Tour, Togo, 2023) to several meters (O’Neill (2017);
East Africa ASGM Study Tour, Kenya, 2023). In both
cases, entire areas may thus be altered, and sometimes
permanently destroyed, including in protected areas or
biodiversity hotspots. The first layers of soil, humus, and
topsoil (or surface soil) consisting mainly of organic matter
and plants are altered and moved to reach the eluvial hor-
izon and subsoil where the mineral deposits are located.

In Northern Tanzania, for example, miners have reported
nonexistence and/or inaccessibility of geological data as
well as the high cost of adequate geological surveys. To
partially compensate for this, miners rely on “artisanal”
sampling, which allows them to characterize the nature of
the soils in order to direct the digging operations, however
this does not prevent mining in protected areas such as in
the Biharamulo (Geita) and Makere (Kigoma) forest
reserves (Mawala and Merket 2019). In French Guyana
similar concerns about insufficient preliminary prospecting
are leading to the excavation of large areas of land to find
gold deposits.

ASGM activities are regularly located in riparian and
floodplain areas that are important habitats for a broad
diversity of fish and wildlife (NAP Burundi 2019). Whether

or not minerals are found, little or no action is taken to close
the pits and rehabilitate the mined site and surrounding
landscape. Abandoned ASGM sites might leave behind
mercury-containing waste and tailings, making the area
even more dangerous for associated biota and human
communities. For example, in the Central African Republic,
birds on mining sites are forced to move away due to the
destruction of their habitat and noise pollution from mining
activity, resulting in a long-term decline in their populations
and diversity (NAP Central African Republic, 2019).
Markham et al. (2018) and Cabeza et al. (2019) have also
mentioned the exposure or outright disappearance of
amphibians in Peru and Madagascar because of alteration of
the surrounding soils and mercury contamination of aquatic
systems. In Ecuador, the lack of an adequate mining model
for alluvial mining results in the alteration of riverbeds
caused by digging. This disruption of the local ecosystem
leads to species migration and loss of biodiversity, land-
slides, and eutrophication of waters (NAP Ecuador 2021).

Chemical pollution

Nearly 70% of NAPs and 50% of documents reviewed
mention the contamination of terrestrial and aquatic
ecosystems by chemicals as one of the main con-
sequences of ASGM activities. Pollution is understood as
the introduction of chemical elements external to eco-
systems, leading to environmental contamination of air,
soils, and water. As such, chemical pollution is con-
sidered by the Convention on Biological Diversity (CBD)
as one of the main drivers of biodiversity loss (BRS
2021). Mercury and cyanide are the main pollutants used
and released into the environment through ASGM
activities (Grasmick et al. 1998, Veiga et al. 2006,
Donkor et al. 2009, Villegas et al. 2012, Yao and Ahoussi
2021, NAPs). For mercury, it is the amalgamation pro-
cess to extract relatively pure gold that is reported by all
the documents and NAPs on the subject (Veiga et al.
2006, Donkor et al. 2009, Yao and Ahoussi 2021, NAPs).
The inorganic mercury emissions released to air, water,
and soil from the amalgamation process can be trans-
formed into methylmercury (MeHg) when suitable con-
ditions are achieved (e.g., microbial activity, particulate
organic matter, and concentration of dissolved organic
carbon). The physico-chemical characteristics of MeHg
(solubility in lipids, protein binding properties) favor its
passage through biological membranes, as well as
bioaccumulation and biomagnification in the aquatic food
web, thus contaminating wildlife (Evers et al. 2007,
Donkor et al. 2009, Evers 2018, Markham and Sanger-
mano 2018, Cabeza et al. 2019, Gerson et al. 2022,
Sayers et al. 2023, Evers et al. 2024). For example, when
considering certain investigations conducted in the
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Amazon, particularly in the southeast of the Peruvian
Amazon basin, high concentrations of atmospheric mer-
cury are reported in areas where Hg-gold amalgam
burning takes place, compared with lower concentrations
at non-mining sites (Melun et al. 2020, Gerson et al.
2022). Gerson et al. (2022) also highlights that mercury
from ASGM activities is deposited in terrestrial ecosys-
tems, including the forests neighboring the mining sites,
which therefore become hotspots for the bioaccumulation
of MeHg in the terrestrial food web. If the forests are
subsequently cleared to expand mining activities, mer-
cury can pass into aquatic systems, where MeHg would
biomagnify and bioaccumulate in the aquatic food web —
especially in favorable conditions (Gerson et al. 2022).
However, the magnitude of adverse impacts is relatively
unknown for the tropical biomes that harbor most of the
ASGM activities in the world because of the poor char-
acterization of mercury exposure in upper trophic level
biota (Evers et al. 2024).

Cyanidation is commonly considered either as an alter-
native or a complementary process to mercury amalgama-
tion worldwide. Several countries in Africa (such as
Burkina Faso, Co6te d’Ivoire, Ghana, Zimbabwe), Asia
(Indonesia) and South America (Venezuela) can be cited
among the long list of countries where the tailings, whether
treated with mercury or not, are reprocessed with cyanide
(Veiga et al. 2006).

The lack of environmentally sound management prac-
tices also leads to the release of mercury-containing resi-
dues and waste. Sound management of tailings is often
neglected in ASGM settings. Many NAPs, including those
of Congo, Ecuador, Guyana, Niger, and Zambia, reported
that tailings are either directly released into the environment
or left behind without proper stabilization or containment
measures after the operations cease or move to new loca-
tions. Furthermore, Zimbabwe’s NAP highlighted that all
reported gold processing sites had tailings from milling and
cyanidation ponds that were not lined and were, in some
cases, located close to rivers and water reservoirs.
According to the governments of Guinea and Kyrgyzstan,
tailings are also used to build barriers for tailings ponds or
used as construction material contributing to the spread of
potentially contaminated materials.

Cyanide leaching in tailings to which mercury has been
added without first removing the mercury is one of the
worst practices as defined by Annex C of the Minamata
Convention because it leads to generation of mercury-
cyanide complexes that are highly mobile in the environ-
ment and bioavailable (Keane et al. 2023). The mercury
cyanide complexes, which are often discharged in untreated
form into local drainage have been recently shown to
bioaccumulate in zebrafish and induce systemic metabolic
damage (da Silva et al. 2023). As reported earlier, 16 out of
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27 submitted NAPs explicitly reported the presence of this
worst practice within their territories.

Furthermore, in Guinea for example, ore-washing water
is directly deposited into rivers, contributing to the con-
siderable degradation of water quality and the water tables.
Riverbanks around Lake Victoria, a source of fishing for
nearly 40 million people between Kenya, Tanzania, and
Uganda, are under increasing pollution threats by mining
activity, with locals complaining that drinking the river
water makes them and their domesticated animals ill
(Mawala and Merket 2019). The Mara River, from Kenya to
Tanzania, is also impacted by pollution from gold mining
along its banks, putting the biodiversity of the Serengeti and
Masai Mara at risk (Mawala and Merket 2019).

Gold mining and the associated release of Hg, including
mercury-cyanide complexes from Artisanal Gold Mining in
the Portovelo-Zaruma area in Ecuador severely impacted
water quality, aquatic ecosystem structure, and contamina-
tion of biota and human communities in the Puyango river
catchment as well as downstream in the Tumbes Delta in
Peru (Marshall et al. 2020). The construction of adequate
impoundments for the confinement of mining and proces-
sing waste was proposed as a measure to reduce environ-
mental impacts (Tarras-Wahlberg et al. 2001). Gold mining
activities in the small streams of the Nouragues Nature
Reserve (French Guiana) affected the functional structure of
fish assemblages, favoring smaller and more ubiquitous fish
at the expense of larger, habitat specialist species. In addi-
tion, the site resilience was incomplete after the activities
ended (Brosse et al. 2011). Review of the existing studies in
Ghana revealed that the water quality parameters near
ASGM sites show impairment, with some samples
exceeding guidelines for acidity, turbidity, and nitrates.

Physical impacts on water

ASGM influences the quality and availability of water
resources, which in turn has impacts on biodiversity. One
particularly common impact is the increase in water tur-
bidity. Since mining activities often take place around
watercourses, there is a constant discharge of sediment from
the pits into the riverbeds, increasing the amount of sus-
pended matter. The result is increased turbidity in the water,
which reduces light in the water column and oxygen levels
in the water, leading to a decline in aquatic life in the areas
affected (Laperche et al. 2008, Ngom et al. 2022).

ASGM occurring upstream of, adjacent to, or near
aquatic systems may result in the sedimentation of particles
from discarded mining waste, and the increase of water
turbidity. Alluvial mining especially has a direct impact on
watercourses due to the use of dredges in riverbeds (NAP
Madagascar). For example, in Mali (Sissoko 2019, Maiga
et al. 2022), Niger (Grégoire and Gagnol 2017), and
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Senegal (Niane et al. 2014), gold panning by dredging has
been practiced for more than a decade and is progressively
leading to polluted rivers, pressure on aquatic species,
destruction of fishing equipment, and reduced fishing cat-
ches (Maiga et al. 2022).

The Burundi NAP (2019) refers to the destruction of
water resources and their biodiversity as a result of the
relocation of riverbeds, the destruction of riverbanks and
cultivated wetlands, as well as the sedimentation of rivers.
The mining regions are facing the disappearance of indi-
genous species of Cyperus papyrus (paper reed) or Cyperus
latifolus (sedges), especially in the swamps and wetlands of
the catchment areas. In some mining areas in Zimbabwe and
around the Mar, Ou, and Xékong rivers in Lao People’s
Democratic Republic, local communities witness the
decline in natural water quality due to the use of chemicals
in ASGM, causing the death of aquatic species and making
the water unusable.

Information gathered demonstrates that the interaction of
ASGM practices with the surrounding environment and
biodiversity is indeed visible at all stages of the mining
process (Table 6), through the observed impacts on nature
(Villegas et al. 2012).

Socio-economic, policy, regulatory, and institutional
frameworks

Nearly all documents that refer to the socio-economic
dimension of the sector portray ASGM as a considerable
source of income for the communities concerned. In all
three main ASGM regions, ASGM activities are often either
main sources of livelihoods (Cuya et al. 2021) or a com-
plementary source of revenues to agricultural activities for
which incomes and benefits might not be sufficient for the
local community to survive (Bohbot. 2017, Obeng et al.
2019, Omara et al. 2019, Sissoko 2019).

At the same time, direct and indirect negative con-
sequences of ASGM on the surrounding ecosystems and the
services they provide to communities (Obeng et al. 2019,
Martinez et al. 2018, Babut et al. 2003), which are in
diverse forms, including provisioning, regulation, support,
and cultivation, become increasingly visible (Table 7;
Obeng et al. 2019).

The increase of the ASGM sector in recent decades has
been identified as a main driver of the reduction of these
ecosystem services in mining areas. For instance, recent
studies in Ghana (Obeng et al. 2019), Indonesia (Puluhu-
lawa and Harun 2020), Mali (Sissoko 2019, Maiga et al.
2022), and Peru (Cuya et al. 2021) documented a tension
between employment and improved living conditions on the
one hand, and the preservation of nature and ecosystem
services on the other. The communities that were approa-
ched in the mining regions of western Ghana (Obeng et al.

2019), Madre de Dios in Peru (Cuya et al. 2021), and the
Taman Nasional Bogani Nani Wartabone National Park in
Indonesia (Puluhulawa and Harun 2020) generally recog-
nize the importance of preserving nature after observing the
harmful effects of gold mining on the environment. The
same communities point to the current dilemma: preserving
the environment and wildlife or favoring socio-economic
development. Indeed, ASGM has become one of the main
sources of income for local communities in many regions,
however its current practice is generally contrary to the
conservation of biological diversity. In interviews in Ghana,
people recognized the importance of the various ecosystem
services that nature provides to their communities; in par-
ticular, they realized the impacts of mining practices on
nontimber forest products, since the availability of snails,
widely used in Ghanaian cuisine, has drastically decreased
as a result of mining activities (Obeng et al. 2019).

Across the main regions concerned, the legal, institu-
tional, and regulatory frameworks can also be an impedi-
ment to the conservation of ecosystems and biological
diversity. The consulted resources also highlight the
inadequacy, insufficiency, or outright absence of legal,
institutional, and regulatory frameworks to manage the
mining sector and protect the environment and wildlife.
Where directives do exist, enforcement and control mea-
sures are lacking. In Ghana, despite the existence of the
Minerals and Mining Act 2006 (Act 03) on environmental
protection and the preservation and rehabilitation of mined
areas, implementation and monitoring remain a concern
(Obeng et al. 2019, Macdonald et al. (2014)). In Indonesia
as well, according to Macdonald et al. (2014), despite the
existence of the Indonesian Mineral and Coal Law (2009),
ASGM continues to operate informally and even illegally,
mainly due to a lack of institutional and technical capacity
for enforcement and regular assistance at regional and local
levels.

As the situation is similar for most of the countries that
have reported the existence of ASGM in their country, the
NAPs and the investigations carried out in the sector all
converge on the need to optimize the legal, institutional, and
regulatory frameworks, while building the capacities
required for measures to enforce the laws (Macdonald et al.,
(2014), Sundseth et al. 2017, Obeng et al. 2019, Puluhulawa
and Harun 2020).

Mapping and monitoring ASGM impacts on
biodiversity

Nearly all documents consulted on geospatial analysis of
ASGM impacts on the environment and biodiversity iden-
tify remote sensing as an effective tool for detecting and
monitoring changes in the physical characteristics of mined
areas. According to Planque et al. (2022), remote sensing
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Table 6 Interactions between ASGM processing steps and biological diversity

Observed effects

ASGM steps

Envisaged and/or observed effects on biological diversity

Site exploration and preparation

« Clearing of vegetation and forest for a better access to
sediments for mining, and for wood, firewood
collection, bark removal to fabricate pans for minerals
washing, and uses of specific plants for medicinal
purposes.

* Physical removal of soils and rocks to access the
deposits, often using tools such as spades, backhoes,
and dredges.

« Insufficiency and/or absence of closure measures after
site exploration and exploitation.

Mining: minerals extraction

¢ In alluvial mining, redirection of waterways to
facilitate access to deposits.

 Use of machines, especially pumps for water removal
before the digging in riverbanks.

» Unsound displacement of soils and dumping of wastes
and effluents in terrestrial and aquatic systems.

Ore processing, tailings management

» Uncontrolled use of hazardous chemicals such as
mercury and cyanide for amalgamation and
cyanidation.

* Unsound dumping and lack of proper management of
polluted waste, tailings, and effluents in aquatic
systems.

 Deforestation, leading to the direct loss of habitat and
biodiversity.

* Reduction of nutritive sources, including fruit trees and
consumable vegetation.

* Soil degradation, including erosion, landslides.
sedimentation, siltation, and alteration of the vegetation.

* Reduction or disappearance of migration paths for
animals.

* Vulnerability and reduction of capacities to recover
original ecosystem.

* Release of dust

« Alteration of riverbanks and riverbeds, as well as impacts
on hydrological systems and aquatic wildlife.

« Lack of backfilling of dug pits increases erosion and limits
the rehabilitation of the original vegetation.

« Increase of species migration to other habitats.

« Siltation, causing the reduction of light penetration into
the water, which may adversely impact biodiversity.

» Chemicals (mercury, cyanide, other chemicals) pollution
of aquatic systems, including drinking water.

¢ Landslides, sedimentation, riverbanks, and riverbeds
alteration, causing the modification of hydrological
systems.

» Appearance of areas with increased exposure of mercury
and cyanide contamination to biota.

 Bioaccumulation and biomagnification of Hg in the food

web. High trophic level fish consumed by mining
communities are mostly affected.
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Table 6 (continued)

Observed effects ASGM steps

Envisaged and/or observed effects on biological diversity

Additional support activities

communities” consumption.

* Hunting of surrounding animals for trade and

» Construction of shelters, and sometimes even
temporary or permanent camps and villages.

« Further stressing sustainable fish and wildlife populations.

« Alteration of wildlife habitats, notably due to noise, space
conflict between human and wildlife.

* Reduction of migration routes for animals.

Table 7 Overview of identified goods and services provided by
ecosystems

Type Benefits
Provisioning ¢ Provision of food, fuel, and fibre
Services * Generation and renewal of soil fertility,
including nutrient cycling
Regulating * Purification of air and water
Services * Prevention of rivers drying
* Detoxification and decomposition of wastes
* Stabilization and moderation of the Earth’s
climate
* Moderation of floods, droughts, temperature
extremes, and the forces of wind
* Pollination of plants, including many crops
* Control of pests and diseases
Supporting * Provision of shelter and building materials
Services

* Habitats for plants and animals

» Maintenance of genetic resources as key
inputs to crop varieties and livestock breeds,
medicines, and other products

Cultural Services * Cultural and aesthetic benefits
* Scientific Research

* Cultural and spiritual believes

uses sources of energy and predefined sensors to collect
data on observed characteristics and activities at the surface
of the earth. Information gathered may then be associated
with geographical data, as well as soil and water physical
properties to map and assess land uses, changes in land
cover, deforestation, or physical alteration of aquatic sys-
tems such as turbidity to identify changes in land cover and
water dynamics (UNITAR. 2016, Espejo et al. 2018, The
Cadmus Group LLC (2019), Ngom et al. 2022, Planque
et al. 2022).

According to Ngom et al. (2022), Almeida-Filho and
Shimabukuro presented the first studies on early uses of
remote sensing in Brazil in the 2000s for the observation of

areas impacted by gold mining activities. More recently,
various studies also concluded to the relevance of com-
bining geographical, spatial-temporal, and other data gath-
ered on the surrounding ecosystem at gold mining sites to
characterise landscape transformations following mining
activities through:

e The production of structural and geological maps that
allow the identification of mineral deposits;

e Detection and analysis of the dynamics of pollution of
terrestrial ecosystems, in particular: deforestation to
convert forests into mining sites (UNITAR. 2016,
Espejo et al. 2018, The Cadmus Group LLC (2019));
soil degradation (Ngom et al. 2022) such as acidifica-
tion, erosion or compaction, alteration of humus,
variation in vegetation, or reduction in the organic
matter present, and pollution by chemical products); and
habitat loss (The Cadmus Group LLC (2019));

e The representation of deforestation and land degradation
as a result of alluvial and hard rock mining activities
(The Cadmus Group LLC (2019));

e Assessment of water pollution due to mercury dis-
charges in rivers through the detection of turbidity
variations in rivers, or sediment discharge in rivers (The
Cadmus Group LLC (2019); Ngom et al. 2022);

o Estimates of the evolution of ASGM activities (Espejo
et al. 2018) and related wastes (The Cadmus Group LLC
(2019)).

Ngom et al. (2022) identifies effective uses of remote
sensing capabilities to describe the interactions between
mining and deforestation, land degradation, and water tur-
bidity alteration, among others, in West Africa and there-
after monitor changes in land degradation, deforestation,
and water turbidity over time. In Niger, the Koma Bangou
site has been monitored for 40 years using spectral indices
reacting to minerals potentially present in tailings and waste
to characterize the extent of mine waste dispersion and
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cyanide pollution. The impacts of gold mining on agri-
cultural cocoa areas were also observed in southern Ghana
between 2011 and 2015 to conclude that mined areas tripled
around the Offin, Ankora, Birim, Anum, and Tano rivers
(Ngom et al. 2022).

In the Madre de Dios region of the Peruvian Amazon,
the use of remote sensing (using Landsat 5 data through
an ISODATA unsupervised classification approach)
determined that between 2003 and 2009, 6600 hectares of
primary rainforest and wetlands were transformed into
mining areas and tailings dumps, first at a rate of 292
hectares per year between 2003 and 2006, and then at a
rate of 1915 hectares per year between 2006 and 2009.
These transformations have been proportional to the
increase in the price of gold in the region. Also in the
same region, a combination of CLASIlite and Global
Forest Change (Cuya et al. 2021), reported estimated
deforestation due to gold mining at 100,000 hectares over
a period of 34 years (between 1984 and 2017), with a
peak in 2011 when almost 53% of the deforestation
took place.

In Indonesia, spatial observation of mining regions has
made it possible to visualize the decrease in agricultural
activities in favor of gold mining, and consequently the
reduction in vegetation and forest covering in three areas of
the Kalimantan region (Table 8; UNITAR. 2016).

During the development of the Sierra Leone NAP,
geospatial data obtained using GPS, satellite images, and
drones were also used to assess the extent of gold mining
activities and the visible impacts on ecosystems. As part of
its strategy to formalise the sector, the country is also
stressing the importance of using remote sensing to monitor
ASGM practices and their impacts in areas that are difficult
to access.

In Suriname, ASGM sites in the Amazonian rainforest
have been monitored using the ASMSpotter' tool that
leverages machine learning to localize ASM sites using
satellite imagery. The tool provides local authorities a map
of where artisanal mining is occurring to prioritize controls
and therefore increases the effectiveness of local initiatives
to transform the ASGM sector.

Although remote sensing can be a powerful tool for
identifying ASGM and its impact on biodiversity, there are
limitations. Certain types of ASGM activity, such as
underground hard-rock mining may not be easily detected
from satellite imagery. Likewise, ASGM might be harder to
detect in certain environments, such as arid or heavily dis-
turbed landscapes. Ideally remoted sensing would be com-
bined with ground truthing to increase confidence in the
interpretations (Planque et al. 2022).

! https://business.esa.int/projects/asmspotter
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Table 8 Overview of the vegetation and forest loss in Indonesia
between 2002 and 2015

Area of Kalimantan Time Period Percentage (%) of

vegetation and forest lost

Upper Kahayan 20052015  16.2

Catchment Area
2005-2015 13.6
2002-2014 314

Kapuas Catchment Area

Galangan Site and
Katingan Catchment Area

Remediation, reclamation, and restoration

ASGM sites are often abandoned without adequate mea-
sures to close the pits and shafts and to restore the site to a
condition suitable for another use. Countries, notably in
Eastern and Western Africa, generally point out the absence
and need for appropriate measures for site closure in terms
of remediation, reclamation, rehabilitation, and restoration
(East Africa ASGM Study Tour, Kenya, 2023 - West Africa
ASGM Study Tour, Togo, 2023). Documents that do
address the issue identify factors and approaches that can
encourage initiatives to preserve and protect biodiversity.
Also, none of the NAPs describe current practices for mine
closure and a limited number of NAPs propose specific
strategies for mine closure (remediation, restoration, among
others).

Conversely, the challenges identified in documents con-
sulted and discussions during the ASGM study tours in
Eastern and Western Africa include: (1) insufficient knowl-
edge and awareness of the importance of preserving biodi-
versity, (2) the cost and/or inaccessibility of training and more
sustainable extraction alternatives, (3) the accessibility of
mercury and other chemicals, and (4) the inadequacy of the
legal, institutional, and regulatory frameworks that do not
encourage the adoption and implementation of measures. In
this regard, participants to the East Africa study tour high-
lighted the need to amend the NAP reports to integrate specific
strategies for mine closure as a key priority for future action.

Further, investigations into approaches that could
increase the interest of mining communities in appropriate
site closure have concluded that a multistakeholder
approach is needed. Such an approach should combine
scientific knowledge, local knowledge of the sector, and the
involvement of all relevant stakeholders and decision-
makers to define the needs, priorities, and appropriate
actions to be implemented (Macdonald et al. 2014, Asian
Foundation. 2016, Atangana 2019, Mawala and Merket
2019, Obeng et al. 2019, O’Brien et al. 2021, ITUFRO
2022). O’Brien et al. (2021) proposes an approach based on
the design of site models that integrate technical data, sta-
keholder involvement, and local knowledge for informed
site remediation.
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Fig. 4 Overview of existing options for mines closure (Source: Society for Ecological Restoration 2022)

In Ghana (Obeng et al. 2019), a study found that three
communities (Ntakam, Asawinso No.1, and Nkatieso) rea-
lized the importance of the forest, particularly for its
environmental services, but are faced with a conflict of
interest between socio-economic prosperity and biodiversity
protection. To overcome this, the article proposes Payment
for Ecosystem Services (PES) systems based on compen-
sation to reduce any loss of earnings associated with a
contribution to preserving ecosystem services. In terms of
practical solutions, Otchere et al. (2004) has proposed
aquaculture as an option for rehabilitating mined sites,
given the benefits that the activity could offer in terms of
income, jobs, and food for mining communities, provided
that the approach is adapted to the context of the site
identified (physico-chemical characteristics and heavy metal
contamination, as well as the long-term viability of the
planned habitat).

In the conception of initiatives towards wildlife and
ecosystem preservation, several stages can be distinguished
when talking about reducing the impacts of gold panning
and preserving biodiversity. First, prevention should be the
priority, in the sense that any action aimed at avoiding
harmful impacts on ecosystems and wildlife should be
encouraged. Secondly, the approach of reducing the damage
caused to ecosystems, in particular through the adoption of
sustainable practices, should be emphasized. When, as
reported by several countries, mining activity is already
operational and effects are observed, the closure of sites that
have already been mined should be considered in four
distinct stages: remediation, reclamation, rehabilitation, and
restoration (Fig. 4).

For example, for eastern Cameroon, Atangana (2019)
proposed a process for reducing impacts on biodiversity
and/or fencing off and rehabilitating sites according to their
status, distinguishing between sites still in operation and
abandoned sites. For the former, the use of more sustainable
and environmentally friendly techniques and technologies
would be recommended. The rehabilitation of abandoned
sites would involve mechanical work to fill in the holes and
level the site before applying biological methods such as
phytoremediation. For mercury, Atriplex canescens and
Lupinus are the species and genera identified for phytor-
emediation, due to their ability to accumulate mercury
(Atangana 2019).

In Mongolia, the relevance of applying the Frugal
Rehabilitation Methodology (FRM) for economically and
ecologically viable, as well as socially acceptable, rehabi-
litation and restoration of land degraded by gold mining has
been demonstrated through the second phase of the
“Engaging Stakeholders in Environmental Conservation”
projects (ESEC II) in the country. By proposing a systemic
approach combining mechanical and biological rehabilita-
tion techniques, as well as stakeholder consultation and a
training process lasting several years, frugal rehabilitation
appears to have brought together the key aspects required
for environmental responsibility and the rehabilitation of
land degraded by gold mining (Asia Foundation 2016).

In Peru, Madre de Dios region, Pure Earth and CINCIA
proposed and undertook five steps to a sustainable rainforest
rehabilitation in ASGM context: mapping; selection of
species to be planted, their transport and planting, and
documentation/monitoring. ~ Teams from the two
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organizations were able to restore the Paolita II and Fortuna
Milagritos mining concessions (Pure Earth, 2019). The
promising results achieved are the fruit of inclusive col-
lective initiatives involving all relevant stakeholders,
including local players and the mining communities
themselves.

Conclusions and recommendations

The number of documents addressing interactions between
ASGM and biodiversity has increased over time, especially
during the period of 2015 to 2023, suggesting growing
attention to potential impacts of ASGM on biodiversity.
Each stage of the gold mining process has its own effects on
biodiversity and ecosystem services. Key highlights
extracted from the review include the following:

e ASGM in protected areas: ASGM is taking place in
various protected areas worldwide (Canavésio et al.
2010, Villegas et al. 2012, Weinberg et al. 2013, Asner
and Tupayachi 2017, Espejo et al. 2018, Puluhulawa
and Harun 2020, Verweijen et al. 2022). Nine out of
27 submitted NAPs explicitly reported ASGM activities
happening inside or in the vicinity of protected areas.
Similarly, more than 20% of reviewed documents
highlight mining activities near or in the premises of
biodiversity hotspots and protected areas. Visible
impacts on the surrounding environment as well as on
fish and wildlife populations were notably reported in all
countries around the Amazon Basin, the Democratic
Republic of Congo, Indonesia, and Madagascar —
regions that are known for their rich and unique
biodiversity (NAP Democratic Republic of Congo.
2020; UNITAR. 2016; Cabeza et al. (2019); Puluhulawa
et al. 2020). In South America, recognized for its
numerous biodiversity hotspots including protected
areas, ASGM sites often overlap with biodiversity
hotspots, alluvial gold mining being the source of
large-scale land transformation and deforestation in the
region. In 2014, 31% of the deforestation occurring in
the region were located within 10 km of 32 protected
areas, mainly in Brazil, Peru and Colombia
(USAID, 2019).

e Tropical regions of greatest concern: Reported
impacts of ASGM on biodiversity and ecosystem
services in the literature and NAPs reviewed suggest
that the threats to wildlife in the tropical zone are often
the most pronounced. Malm Olaf (1998) emphasized the
greater sensitivity of the tropical zone to the impact of
mining activities. More recently, various studies (Don-
kor et al. 2009, Villegas et al. 2012, Rahm et al. 2017,
Barkdull et al. 2019, Ngom et al. 2022, Kramer et al.
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2023), Cabeza et al. (2019) made a similar observation,
implying also that tropical areas may be the most
documented with regards to their sensitivity to ASGM
activities. In an article discussing ASGM as a source of
mercury exposure in the Brazilian Amazon, Cabeza
et al. (2019) concluded that there was a high level of
methylation in the sediments of the Madeira and Tapajos
rivers, with the highest values detected in tropical
aquatic environments.

Key species affected: According to the literature
review heavily affected species include amphibians,
freshwater fish birds, and bats as particularly sensitive
to water contamination from mining waste (Markham
and Sangermano 2018, Cabeza et al. 2019, Cirim-
wami et al. 2021, Pisconte et al. 2023, Portillo et al.
2023). South America has the most biodiverse
countries in the world, particularly Brazil, Colombia
and Peru, with the largest numbers of plants,
amphibians and primate species in the world, some
being affected by mining activities (USAID, 2019).
Evers et al. (2024) identified species of greatest
concern are high trophic level organisms (i.e., trophic
level index >3.5) associated with waterbodies and
wetland habitats in tropical as well as temperate
biomes across the world.

Insufficiency and/or lack of adequate policy frame-
works: The literature review indicates shortcomings in
the legal, institutional, and regulatory frameworks to
manage the ASGM sector to prevent and reduce adverse
effects on the environment as well as to fish and
wildlife.

Mapping ASGM impacts on the environment:
Remote sensing is identified as a promising tool to
map and monitor the extent of ASGM operations and its
overlap with biodiversity hotspots, in particular to
demonstrate the interactions between mining and
deforestation, land degradation, and physical alterations
of aquatic systems.

Limited adequate initiatives for mine closure:
Although existing methods and concepts were men-
tioned, less than 10% of the resources consulted
proposed applicable strategies for the sustainable and
environmentally friendly closure of abandoned sites.
None of the NAPs reported successful decontamination,
remediation, rehabilitation, and/or restoration initiatives
for closed sites.

Need for improving communication and awareness
raising: Further education and awareness is critical to
highlight the impacts of ASGM on biodiversity and
ecosystem services, and on the existence of and access
to more efficient and cleaner extraction techniques and
equipment that as essential to reduce ASGM impacts on
biodiversity (Aldous et al. 2023).
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The findings are multifaceted and therefore require cross-
sectoral and multistakeholder action. In an international
context of binding legal instruments, the ratification of the
Minamata Convention on Mercury is crucial. Implementa-
tion of the Convention would include, among others, the
formalization of the ASGM sector, and the development
and delivery of training and awareness campaigns on the
use and management of mercury, contaminated sites, and
mercury-free alternatives. At the same time, linkages with
the implementation of the Convention on Biological
Diversity and the new 2030 targets of the Kumming-
Montreal Global Biodiversity Framework, with a focus on
target 7 on pollution, should be explored. Recommenda-
tions include the implementation of conventions on che-
micals that aim to protect human health and the
environment, namely the Stockholm Convention (Persistent
Organic Pollutants), the Rotterdam Convention (Prior
Informed Consent Procedure for Certain Hazardous Che-
micals and Pesticides in International Trade), and the Basel
Convention (Control of Transboundary Movements of
Hazardous Wastes and their Disposal) as they provide key
guidance for safely managing hazardous substances and
their wastes.

Better understanding the science behind the behavior of
mercury from its use in gold amalgamation to its entry into
the environment, wildlife, and the food chain remains a
priority to support effective and systemic implementation of
binding instruments. Further in-depth research suggested in
documents reviewed (Omara et al. 2019; Rahm et al. 2017;
Espinosa and Beyeler 2021; Schon-Blume et al. 2021)
notably include:

e A better understanding of the biogeochemical cycle of
mercury in tropical ecosystems, including the physico-
chemical (pH, organic carbon, conductivity, etc.),
geochemical, and biological processes and factors
governing the transformation of elemental mercury
(HgO) into its inorganic and organic forms and their
bioaccumulation, is fundamental to further characterize
mercury speciation in the ASGM sector. This is a
prerequisite to better understand methylation and
demethylation processes, elemental mercury dispersion,
transformations and bioaccumulation which in turn will
contribute to improved approaches for preventing
pollution of ecosystems and contamination of the
food chain.

e Where relevant, analysis of the effects of the presence of
trace elements (lead and arsenic, among others) in the
premises of ASGM sites on mercury fluxes in water,
sediments, and soils can increase information on the
reactions between these different chemical elements in
the environment.

e More data are needed on the concepts of sensitivity, risk,
and threats of contamination to aquatic and terrestrial
species by mercury from gold mining (Aldous et al.
2024). This knowledge would contribute to better
preservation of protected areas and regular, targeted
monitoring of the state of ecosystems, ASGM activities,
and the introduction of appropriate monitoring and
control measures to the national, regional, and local
context to reduce the direct and indirect impacts of
ASGM practices on ecosystems as well as fish and
wildlife. Identification of key biotic indicators by biome
and geographic area of interest will improve assessment
and monitoring cost efficiencies (Evers et al. 2024).

e Improved research, dissemination, and large-scale
implementation of economically viable and sustainable
best practices and concepts for decontamination,
reclamation, rehabilitation, and restoration of sites
abandoned after the extraction of gold.

Particularly with regard to the Minamata Convention,
concerned Parties are encouraged to develop and implement
their NAPs that should consider: (1) the legal and regulatory
framework, including enforcement of application measures
and possible sanctions; (2) the formalization of the ASGM
sector, along with the planetGOLD Criteria for Environmen-
tally and Socially Responsible Operations (planetGOLD.
2021) to assess the feasibility of sustainable formalization of
the ASGM sector according to the characteristics and context
of each country, region, and locality; (3) the adoption of
sustainable alternatives and practices for the use of hazardous
chemicals such as mercury; (4) the implementation of appro-
priate remediation methods and techniques; and (5) reclama-
tion and restoration of degraded sites due to mining activities.

Promoting a multistakeholder approach would enable the
technical, scientific, socio-economic, and legal aspects
necessary for the greening of the ASGM sector to be con-
sidered. Each identified stakeholder should have defined
roles and responsibilities to ensure inclusive initiatives
towards a sustainable reduction of the impacts of ASGM on
biodiversity. Figure 5 summarizes key recommendations
extracted from the review.

Summary

ASGM is widely practiced in rural areas of developing
countries. Although this activity does not generate the most
significant impacts compared to other anthropogenic activ-
ities, it does considerably affect the environment, biodi-
versity and, by extension, ecosystem services. As such, the
future of ASGM and that of the surrounding ecosystems and
wildlife appear to be closely linked, even more so now that
mining activities represent a considerable source of income
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Improve scientific
research, knowledge,
and data production

Pursue further understanding of the
biogeochemical cycle of Hg;

Investigate the methylation and
demethylation processes governing
HgO transfarmation into MeMy;

Conduct more in-depth studies into
the contamination of aquatic and
terrestrial ecosystems by mercury
from ASGM activities;

Analyre interactions between Hg and
cyanide, but also other trace elements
{e.g., lead, arsenic);

Further characterize the concepts of
sensitivity, risk, and threats to aquatic
and terrestrial wildlife;

Improve knowledge on site
restoration.

Strengthen legal,
institutional, and

regulatory frameworks

Develop an averview of local and
national legal instruments, institutional
capacities, and implementation
measures related to ASGM, Hg use,
and biodiversity;

identify gaps, needs, and challenges
for integrating Mg management, best
practices in the ASGM sector,
biadiversity preservation, as well as
tailings/waste management and site
remediation;

Encourage the implemetation of
relevant international/regional legally
binding instruments;

Develop appropriate tools to update
existing frameworks according to
needs and international frameworks
ratified;

Putin place monitoring and control
Measures Lo ensure appropriate
application of revised tools.

For NAP countries, foster
the implementation of

national strategies

Eliminate worst practices and reduce
Hg emissions and releases;

Sustainably formalize the ASGM sector,
cansidering initiatives for restoring
mined areas;

Imprave public health capacities with
regard ta ASGM related effects ;

Prevent the exposure of vulnerable
populations, including best practices to
preserve the environment and wildlife;

Disseminate relevant information on
the ASGM sector and mercury use, and
their impacts on human health, the
environment, and biodiversity, and the
importance of integrating those
matters into national and local
framewarks.

Cross-cutting recommendations

« Minamata Convention on Mercury

«Canvention on Biological Diversity

*Stockholm Convention on Persistent Organic Pollutants

s Rotterdam Convention on the Prior Informed Consent Procedure for Certain
Hazardous Chemicals and Pesticides in International Trade

*Basel Convention on the Control of Transboundary Movements of
Hazardous Wastes and their Dispasal

Consider existing
multilateral
environmental
agreements

« Scientific community, research institutes, academia

*1GOs, NGOs

*Governments of producing countries {including local authorities), mining
praducers, financial institutions, refiners, industrial users and retailers

« Civil saciety

Involve relevant

stakeholders

B 5 * Awareness-raising on practices in the ASGM sector, on the use of Hg in
Ensure information ASGM
sharin g *Training and education an interelstionship between ASGM and biadiversity
« Dissemination of best practices to reduce impacts on ecosystems

Fig. 5 Overview of recommendations extracted from the global literature review
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for rural communities. For multiple reasons including
improved living conditions and complementarity with
agricultural activities, people are turning to mining, often to
the detriment of the environment and biodiversity. As a
result, deforestation, soil degradation, loss of habitats,
contamination of soils and waters by chemicals including
mercury, and changes to the turbidity of aquatic systems
lead to the loss of biodiversity and ecosystem services.
Additionally, legal, and institutional frameworks in place,
and the lack of knowledge and pertinent capacities for
sound mining activities are not conducive to preventing and
reducing above-reported adverse effects.

As such, this literature review highlights the importance
of informed initiatives to preserve the environment and
wildlife where possible, and otherwise reduce and/or
remedy the impacts of gold mining on associated ecosys-
tems. In the context of ongoing and future actions, the
ratification and application of relevant MEAs, particularly
the Minamata Convention on Mercury and the Convention
on Biological Diversity (CBD) is crucial. In doing so, the
implementation of national strategies through a multi-
stakeholder approach combining scientific and local
knowledge, as well as visualization tools, awareness raising,
and capacity building would be key drivers towards mini-
mizing biodiversity loss resulting from ASGM activities.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1007/s10646-024-02748-w.
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