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Preface to "Artisanal and Small-Scale Gold Mining

(ASGM) Related Environmental and Health

Problems"

Artisanal and small-scale gold mining (ASGM) activity has been undertaken in developing

countries for socio-economic reasons; however, it accounts for the largest anthropogenic source

of mercury (Hg) emission, releasing over 700 metric tons into the atmosphere, in addition to

approximately 800 metric tons into land and water annually, exposing both ASGM miners and nearby

communities to the mercury. Moreover, heavy metals other than Hg have been released into the

environment as a result of the ASGM process. Therefore, ASGM causes environmental disruption

and health problems not only in ASGM communities but across the whole nation too because of the

risks it poses.

Several studies related to Hg pollution caused by ASGM activity and its impact on the

environment and health have been published; yet, there is a need to explore the hazards of ASGM

due to the nature of this global problem.

Therefore, we initiated this Special Issue to explore research related to the environmental and

health problems posed by ASGM across the world, as well as its economic impacts and the proposed

sustainable solutions to ASGM problems. A total of 20 papers are published and introduced in this

book, covering regions including Southeast Asia, South America, and South Africa, in addition to

papers covering more general ASGM issues.

Southeast Asia

Indonesia is known as the country with the most prevalent ASGM activities in Southeast Asia

(SEA). The first paper describes the ASGM profile of Indonesia in a narrative literature review,

including the Hg problem, occupational hazards, the environmental and health impacts caused by

ASGM, and recommendations on the management of the ASGM sector of Indonesia.

The second and third papers investigate the transformations of roving camp-type ASGM

activities in Katingain Regency, Central Kalimantan Province, using the Sentinel-1 time-series dataset,

with the results are expected to contribute to environmental governance actions.

Additionally, this Special Issue included seven papers on research conducted using multiple

approaches to analyze ASGM in Gorontalo Province, Indonesia. Papers four and five assess the

transformation of camp-type ASGM in Bone Bolango Regency using remote sensing imagery and

field surveys. These findings shed light on the community’s socio-environmental pollution, allowing

for better environmental governance. According to the findings of paper six’s household survey

of rural villagers residing close to ASGM in Bone Bolango Regency, diverse choices about work

prospects are found to be useful in delinking reliance on ASGM, decreasing health hazards and

improving the rural villagers’ livelihoods. Paper seven reports on river basin sediment contamination

with toxic elements at ASGM sites, such as Hg, zinc (Zn), lead (Pb), and arsenic (As). Paper eight

suggests P. vittate as a bioindicator for assessing the environmental pollution caused by Pb and

Hg. Moreover, paper nine examines the atmospheric Hg attachment to tree bark and finds that

the tree types employed in the study may be used as biomonitors of atmospheric Hg pollution in

ASGM regions. Finally, paper 10 explores geomedical science using geogenic samples, hair samples,

and health evaluations, and finds that geogenic concentrations of specific components match their

accumulation.

Myanmar is also a SEA country with abundant ASGM activities and high Hg usage due to poor

ix



national ASGM sector management and little environmental and health research, aggravating the

problems. Paper 11 presents a case study conducted during the COVID-19 pandemic, providing

the first transdisciplinary online health assessment of the ASGM community of Mandalay Region,

Myanmar, which is suggested as an effective regular long-term health assessment of the residents

following the physical health surveys in ASGM areas.

Paper 12 reviews the Hg pollution in ASGM areas of Myanmar and some other SEA countries,

exploring the severe Hg contamination characteristic of the ASGM process, specifically the gold

amalgamation stage. Paper 13 summarizes the ASGM profiles of SEA countries and the consequent

environmental, community health, and socioeconomic problems, introducing a sustainable approach

to alleviate severe ASGM issues and improve environmental governance and community health in

ASGM communities in SEA.

South America

Four studies focused on various regions of South America—Ecuador, Brazil, and Peru—are

included in this Special Issue. Paper 14 investigates the possible composition and distribution of

toxic element contamination in various metallic deposits, primarily from ASGM districts throughout

Ecuador and a major oilfield in the Ecuadorian Amazon basin, as well as how mismanagement of local

mines and petroleum exploitation projects results in environmental degradation. Paper 15 evaluates

the sustainability of cocoa growing in the mining district of Ponce Enriquez, Ecuador, in connection

to mining operations, which may pose health concerns to humans and the environment.

Paper 16 proposes a methodology to quantify the average economic health impact of the

extraction of gold by ASGM in Brazil, converting it into monetary losses. This method can assess

ASGM’s environmental impact.

Paper 17 analyzes the amount of methylmercury that people in the headwaters of the Manu

River and Manu National Park in southwestern Peru are exposed to. The paper also looks into the

link between people’s exposure to methylmercury and the functioning of their brains.

South Africa

Paper 18 represents a case report derived from a cross-sectional study of Pb exposure in

incarcerated juveniles in greater Johannesburg, South Africa, and argues that illegal gold mining

has a negative impact on the livelihoods of young males, with particular attention paid to education,

health, and violent behavior.

General

Paper 19 is a bibliometric analysis on artisanal and small-scale mining (ASM), showing that the

current research from 2010 onwards has focused on (i) the social factors affecting ASM, (ii) the effects

of ASM on the environment, (iii) Hg contamination and its effect on health and the environment,

and (iv) ASM as a livelihood. Ecotourism in artisanal mining regions has also become a major trend

in the last decade, promoting sustainable development as well as the preservation and utilization

of geological and mining heritage. In paper 20, which is a systematic review, the authors argue

that occupational Hg exposure seriously affects miners’ health and wellbeing, possibly resulting in

neuro-psychological disorders, including ataxia, tremor, or memory problems; however, the major

reported symptoms of the previous studies were largely unspecific, such as hair loss or pain.

To summarize, these Special Issue studies posit that: (1) ASGM activity using toxic elements,

such as Hg and cyanide due to the lack of legal enforcement on ASGM sector, is still widely practiced

as an alternative livelihood in rural areas in many countries around the world; (2) ASGM has a

negative impact on environmental ecosystems, causes occupational health problems for miners, and
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causes chronic health disorders in both ASGM communities and those living far from ASGM areas.

However, some studies explore the specific potential bioindicators of environmental damage caused

by ASGM to suggest sustainable solutions to its severe environmental and social problems.

We are grateful to all the authors for their important contributions, as well as Darija Žilić at MDPI

for facilitating the publication of this Special Issue. Our thanks go out to everyone who took part in

the studies and to the workplaces that allowed us to study.

Masayuki Sakakibara, Win Thiri Kyaw, and José Luis Rivera Parra

Editors
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Abstract: Indonesia is host to a long history of gold mining and is responsible for a significant
contribution to world gold production. This is true not only with regard to large gold mining
companies but also to small-scale mining groups comprised of people and enterprises that participate
in the gold industry of Indonesia. More than two thousand gold mining locations exist in present day
Indonesia. Artisanal and small-scale gold mining (ASGM) sites are spread out across thirty provinces
in Indonesia, and have provided work opportunities and income for more than two million people.
However, the majority of ASGM activities use rudimentary technologies that have serious impacts
upon the environment, public health, and miners’ safety, which in turn generate socio-economic
impacts for people residing around the mine sites. Moreover, many ASGMs are not licensed and
operate illegally, meaning that they are immune to governmental regulation, and do not provide
income to the regions and states via taxes. The possibility for more prudent management of ASGM
operations could become a reality with the involvement and cooperation of all relevant parties,
especially communities, local government, police, and NGOs.

Keywords: Indonesian gold mining; ASGM; illegal mining; environmental and health impact

1. Introduction

Community mining has been practiced throughout Indonesia for hundreds of years
and is facing an even greater increase in activity in the present day. Indonesia is included in
the top ten gold producers worldwide (with production in December 2020 alone reaching
130 tons) [1,2] and is host to large number of artisanal and small-scale gold mining (ASGMs)
businesses and operational facilities. The definition offered by Wiriosudarmo (1999) in
Prabawa (2020) [3] states that ASGM can be interpreted as any mining operation whose
investors and participants are common people or belong to the local community themselves.
Simultaneously, the Ministry of Environment and Forestry (KLHK) regulation defines
ASGM as gold mining which is conducted by individual miners or small enterprises with
limited capital investment and production. ASGM actors generally operate without a
license and exploit marginal gold reserves located in remote areas with hard-to-reach
access, such as protected or preserved forests, or even conservation areas. In some regions,
however, the activities of ASGMs have also been found to be conducted in the middle of
residential areas [4].

There are two types of ASGMs in Indonesia: one is licensed ASGM and the other is
unlicensed ASGM. Most ASGM activity in Indonesia still operates illegally, because they do
not possess a license permit from the government. Illegal ASGM is considered detrimental
to the state because they are unlicensed, do not pay royalties, cannot be regulated, and

Int. J. Environ. Res. Public Health 2022, 19, 3955. https://doi.org/10.3390/ijerph19073955 https://www.mdpi.com/journal/ijerph
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contribute to damage to the environment, as well as adverse health impacts caused by the
use of mercury.

The existence of ASGM also has an impact on micro-businesses’ development. ASGM
activities are considered as occupying the informal sector, and as a means to provide job
opportunities and sources of income [5–8], especially in light of the current COVID-19
pandemic [9,10]. At present, approximately two million people depend on ASGM activities
for their living expenses, spread out across thousands ASGM locations in various regions of
Indonesia [9]. The Ministry of Environment and Forestry states that such mining activities
do not require special training. Many rural communities choose to make a living as miners
or they combine farming and mining in order to subsidize their income. It is difficult for
miners who earn money from processed gold taken from mining activities to move to other
livelihoods. Such mining practices are becoming more widespread, strengthening in line
with democratization and improvements in human rights awareness [11].

Most of the ASGMs in Indonesia use a traditional method utilizing mercury amal-
gamation in the gold extraction process. However, the use of toxic mercury results in
severe environmental and health problems. Many alternatives to the harmful mercury
amalgamation have already been studied [12].

Sustainable development in gold mining has received a great deal of attention in the
last decade, including the legitimate Community Mining Area/WPR (Wilayah Pertambangan
Rakyat) promoted by the government. However, implementing sustainable development
in this industry has become a complex dilemma. Research on the potential for other
types of business income is needed to ensure a legal, but sound livelihood for the miners.
In order to minimize the amount of illegal ASGM activity, it is considered effective to
organize mining actors into co-operatives and provide financial assistance. This would
involve supporting them in switching to other types of businesses, whilst also providing
environmental education with regard to the negative effects of mercury use and adapting
appropriate technology to be used in its place.

In this article, we will set out a review of ASGM in Indonesia based on the papers that
have been published in Indonesia and other countries regarding ASGM in Indonesia. In
the last section, the author will propose that the problem of illegal mining and the dangers
of mercury use that accompanies it can be resolved by the various parties concerned.

2. History, Location and Production

Indonesia has a very long history of gold mining (Table 1).
For quite some time, many local people have been engaged with gold mining in

Indonesia in line with customary law; that being that rights related to gold mining are
combined with the rights to possess land. Historically, inhabitants of the land offered
payments to the chiefs, who provided permits to their communities to cultivate the land
and develop forests. Gold mining rights took the same form as this. However, it was the
1899 Dutch East Indies Law that denied these customary mining rights (Table 1). This
made it possible for European companies to operate by establishing a mining concession,
proclaiming that the rights of landowners do not extend to the mineral reserves.

The customary idea that land right holders also have mining rights was continuously
denied even after independence. For example, the 1967 Basic Mining Law stipulates that
all underground reserves are controlled by the state (Table 1). ASGM managed by local
communities, formed of small, mutually supported businesses that use simple tools for
their livelihood, are stipulated to only gain rights to proceed with their activities upon
being granted a license from the government. The dispute which has arisen between the
customary idea that land right holders can mine and the national law that mining is allowed
only when in possession of a government-issued license persists to the present day. Even
now, a large number of ASGM actors are not licensed, but they believe that mining rights
have been customarily granted. As such, this disagreement could be described as being at
the heart of the widespread problem of illegal mining conducted by many ASGM actors.
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Table 1. History of Active Mining and Law in Indonesia.

Year Location and mining operation/activity Law

8th century AD
(Hindu Period)

* West Kalimantan [13,14]
* Sumatera
* Java

1669–1928 * West Sumatera: Salido Ketek -

1760–1880 * West Kalimantan: Landak (China District) by
Chinese immigrant [15] -

1850–1899 * North Sulawesi: Bukit Mesel (1850)
*Bengkulu: Lebong (1896) by Lebong Goud Syndicaat

* 1899: A mining law called the Indische
Mijnwet Staatsblad was issued [16].

1910–1939

* Bengkulu: Simau (1910), Salida (1914), Lebong
Simpang (1921) and Tambang Sawah (1923) [17,18]
* West Sumatera: Tambang Manggani (1913), Belimbing,
Gunung Arum (1935), Muarasipongi (1936)

-

1940–1941

* West Java: Cikotok (1940)
* Riau: Logas, Kuantan Singingi [19]
* North Sulawesi: Tapaibekin & Ratatotok (1940) [20]
* Aceh: Meulaboh (1941)

-

1950–1959

Most of the people’s mining is active:
* Bengkulu [21]
* Kalimantan
* North Sulawesi
Mining company (State Company Antam):
* South Banten: Cikotok
* Riau: Logas

* 1959: Law Number 10 of 1959 was
issued regarding the cancellation of
mining rights.

1960–1967 -

* 1960: Indische Mijnwet was replaced by
Government Regulation in Lieu of Law
Number 37 of 1960 concerning Mining [22].
* 1967: the Foreign Capital Investment
Law was introduced, together with the
New Mining Law Number 11.

1972–1989
* Papua: Ertsberg, (1972 & 1980), Grasberg (1989)
* Banten: Cirotan, (1978)
* Central Kalimantan Ampalit (1988)

-

1991–1998

* North Maluku: Lerokis (1991), Kali Kuning (1994)
* East Kalimantan: Kelian (1992)
* Central Kalimantan: Gunung Muro (1994),
Mirah (1995)
* West Java: Pongkor (1994)
* North Sulawesi: Messel (1995)
* North Sumatera: Martabe (1997)
* NTB: Batu Hijau (1998) [23]

* 1992: Government Regulation Number
79 of 1992 concerning mining permits from
the Minister of Mines was issued [24].

2000–2020

* North Maluku: Gosowong (2005), Buru Island [25,26]
* East Java: Tambang Tujuh Bukit, Banyuwangi (2017).
* West Nusa Tenggara: Prabu Village, Lombok Regency
(2011) [27]

* 2001 & 2004: Government Regulation
Number 75 of 2001 and Law Number 32
of 2004 on local government explaining
the mining management authority is on
the local government.
* 2009: Law number 4 of 2009 was issued
regarding mining [28].
* 2014: The enactment of Law number 23
of 2014 concerning the revocation of
mining management authority at the
district/city level.
* 2020: Law number 3 of 2020 concerning
the transfer of mining management
authority from the provincial government
to the central government [29].
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We would argue that it is necessary to approach this problem by respecting the opin-
ions of the inhabitants and recognize customary mining rights, rather than convicting
ASGM actors as illegal miners. In fact, the 2009 Mineral and Coal Mining Act also states
that mining activities conducted by communities in the area will be given priority as a Com-
munity Mining Area, as well as proposing to promote safe mining through cooperatives.
In this way, what is needed is an approach that grants advantages to the local communities,
paving the way for the regulated development of ASGM that would allow communities to
make the best use of the reserves present in the area.

Gold mining takes place in almost all of the islands comprising Indonesia (Table 1).
This is in part due to the existence of bountiful gold deposits along the western segment
of the Sunda-Banda Neogene Arc, extending from Sumatra in the north, across Java, and
continuing to Maluku in the east [30].

ASGM activities have continued to increase quantitatively and qualitatively since the
reforms for democratization and decentralization were introduced in 1998. According to
data from the Directorate General of Mineral and Coal of the Indonesian Ministry of Energy
and Mineral Resources [31], the number of illegal ASM (artisanal and small-scale Mining)
including gold mining operations as of August 2021 amounts to 2645 locations spread
across thirty provinces in Indonesia, with the number varying per province (Figure 1).

Figure 1. Locations of Illegal ASGM in Indonesia. Source: Directorate of Mineral and Coal of the
Indonesian Ministry of Energy and Mineral Resources (2021).

Table 2 shows data from companies that are still actively producing with their produc-
tion, exports, and domestic consumption displayed. Figure 2 provides data of Indonesian
gold production from Statistics Indonesia and Ministry of Energy and Mineral Resources
(Figure 3), so that the graphs can complement each other, such as data in the year 2016
which is not available in Statistics Indonesia. Vice versa, data before 2015 can only be
obtained from Statistics Indonesia.
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Table 2. Top 15 Gold Companies.

Company Name Production [ton] Export [ton] Domestic [ton]

Antam Co. (UBPP Logam Mulia) 44.13 17.60 13.70
Freeport Indonesia 28.01 11.63 19.51
Agincourt Resources 12.17 11.93 0.00
Tambang Tondano Nusajaya 6.8 7.03 0.00
Nusa Halmahera Minerals 5.1 5.55 0.00
J Resources Bolaang Mongondow 2.6 2.78 0.00
Indo Muro Kencana 1.92 1.87 0.00
Amman Mineral Nusa Tenggara 1.73 0.83 1.17
Bumi Suksesindo 1.56 1.56 0.00
Antam Co. (UBPE Pongkor) 1.42 1.05 0.00
Meares Soputan Mining 1.33 1.34 0.00
Natarang Mining 0.9 0.74 0.00
Kasongan Bumi Kencana 0.86 0.86 0.00
Sago Prima Pratama 0.49 0.49 0.00
Sultan Rafli Mandiri 0.01 0.00 0.00

Figure 2. Indonesian Gold Production (Source: Statistics Indonesia).

Figure 3. Gold production in Indonesia (Source: Ministry of Energy and Mineral Resources).

The oldest producer in Java, ANTAM Co., was established as a state-owned enterprise in
1968 through the merger of several national projects and mining companies. Lately, there are
also local governments that conduct gold mining activities together with private companies
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via share ownership, for example the South Tapanuli Regency Government and the North
Sumatra Provincial Government in gold mining areas around Martabe, North Sumatra.

Information on the production costs of ASGM in 2012 and 2021 can be found in Table 3.
It appears that the selling price at the location increased in line with the increase in world
gold prices.

Table 3. Gold Cost Production of ASGM.

Year Cost Production
[Rp./gram]

Gold Price
[Rp./gram]

Profit
[Rp./gram]

1 US Dollar
(December)

Reference

2012 78,400 250,000 171,600 9670 Anang Suherman [32]
2021 100,000 500,000 400,000 14,266 Prabawa [3]

3. Illegal ASGM

Unlicensed ASGMs, also known as PETIs in the Indonesian language, are operated by
individuals or groups of people, sometimes conducted as a side business (Figure 4). One
study shows, however, that due to increasing economic needs, illegal mining ventures are
gradually being transformed from secondary businesses into main businesses [15]. One of
the driving forces behind the increase in illegal ASGM is the excessive proliferation of gold
mining companies competing in the same location [20,33].

Figure 4. Illegal ASGM location in Buru Island, Maluku Province.

Illegal ASGM is illegal according to Article 158 and Article 160 of the Law of The
Republic of Indonesia number 4 of 2009 on Mineral and Coal Mining [28]. However,
enforcement against illegal mining presents a significant dilemma for law enforcement
officers. Raids and crackdowns on illegal gold mining have been conducted, but have
not been shown to cause a deterrent effect for the actors. This is partly due to a lack of
awareness surrounding the impact caused by illegal gold mining on the environment and
human health. Moreover, the existence of illegal ASGM is directly related to the social and
economic problems of the impoverished communities living around mining areas. In total,
77% of illegal ASGM miners reported that they experienced an increase in their general
welfare thanks to illegal mining activities [6].

Throughout many generations, there has arisen a number of factors that have enabled
the existence and increasing expansion of illegal ASGM practices. Firstly, the capital
required to participate is relatively small. The businesses are conducted using simple
(traditional) technologies, namely mercury or a combination process utilizing mercury and
cyanide. Socio-economic factors such as limited employment opportunities, as well as the
significant financial benefits offered by ASGM provide an attractive incentive for miners to
engage in such illegal modes of business. These businesses have several characteristics in
common, such as non-compliance with mining laws and regulations, lack of supervision
frameworks, and resistance to law enforcement. Businesses often act under the knowledge
that the process of obtaining a mining license is one fraught with complicated bureaucratic
procedures, tending to incur high costs [6,15,34].

On the other hand, the unregulated development of illegal ASGM results in several
negative consequences, such as: environmental degradation as a result of mercury use,
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changes in landscapes, forest/soil damage, water pollution, poor handling of mining
waste due to the rudimentary skills used, issues related to health, mining accidents, high-
interest illicit banking, monopolistic illicit trade, loss of state revenue, violation of the
official taxation system, social vulnerability, disturbance of the community, legal abuse,
unfavorable investment climates, security disturbances [15,35–38], and threats towards
biodiversity [39,40]. Examples of such impacts, among others, have occurred in Mount
Botak (Maluku), Lebak (Banten), Solok (West Sumatra), Poboya (Central Sulawesi), and
in other regional locations in North Sulawesi, such as Ratatotok, Lanut, Lolayan, and
Dumoga [5,41,42]. The large scale of illegal mining activity has been shown to pose serious
threats to the health and socio-economic living conditions of communities situated around
the mining sites [3,43,44]. Such threats have presented themselves continuously since the
establishment of illegal ASGM sites.

According to Khotami (2020) [45], illegal ASGM also results in damage to food re-
sources, as well as to breakdowns of established social order and discipline. However,
the cooperative relationship between mining workers and investors is quite close, mutual
trust, responsibility, tolerance, and prioritizing the attitude of kinship and mutual need for
each other [46]. Additionally, in mining areas, located far from the reach of government
supervision, the level of community income remains low and such conditions have been
inherited from generation to generation due to mining activities that do not prioritize
aspects of sustainable development [45,47].

The issues surrounding illegal mining is very complex in nature, so ideally any policy-
based attempts to regulate illegal ASGM should be directed through a social approach that
acknowledges the needs of the community, in conjunction with the need to enforce law.
Extension programs or guidance administered to local communities are needed to overcome
this problem. The level of control conducted by the authorities must be intensified so that
the illegal miners (gurandils in local language), money brokers, owners, and investors
(cukongs in local language) who operate in areas rich in gold mining do not run rampant.
Illegal mining provides many benefits for the laborers, but even more so for the owners, as
the exploitation of illegal miners offers significant profit opportunities for such secondary
and tertiary parties. According to the accounts of several laborers, finances are often
handled by unscrupulous persons, so that their mines can be operated securely, beyond
the reach of the law. For each deposit, an allowance of two sacks of stone containing gold
is allotted per hole. The value of each, however, does not necessarily depend on the gold
content itself.

However, law enforcement and the forced closure of illegal ASGMs has had a signifi-
cant impact on social security. According to residents of Lebak Regency, Banten, almost
99 percent of the people in their village work as an illegal miner. According to accounts in
the community, since the closure of illegal mining facilities cases of motorcycle theft and
other types of petty crime began to rise within the village. Apparently, this increase in crime
is related to the population of illegal miners who have been left unemployed following the
dismantling of unlawful sites.

From the aspect of law enforcement of illegal ASGM, this has become a serious
dilemma, as it spans multidimensional factors such as social, economic, and legal aspects
involving employment and poverty, as well as violations of law, so it is necessary to have
policies that are able to accommodate such complex and wide-ranging problems [48,49].
Redi (2016) states that illegal mining law enforcement policy solutions should make policies
based on cost and benefit analysis to ensure the achievement of the policy. Law enforcement
officers and related officials must prioritize non-penal policies through monitoring and
coaching small-scale miners towards a more legal form of mining [6].

Some more specific solutions include social outreach and education programs about
the impact of illegal gold mining activities on the community, in conjunction with coopera-
tion and coordination between related agencies and community support. The regulation of
illegal gold mining can be conducted gradually and continuously, in tandem with strict
law enforcement against illegal miners (workers and investors), prioritizing the implemen-
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tation of deterrents towards local police officers suspected of being involved in extortion or
bribery [7].

The police must also play an active role in implementing repressive, preemptive, and
preventive measures towards the handling of illegal ASGM activity. However, it must also
be recognized that law enforcement faces numerous constraints in this regard, held back by
legislation, bureaucratic obstacles, lack of organizational infrastructure, as well as factors
related to community legal culture [50].

As an example, by utilizing sufficient preventive and repressive measures, the Landak
Police Department stated that the handling of illegal gold mining by the Landak Resort
Police was met with some levels of success [43]. Similarly, the investigation into the criminal
activity of illegal ASGM in South Solok Regency carried out by the Regional Police Special
Criminal Investigation Directorate West Sumatra, based on the data obtained, was deemed
to be moderately effective [51].

Based on one of the author’s experiences in collecting primary data as the head of the
West Papua police region in 2016–2017, the head of the Maluku police region in 2018–2019,
and the head of the North Sulawesi police region in 2020, it was found that there are four
levels of capability designated to a police region in the handling of illegal mining (Table 4).

Table 4. Designated levels granted to police regions in their combat against illegal ASGM.

Level Leniency Bribery Enforcement Success Future Outlook

Level 1 Permits illegal
ASGM activity Accepts illegal levies N/A Unchanged

Level 2 Does not permit illegal
ASGM activity Does not accept illegal levies Poor Little change

Level 3 Actively enforces against
illegal ASGM activity Does not accept illegal levies Successful

Illegal sites closed,
but no steps towards
legalization of sites

Level 4 Actively enforces against
illegal ASGM activity Does not accept illegal levies Successful

Groundwork laid for the
transformation of illegal

sites into legal,
community-operated ones

As shown in the table above, the effectiveness of a police region’s measures in enforcing
against illegal AGSM can vary widely and is measured based on a number of interlinking factors.

Given the wide range of socio-economic factors that underlie it, one could argue
that illegal ASGM activity will continue indefinitely. Millions of people depend on the
labor it provides [52,53] and many regions rely on the large revenues from the mining
business, including the state’s revenue generated from the acquisition of mineral resources.
Illegal mining continues to operate in the Merangin, Sarolangun, Bungo, and Tebo mining
areas in the Jambi Province, because the communities there view it as an expeditious
method for generating profit. Such labor is easily accommodated by those who stand to
benefit in the gold industry and is rendered secure by officers who are bribed to provide
security and government officials who enforce regulations loosely [54]. As a result, more
radical strategies are urgently needed to reorganize unlicensed mining activities, through
improved management and environmentally friendly mining sites.

4. Impact of ASGM Activities

4.1. Mercury Problems

For ASGMs throughout various countries, the primary method by which gold is recov-
ered during the mining process is via the use of mercury, usually in very high quantities.
More than 1000 tons of mercury used in mining activities are released into the environment
every year, and an estimated 10–19 million people are at risk from mercury exposure
globally [55]. This problem is particularly exacerbated in many developing countries.
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Almost all ASGMs in Indonesia use mercury to separate gold from ore in the amal-
gamation process. The mercury and gold precipitate to form a mercury–gold amalgam,
which is then heated at high temperatures. Finally, the gold is extracted via evaporation
of the mercury. Primary gold processing via the mercury method is less efficient, as it
can only distill 10–40% of the contained gold [56]. Due to this, many miners conduct
further processing using the cyanide method to extract the remaining gold from the initial
processing waste. Very often in this way, miners in several areas process waste twice with
cyanide, in order to maximize the produced quantity of gold. In several locations, it was
noted that many miners believe that cyanide is capable of increasing the quantity of gold,
whereas mercury increases its quality.

The traditional processing methods used by miners are generally only able to extract a
small amount of gold with high levels of mercury and dust (Figure 5), causing environmen-
tal and health problems not only among the active miners involved in the processing, but
also among the surrounding communities that are not actually involved in mining activities.
For instance, mercury concentrations have been found in the hair of the heads of people
living in the Tulabolo sub-watershed [57]. In addition to the elimination of mercury use,
the treatment process could also benefit from improvement, so that its productivity can be
increased and the processing waste produced can meet the accepted threshold value [30].

Figure 5. Process of grinding primary rock deposits (hard rock).

The United Nations Environmental Program (UNEP) 2018 states that global mer-
cury emissions in 2015 amounted to 2220 tons, of which 49% came from Southeast Asia,
18% from South America and 16% from Africa. The small-scale gold mining industry is the
largest contributor to mercury emissions with a total of 38% globally from 2010 to 2015 [48].
Indonesia is referred to by the United Nations as the third largest mercury emitter in the
world, after China and India. Mercury pollution by the ASGM sector in Indonesia has
increased significantly over the last two decades. For practical reasons, nearly 90% of small-
scale gold mines in Indonesia still use mercury in their processing methods. Citing research
by Ismawati (2013) in relation to mercury pollution’s effects on health, in Indonesia alone,
around 195 tons of mercury were identified to be released into the environment per year.
This amount represents 20% of global mercury emissions. Of this amount, about 57.5% of
the mercury is released into the air, 15.5% into water, and 14% into soil or sediment [58].

Mercury pollution is exposed to humans via a variety of different routes. In the
mining sector, it is poisoning due to direct exposure of workers to mercury. Outside of this,
mercury contamination makes its way into the surroundings by spreading through rivers,
agricultural damage, bioaccumulation of mercury in plants [59] which can produce harmful
agricultural products (such as rice) [60], as well as mercury pollution in the ocean and
mercury accumulation in fish [61] and seafood which is harmful to consumer health. Most
ASGM sites in Indonesia possess no reliably safe method by which to dispose of mercury
waste, resulting in miners generally depositing the waste into nearby rivers [26]. However,
the main route of exposure is from the atmosphere. People can be exposed to mercury by
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breathing contaminated air produced during the amalgam smelting process, consuming
contaminated food and through direct absorption via the skin. Mercury can cause digestive,
respiratory, skin, and kidney problems, the effects of which can be very dangerous, even in
minute quantities. At high doses, mercury can cause permanent damage to the brain and
nervous system, kidneys [62], impaired fetal development [54,63], and lung damage [64].

In Indonesia, mercury has been designated as a hazardous and toxic substance (B3)
by government regulations. Its use has been banned, and various measures have been
taken to crack down on its employment in illegal mining. The Indonesian government
signed the Minamata Convention on International Treaty in October 2013 and has ratified
The Minamata Convention on Mercury into a domestic law by Law Number 11 of 2017 in
September 2017 [65]. This commitment of the Indonesian government is carried out through
the 2019 Presidential Regulation Number 21 in the National Action Plan for Mercury
Reduction and Elimination (RAN-PPM), which aims to ban the use of mercury in ASGM as
a National Priority Program and reduce/eliminate mercury contamination in an integrated
and sustainable manner [66]. This is reinforced by the Regulation of the Minister of Energy
and Mineral Resources of the Republic of Indonesia Number 16 of 2020 concerning Strategic
Plan of the Ministry of Energy and Mineral Resources for 2020–2024 [67]. The Indonesian
government has drawn up a national action plan for the reduction and elimination of
mercury by 2030 [68]. This commitment was proven to be effective in Indonesia through
real statistical examples. Until 2020, based on the RAN-PPM report [69], efforts to decrease
the use of mercury in the ASGM sector resulted in a reduction of 10.45 tons of mercury.
This was achieved not only through the curbing of ASGM that use mercury, but also by
endeavors into the development of non-mercury-based gold processing methods.

Another important statistic to pay attention to is the increasing circulation and dis-
tribution of mercury sales in various regions. Scientists and environmental activists hope
that global restrictions on mercury trade will raise mercury prices and reduce the mercury
use and pollution involved in ASGM. However, in Indonesia, despite restrictions on global
mercury trade, increased domestic supplies of mercury have conversely made mercury
cheaper and more widely available. This phenomenon has the opposite effect of increasing
environmental pollution and exposure to mercury by miners [58]. Consequentially, more
far-reaching steps are needed by the Indonesian government to completely halt the illegal
trade of mercury entering various regions. For that purpose, it has been argued that the
government should play a more vital role in the reduction and use of mercury in small
holder mining [70].

Amalgamation and cyanidation are the two main gold extraction methods that are
currently in common use. However, these methods have a harmful impact on the envi-
ronment and the health of miners and local people. Significant research on alternative
gold processing outside the use of mercury has been carried out both on a global scale [71]
and nationally within Indonesia [12], for example, the hydrometallurgical use of chemical
solvents such as thiocyanate, thiourea, and thiosulphate. The advantages of the leaching
technique using thiosulfate reagents include less environmental damage compared to
commonly used methods and a faster dissolving process of gold compared to cyanide
solution [72,73].

While there are other methods for extracting gold, the onus largely rests upon the
miners. If the miners consider this method to be more efficient, cheap, and effective, they
will naturally move from a dangerous method to using a more environmentally friendly
and economical method. On the other hand, several problems arise in relation to alternative
methods, such as the difficulty of changing the method because new equipment must be
brought in to replace the equipment from the former method; an issue made all the more
difficult due to the remoteness of the areas in which gold mining operates. Additionally,
new methods are not easy for miners to learn and the necessary chemicals are not easily
obtained by miners.

Alternative technologies to the traditional equipment in mining that uses mercury
and other harmful materials is being sought by the government of Indonesia. Despite the
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fact that mercury is a material that is prohibited from being used in mining, the use of
mercury is still ongoing even today, because switching to alternative technologies would
incur large costs in procuring equipment that is difficult to carry out by illegal ASGM
actors. Therefore, as a solution, the author proposes the concept of Willingness to Pay, so
that the replacement to this alternative technology can be carried out immediately and the
use of mercury in illegal ASGM can be stopped. Another idea is that more licenses will be
issued by the government if simplification of the process to obtain a license is implemented
on the condition that miners must use alternative mercury-free technologies. With the
existence of TDCoP (transdisciplinary communities of practices) groups that carry out
transformative learning [74] in good mining practice, awareness of the dangers of mercury
and environmental safety and health, it is hoped that public awareness will increase.

In terms of solving mercury pollution, the author once again reiterates the use of the
concept of WTP (Willingness to Pay). This can be successful due to the fact that it is not only
miners and mining workers who suffer from the negative impacts of mercury use, but also
people indirectly related to mining, due to the effects of environmental pollution. Taking
that into account, the impact of mercury intoxication not only places an additional burden
on the victim’s family, but also on the community in general. If we only rely on the concept
of “those who pollute must pay for it”, the problem of removing mercury in mining will
not be solved; it will persist as it has up until now. However, if the cost of eliminating the
use of mercury in gold mining and the shift to mercury-free technologies is shared by all
communities in a certain region, the problem of eliminating the use of mercury will be
quickly resolved.

4.2. Environmental Impacts

Environmental pollution represents one of the most tangible adverse impacts of gold
mining activities. Illegal gold mining in particular poses a remarkably higher threat to the
environment, due to the increased danger to health and influence upon the occurrence
of natural disasters it is directly responsible for. With regard to the latter, the effects of
illegal gold mining have the potential to cause environmental damage in the long term,
taking the form of negative changes to the landscape, landslides, and erosion, as well as
water pollution in/around mining sites. A number of studies have reported upon the
contribution of ASGM to land degradation [19,42,75], river water pollution [18,74,76,77],
and soil/sediment pollution [18,25,26,36,57,78], whose conditions do not meet established
quality standards. Indonesia Government Regulation 82/2001 for mercury in river water is
0.002 mg/L and in drinking water or in the water supply it is 0.001 mg/L.

Over time, the illegal mining that has been carried out traditionally (Figure 6) in
Indonesia has resulted in damage to the agricultural land surrounding mine sites. The
stagnation of water flows often leads to irrigation channels on agricultural land becoming a
breeding ground for mosquitoes, whilst also polluting rivers and aquatic biota, ultimately
altering the soil structure present around the mines [54].

Figure 6. Gold processing sites.
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As a result of mercury being distributed in the water sediments along Kayeli Bay,
the aquatic ecosystem of Kayeli Bay has been contaminated with mercury as its biocon-
centration (accumulation) was found in the leaves and rhizomes of the seagrass Enhalus
acoroides [79]. Likewise, the concentration of mercury in sediments along the Tulabolo
River, Gorontalo Province was deemed unsatisfactory by European Safety Standards and
the water quality was found to be too close to the Government Regulation, PP82 threshold,
2001 [57]. The water and sediment mercury concentration of the Sekonyer River in the
village of Aspai, Central Kalimantan was also found to have exceeded acceptable thresh-
olds; a consequence of the boom in unlicensed gold mining which has occurred there since
1990. Additionally, the accumulation of mercury in samples of several types of fish and
shrimp from the river exceeded acceptable EPA standards [78]. Similarly, the existence of
gold mines along the Batanghari River, Dharmasraya Regency, West Sumatra has led to
severe damage to the ecosystem around the river, causing the extinction of living things in
the river and the cloudiness of the river water reaching levels that render it dangerous to
consume [36].

A study which took place in the Batang Asai District, Sarolangun Regency, Jambi
showed that the negative impacts of illegal gold mining activities resulted in not only a
decrease in the quality of water, river, sediment, and soil but also to an increase in noise
pollution, dust, forest conversion, river silting, the emergence of large holes, soil abrasion,
and the disappearance of the meranti (Shorea sp.) and damar (Agathis damara) species of
flora. Furthermore, a decline in the population of the semah fish (Tor sp.), once considered
a common species to the area, was also measured [80]. Identical conditions related to the
emergence of ground holes, loss of the semah fish population, forest vegetation decline,
river silting, and cloudy river water were also noted in Muara Mensao Village, Jambi
Province [47]. Mercury is not only found in fish and plants, livestock such as cattle in
mining areas are also contaminated with mercury [81]. Finally, a high level of mercury
contamination has been reported in various other ASGM communities throughout various
provinces, such as in West Java [82], West Nusa Tenggara [62], Gorontalo [83], Southeast
Sulawesi [84], and Buru Island, Mollucas [85].

As described above, environmental degradation from illegal gold mining exerts a
significant influence upon river water pollution that extends to irrigation dams, causing the
pollution of productive agricultural land and fisheries. Due to this, communities around the
watershed often have difficulty accessing clean water for their daily needs and fishermen
struggle to sustain their livelihoods. As such, the existence of illegal gold mining has led
to numerous social conflicts. Likewise, incidents of landslides near mining sites have also
added to the list of environmental damages and resulting social tensions [21,50].

The damage inflicted by ASGM operations has also been deemed a threat to world
heritage geological sites along the Marupa and Kahayan Rivers in Indonesia, Central
Kalimantan. Indonesia boasts a high level of biodiversity, with its tropical rainforests
and unique geological characteristics, including the presence of forests in watersheds and
mountains [40]. ASGM actors also frequently intrude and conduct activities within many
national parks [20,39]. However, illegal gold mining activities greatly imperil the country’s
biodiversity, as well as the world’s geological heritage as a whole.

From the various studies above, it is very clear that environmental safety is very
important in mining. Mining sites containing hazardous chemicals such as mercury, etc.
pose a risk to the environment. Mercury not only contaminates local mining areas, but
can also be transported by rivers into the sea and can be carried by the wind to make its
ways into plants and animals. According to several studies, traces of mercury have been
detected not only in plants and animals around mining areas, but also in the bodies of
fish, shellfish, and seaweed far from the mining site. Environmental safety is inseparably
linked to public health. Even people who are not in direct contact with mining activities
will also be affected if they eat fish or come into contact with objects which have been
indirectly contaminated by mercury. Environmental safety is also an important concern
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for post-mining sites, because such land usually cannot be repurposed as agricultural,
plantation, and fishery land for some time.

In order to combat the acidity introduced to water reserves, limestone can be added
into reservoirs so that the pH of the water in the pond increases. In addition, for mining that
has a clear post-operation plan, land surface arrangement and revegetation are conducted,
such as the closure of pyrite material at a mining site with good soil material and planting
vegetation on it so that the concentration of acid in the water is reduced.

4.3. Economic and Social Impacts

According to UNDP data, ASGM is an important source of income for Indonesia’s
estimated 300,000 miners [86]. The gold procured by ASGM producers in rural areas can
earn as much as 70% or more of the standard international price. With these considerations
in mind, people living in remote areas often view small-scale gold mining as a way out of
poverty [87]. The actors who participate in gold mining include agricultural and fishery
workers who work part-time and require additional income in order to sustain their
livelihoods. Meanwhile, for some communities, AGSM activity is the main source of
income by which to support their daily lives.

In two provinces of Nusa Tenggara (NTB & NTT), especially in Sekotong Island-
Lombok and Taliwang-Sumbawa, it is found that ASGM leads to an increase in economic
activity, employment, income, and opportunities, meaning that they are considered as
a form of positive social development [8]. However, over the generations, the lack of
socio-economic benefits received by communities from illegal ASGM activities has been
measured in the North Lebong District, Lebong Regency, Bengkulu Province [14]. In
Kuantan Singingi, it has been noted that illegal gold mining tends to bring long-term
benefits only to a limited number of actors, such as investors, and local police officers who
accept bribes [7]. The findings in the province of East Nusa Tenggara and Sulawesi revealed
however that existing mining sites there did not provide major long-term economic benefits
to local communities [44].

In a similar nature, a study into the management of the gold mine in Bakan Village,
Bolaang Mongondow Regency, North Sulawesi Province showed that the management
of the gold mine brought about both positive and negative impacts. The positive impacts
included the improvement of the miners’ immediate economic welfare, while the negative
impacts included elements of danger related to health and the environment [5].

Ultimately, though migrant miners and those involved in the mining network benefited
from AGSM activity, residents who are a part of the local community do not stand to profit
from the mining operations, and instead suffer from the damage inflicted by destruction of
their environment. In other words, any economic advantages earned from AGSM activity
comes with the price of environmental degradation, as well as social vulnerability and
injustice [21,88], including social security disturbances, and corrupt behavior [44]. It could
therefore be argued that in order to avoid the negative impacts of AGSM, miners must
operate only when in possession of a license. With a license, miners can work within strict
safety standards that are maintained by work facility management [5].

The labor management system in illegal small-scale mining varies diversely and has
no objective standards, as found in research related to small-scale gold mining in Pongkor,
West Java. The absence of a defined labor system arrangement that is in accordance with
labor standards puts mining workers at a major disadvantage. As a result, the laborers are
not entitled to equal work and employment guarantees because there is no health insurance,
safety guarantees, or regulations related to working hours [89].

From an economic point of view, mining was shown to improve the overall economy
of Dharmasraya Regency, West Sumatera communities, especially those who were in
possession of customary land rights along the banks of the river. On the other hand, the
existence of mining facilities led to increased wealth disparity between the rich and the
poor because only the owners of the capital and means of production stood to fully reap
the benefits [36].
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One phenomenon that is also commonly found is social conflict involving communities
surrounding mining areas. Conflicts between communities and private companies began
to occur in the Bogani Nani Wartabone National Park area, Bone Bolango Regency in
Gorontalo Province after the government offered work contracts to private companies to
mine gold. Even following the end of the Dutch occupation in 1940, traditional community
gold mining activities are still illegal here, even though the land that has been owned by
the community for generations will be passed on to their children and grandchildren [17].

Mining sites attract migrant miners from various regions, as seen in the example of
the mining site of Talawaan-Tatelu, North Sulawesi Province, which is visited by miners
from all over the province of North Sulawesi [78]. Disputes, or even fights between miners,
as well as factions of miners involving inter-ethnic groups, almost always occur around
mining sites. Such conditions lead to a poor sense of security and public order in the
villages around the mining sites [51,54,88].

However, the illegal mining activity in Muara Mensao Village, Jambi Province has
been shown to contribute significantly to the local economy. This is because rises in income
can lead to positive impacts in the education sector. The education levels of the younger
generation in the area revealed promising results [47].

In Perentak Village, Merangin Regency, Jambi Province, the existence of illegal gold
mining conducted by Perentak villagers has had positive implications for household
economies in the short term, but in the long term, environmental impacts caused by an
increase in unlicensed gold mining has in turn brought negative implications for the
average household economy. Any positive aspects brought about are offset by the fact that
serious cooperation is needed between the community, government, non-governmental
organizations, and the scientific community to prevent damage to natural resources in the
future. Post-treatment of land following illegal gold mining activities is one method which
could help to restore sustainable natural conditions [47]. Another would be the empowering
of the traditional community by granting a platform for local wisdom to express itself,
especially with regard to the economic disparity introduced to the community via AGSM.
Accordingly, it is necessary to pay attention to the economic needs of the community,
finding ways to provide benefits that grant advantages for the local villages [48].

ASGM is one of the economic activities that has been hit hardest by the COVID-19
pandemic. However, the COVID-19 outbreak can be used as an opportunity by which to
reconfigure public opinion towards ASGM activities, instead allowing us to view it as a
safety net during economic crises, that can act as a fallback for local economies that have
been unable to find alternative methods of income [9].

In conclusion, ASGM needs to be recognized as a formal economic sector with solid
legal foundations, in order to maximize the benefits and minimize adverse impacts brought
about by the sector. An approach which integrates the idea of sustainable mining is one
method by which to move forward, counteracting the current exploitation of natural
resources and unsustainable resource management [7].

4.4. Impact on Health and Education

Illegal ASGM is very harmful to the safety and health of workers. Every year, several
accidents occur at illegal ASGM sites. Figure 7 shows total data from registered mining
companies for all types of mining. As such, it cannot reveal data related to illegal ASGM,
only displaying statistics related to legally operated mining.

Table 5 shows that accidents that occur in illegal ASGM are very frequent every year,
caused by landslides, oxygen deprivation, and toxic gas inhalation. Therefore, it is very
important to legalize ASGM by giving illegal miners licenses so that they can be taught
how to conduct safe mining practice and minimize mining accidents in TDCoP groups
through transformative learning.
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Figure 7. Total number of accidents in mining companies including gold mining (Source: Ministry of
Energy and Mineral Resources).

Table 5. Victims of illegal mining over the last 5 years (Source: online news).

Month, Year Location
Dead, Injured

[Number of Persons]
Cause

January 2022 Atoga Timur Village, Bolaang Mongondow
Timur District, North Sulawesi 2, not mentioned poison gas

October 2021 Tumbang Torung, Kotawaringin Timur,
Central Kalimantan 6, not mentioned landslide

October 2021 Gapit Village, Sumbawa Regency, Nusa
Tenggara Barat 4, not mentioned poison gas

July 2021 Tambang Saweak, Lebong, Bengkulu 1, not mentioned landslide

May 2021 Timbahan Nagari Abai, Solok Selatan,
West Sumatera 8, 9 landslide

February 2021 Buranga Village, Parigi Moutong
Regency, Central Sulawesi 6, 16 landslide

December 2020 Taman Nasional Gunung Halimun
Salak (TNGHS) Lebak, Banten 4, 2 (missing) landslide

November 2020 Sungai Seribu, Kotawaringin Barat,
Central Kalimantan 10, not mentioned landslide

October 2020 Sekatak Buji Village, Bulungan Regency,
North Kalimantan 5, not mentioned landslide

December 2019 Pulau Baru, Merangin Regency, Jambi 4, 2 (missing) landslide

July 2019 Bakan Village, Bolaang Mongodow Regency,
North Sulawesi 2, not mentioned landslide

May 2019 Gunung Pongkor, Bogor, West Java 5, 15 landslide

March 2019 Bakan Village, Bolaang Mongodow Regency,
North Sulawesi 16,18 landslide

August 2018 Gunung Botak, Wamsait Village,
Buru Regency, Maluku 2, 2 landslide

June 2018 Bakan Village, Bolaang Mongodow Regency,
North Sulawesi 5, not mentioned landslide

June 2018 Gunung Suge, West Lombok 7, 6 poison gas

Buru Regency is one of the main areas in Maluku which experience health problems as
a direct result of the use of mercury and cyanide in the amalgamation process of traditional
gold mining [26].

Illegal mining has caused many cases of health deterioration [83,84,90] and disease
in the community [80], as well as amongst the miners themselves, stemming from the
identification of mercury traces in the miners’ bodies [91–93]. This is revealed by the
research that was conducted in Ratatotok, Southeast Minahasa Regency, North Sulawesi
Province in 2019 [58] and the accounts of a number of residents living around Mount Botak
mining area on Buru Island [85]. In North Lebong District, Lebong Regency, Bengkulu
Province, the community felt that illegal ASGM practices caused nearly 57% of all health
issues, such as coughing, lung problems, and tuberculosis [14]. Moreover, the risk of
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soil and plant contamination through mining activities has led to high concentrations of
mercury building up in the bodies of local residents within a short period of time [8].

The impact of mining activities is serious, especially in children and women, the
most vulnerable, who participate in mining or live around the mining areas of Merangin,
Sarolangun, Bungo and Tebo, Jambi Province. As illustrated in Figure 8, female laborers
in the mines working without using gloves is a common sight (Figure 8). The immediate
influence on health problems includes impaired growth and development of children living
in locations around the mine, with long-term impacts including the threat of permanent
disability and malignancy to children and the overall community [54,63].

Figure 8. Female worker at an illegal ASGM, carrying out gold processing work without gloves.

Health problems and diseases that arise in gold miners come in the form of chronic and
acute diseases. Chronic diseases caused by mercury intoxication in gold miners include the
occurrence of liver dysfunction, decreased leukocytes, paralysis of limbs, numbness, and
tremors (Parkinson’s disease). Tremors is a condition where the hands and feet are always
shaking, while the facial muscles and lips often move unconsciously. Other health problems
that arise include a lack of passion for activities (depression), difficulty sleeping, emotional
turbulence, poor memory, cramps during weather conditions, cold, and feelings of anxiety.
While the acute diseases that arise are acute poisoning, diarrhea, upper respiratory tract
infections, eye diseases, vertigo, miscarriage, and skin diseases.

In the case of childbirth, there are inhibitors to fetal development because organic
mercury from the methyl mercury form can enter the placenta and inhibit fetal development
in women who are pregnant. This can cause birth defects in the baby, damage DNA, and
interfere with blood flow to the brain, causing damage to brain tissue.

Table 6 shows symptoms of miners/inhabitants caused by mercury intoxication. Data
regarding children born under the influence of mercury intoxication are the results of
reports conducted by BaliFokus and Medicuss Foundation in Cisitu (Lebak Regency, Ban-
ten Province), Bombana Regency (Southeast Sulawesi Province), and Sekotong (West
Lombok Regency, West Nusa Tenggara Province). They found several severe mercury
intoxication suspects in adults and children. The studies were supplemented by measuring
mercury levels in hair or blood. The results showed that in some samples the internal
mercury levels exceeded the permissible standard values. There are some photos of chil-
dren suffering from synostosis, seizures, hypersalivation, short size hand, kriptorkismus,
labiognatopalatoschizis, congenital talipes, cataract juvenile, deafness, anokuli, and high
myopia [94]. Unfortunately, it is quite difficult to obtain data from the local health office, as
reports and previous studies are often incomplete and accurate.
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Table 6. Mercury intoxication and its effects on health.

Location Clinical Symptoms
Ranges

Mercury
Concentration

Remark Reference

Hulawa and Ilangata,
North Gorontalo,
Gorontalo

Bluish gums, babinski
reflex, labial reflex and
tremor

2.1–144.8 μg/g in hair
WHO standard
1–2 mg/kg

44 miners and
inhabitants got
symptoms.

Arifin, Y. et al. (2015) [83]

Bolaang Mongondow,
North
Sulawesi

Signs of bluish
discoloration of gums,
rigidity and ataxia
(walking or standing),
alternating movements
or dysdiadochokinesia,
irregular eye movements
or nystagmnus, Field of
vision, knee jerk reflex,
biceps reflex, sensory
examination, tremor

0.51–79.27 μg/g in hair
WHO standard
1–2 mg/kg

50 miners and
inhabitants Arifin, Y. et al. (2017) [91]

Kurun, Gunung Mas,
Central
Kalimantan

Easy fatigue, headache,
shaking/shivering, and
stiff joints

0.5178–10.4682 μg/g
in hair
WHO standard
1–2 mg/kg

80.5% miners got
mercury
contamination

Lestarisa, T. (2010) [95]

Talakiak
Village, Sangir, South
Solok, West Sumatera

Stiff joint disease, muscle
pain, rheumatism, aches,
foot/hand joints feel
tingling, achy, tired,
shivering/shaking, fever,
sore waist and chest
pain), and skin diseases
of
itching/itching/allergy

No data 22 miners (39%) got
symptoms Putri, G. E. (2017) [96]

Cisarua
Village, Nangung,
Bogor, West Java

Tremor, frequent tingling,
stiff facial muscles, eye
irritation, metallic taste in
the mouth, muscle aches
and spasms, thickened
skin on the palms and
soles, and headaches

0.28–68 μg/g in hair
WHO standard
1–2 mg/kg

24 miners (60%) have
mercury intoxication. Junita, N. R. (2013) [97]

Lebaksitu
Village, Banten No data

0.00–188.28 μg/L
in blood
WHO standard
(5–10 μg/L)

77.9% respondents
mercury in blood
more than 10 μg/L.

Kristianingsih, Y. (2018) [98]

Bulawa, Bone
Bolango
Regency, Gorontalo

No data

2.92–378.90 μg/L
in blood
Standard 8.0 μg/L
0.48–260.20 μg/g
in hair
Standard 2.0 μg/g

52 respondents have
mercury content in
the blood that
exceeds the standard
and 57 respondents
have mercury content
in their hair that
exceeds the standard.

Singga, S. (2013) [99]

Kayeli Village,
Gunung Botak, Buru
Regency, Maluku

No data 0.10–3.25 ppm in hair
Standard 0.5 ppm

Repondents are
inhabitants Rumatoras, et al. (2016) [85]

Education of children is often neglected at illegal mining sites, and there are often no
schools or educational facilities in many mining districts. In addition, the presence of sex
workers who make a living around mining sites holds the potential for causing a myriad of
other social problems. Overall, living conditions and general wellbeing of residents around
mining areas are often poor, meaning that a comprehensive approach would be required to
tackle the wide variety of problems being faced there.

One form of good mining practice is an environmental education and the teaching
of how to make mining tunnels that are safe from landslides, oxygen deprivation, and
toxic gases. Miners and mining workers require the use of personal protective equipment
(PPE) such as rubber gloves, masks, shoes, and helmets. Meanwhile, for owners/funders
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of illegal mining, the use of PPE compounds the difficulty, because there are many cases of
gold loss both in excavation and processing which are actually hidden in PPE equipment
by workers (interview result with owner). The use of alternative technologies prevents the
community from being affected by mercury intoxication. However, during the transition
period, while they are still using these hazardous chemicals, it is necessary to conduct
periodic health checks for miners. This routine health test should be carried out by the
Community Health Center (Puskesmas) or Health Office in the province. Our project has
established the Health Village (Kampung Tangguh Kesehatan, KTK) in the East Suwawa,
Gorontalo Province in collaboration with the local government in planning to carry out
health checks for the miners. Small groups of TDCoPs can increase communities’ awareness
by teaching more about the dangers of mining using mercury.

5. Government Role and Policy/Customary Law Involvement

5.1. Government Role and Policy

Natural resource management is inseparable from the issue of licensing illegal mining
activities. Every mining actor, both individual and enterprise alike, is required to obtain
a license as regulated in Regulation Number 4 of 2009 [28] regarding Mineral Mining in
conjunction with Government Regulation Number 23 of 2010 [100] about the Implemen-
tation of Mineral Mining. The rise of unlicensed gold mining makes it difficult for the
government to supervise. All existing regulations and laws work together to regulate the
actors of gold mining activities, in a manner which seeks to prevent permanent damage
to the environment. The combined functions of law enforcement are based on the rules
contained in Law Number 4 of 2009 with regard to Mineral and Coal Mining, UU Number
32 of 2009 [101] pertaining to Environmental Protection and Management, Government
Regulation Number 23 of 2010 [100] about the Implementation of Mineral and Coal Mining
Business Activities, and Regulation of the State Minister for the Environment Number
23 of 2008 [102] concerning Technical Guidelines for the Prevention of Pollution and/or
Environmental Damage Due to Community Gold Mining. Law enforcement is carried
out against parties involved in illegal gold mining using a number of both preventive and
repressive measures. However, when it comes to the implementation of the above policies,
the laws are very much subject to violation, especially regarding licensing issues.

Following the enactment of Law Number 23 of 2014 [103] concerning Regional Gov-
ernment, effective from October 2016, the designated roles and policies to be enacted by
local governments became far more palpable. Law Number 23 of 2014 concerning Regional
Governments emphasizes that regents and mayors are no longer authorized to assign
mining business areas and mining business permits to enterprises. That authority now
belongs only to the governor and to the central government. Prior to 2 October 2016, local
governments had the authority to prohibit and control mining activities. However, after
the new law was instated, the local government was relinquished of any authority over
mining activities in the area, which was now in the hands of the provincial government. In
reality however, far from being more regulated, mining in Indonesia is actually becoming
increasingly less controlled, and is instead experiencing rapid expansion. The latest Law
Number 3 of 2020 [29] introduced a shift in authority from the provinces to the central
government (Table 1).

Environmental damage and mercury waste pose a severe threat to the people of
Prabu Village, Central Lombok Regency, West Nusa Tenggara. The government closed this
village’s gold mining site, resulting in conflict between the government and the mining
communities [27]. The closure of this mine was ultimately ineffective, since the residents
continued to carry out mining activities in secret.

Another definitive example can be found in the case of illegal gold mining in Banyu-
mas, which has also been subject to numerous issues in relation to governmental inter-
vention. The majority of mining that takes place in Banyumas is of a traditional, and
consequentially illegal nature. In this manner, illegal mining could be said to be a form of
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vertical conflict between the community and the local government, causing dilemmas for
the local government in the prohibition and control of mining operations [88,104–106]. The
law enforcement of illegal gold mining in Banyumas Regency is implemented by forcefully
stopping mining activities in the field, sealing mining sites and seizing goods related to
mining activities [105]. In order to guarantee its success, strong cooperation between the
government, the community, and the private sector must continue and should be executed
under strict supervision.

Furthermore, support from non-governmental organizations (NGOs) is needed to han-
dle the ongoing crisis of unlicensed gold mining. The role of NGOs as an intermediate actor
allows them to act as a balancing force, offering greater empowerment to the unlicensed
miners [85,107].

Observing how institutions deal with illegal gold mining in Kuantan Singingi Regency,
Riau Province, it has been shown that the leadership role holds little sway, both formally
and informally, in supervising the activities conducted by capital owners and mining
actors. In addition, there were no regional regulations implemented that could act as a legal
umbrella over community mining. Limited resources in terms of costs and facilities, and the
remote distance of mining sites make it difficult for police to enforce control. Cooperation
is needed in institutional development between provincial and district governments, the
Regional House of Representatives and the community in overcoming the problem of
illegal gold mining in Kuantan Singingi Regency [45].

Actions taken by the government up until now include the closing of many mining
sites operated by illegal ASGM, in collaboration between the local government and the
local police. Although the closure of mining sites is not an easy task because of resistance
from the mining community, limited government officials or police, locations deep in the
jungle or on top of mountains that make it difficult due to limited access, and the presence
of people who protect the existence of illegal mining activities.

The government has a responsibility to take anticipatory steps in preventing health
problems caused by mercury and other heavy metals in the human body, especially chil-
dren living in proximity to illegal mining areas. It is important to advocate for policy
makers to construct policies that protect people’s health and prioritize environmental
conservation [54].

The problem of stopping illegal mining in Indonesia does not only concern one
governmental department. Although there are already clear regulations, it seems that
changing regulations and shifting powers would allow for various opportunities. For the
government authorities, the authors believe that cooperation between relevant departments,
police, and between local and central governments is the best solution to stop illegal mining.
Meanwhile, from the community point of view, they need certainty for livelihoods, security
and justice in obtaining natural resources around their area. The viewpoint shared amongst
illegal miners is that they do not want to be spectators in their area, where their area’s
natural resources are being exploited by companies, most of which are not from their area or
even from abroad (interview result). Due to this, illegally operated mining can commonly
be found being conducted around/adjacent to large-scale official (company) mining areas,
resulting in conflicts with the mining business license holders [15].

The current reality is that many traditional mines are located in mining company
locations. Therefore, it is necessary to make additional rules that accommodate both in the
same location.

5.2. Customary Law

Under the Indonesian Mining Law, unlicensed mining activities are considered crimi-
nal acts regulated by Law Number 4 of 2009 concerning Mineral and Coal Mining. In spite
of formal legal attempts to curb unlicensed mining, ASGM activities operating beyond
the reach of the law are still ongoing. There has in the past been cases where instances
of unlicensed gold mining were resolved using alternative, community-based legal in-
struments, in the form of customary sanctions in Kualan Hulu Village, Simpakng Hulu

19



Int. J. Environ. Res. Public Health 2022, 19, 3955

District, Ketapang Regency [108]. These customary legal sanctions against illegal mining
actors in Kualan Hulu Village were considered effective in instilling a sense of justice,
whilst achieving the objectives of the applicable law. The application of customary law
in implementing sanctions against illegal mining actors is something which could also be
adopted into the governmental mining law system in Indonesia [108].

Perhaps one of the reasons why customary law could function effectively in combatting
ASGM, is related to the trust and social capital that community leaders command, in stark
contrast to the lack of trust garnered towards government officials. Resistance can be
established from a bottom-up perspective, allowing for new internal norms to be instilled,
that can be adhered to by the community [41]. The disparity in trust between community
and government was made apparent in the granting of a mining contract of work permit
in the Central Sulawesi Grand Forest Park to a private company. This resulted in clashes
of perspective between the government and the community which ended up with the
development of an illegal mining site managed by the community.

In several villages in Indonesia, customary law (adat) plays a role in governing their
communities. Traditional customary institutions were previously able to regulate how
to manage the environment. Several villages have proven to be able to conserve the
environment by prioritizing the functions of customary institutions. In the illegal gold
mining areas of Kuantan Singingi Regency, the function of traditional customary institu-
tions in preventing environmental damage, however, has gradually weakened. Therefore,
the revitalization of customary and legal institutions is an urgent task in the battle for
environmental protection [109].

6. Prudent Management of ASGM

As described above, there are two major impacts of illegal mining on the community,
positive impacts such as increasing community economic welfare and negative impacts,
namely environmental damage and decreased health quality due to mercury intoxication.
Meanwhile, the impact to the government is the loss of income tax from mining activities
and environmental damage, the repair of which requires government expenses.

One way to tackle these effects would be through prudent management. Prudent
management of ASGM is an alternative approach which should be taken immediately
in order to prevent and reduce severe damages to the environment and food resources.
This must be realized together through a strong and integrated collaboration between
the government, the community, and the private sector. Furthermore, a strict, consistent
and non-discriminatory form of law enforcement should take place in the handling of
ASGM [36]. Such enforcement must intimately involve the relevant government institutions
and policing authorities [7,105]. This is due to the wide range of participating actors and
the complex socio-economic processes and structures which ASGM involves [109]. The
inhibiting factors faced in constructing a sustainable form of mining development are
primarily a result of the lack of legal awareness in mining communities, as well as the
rampant corruption taking place on both an individual level [43,105] and an organizational
level, especially with regard to the behavior of officers [44] who accept illegal levies.

Indeed, such incidents must be stopped and sensible management of mining must
be implemented, so that these conditions in which severe environmental damage and
the overexploitation of natural resources are permitted to occur do not persist. Mining
management begins with the regulation of unlicensed miners, which deters them from
engaging in activities at the sites and allows for the closure of the unlawful mining sites [3].

The formalization of ASGM is a demand that must be followed up immediately [9,49]
by the relevant agencies. This change in system or regulation can bridge the needs of com-
munity mining with the government that has the authority to issue and supervise mining
permits [9,49,109]. Such efforts, on the one hand, would allow miners to obtain permits
through cooperatives or associations. In addition, a strict environmental management on
the safety and health of miners, as well as environmental quality around the mine site
can also be maintained. However, the processes of legalizing community mining must
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account for strict environmental considerations and be supervised by impartial and fair
institutions [8,9,48]. Such processes must also take into consideration the perspectives of
miners and local communities [44,49] in a balanced way.

Therefore, in the case of legalizing community mining, the customary rights of in-
digenous miners must be recognized. Additionally, companies that wish to operate in a
community mining location must be able to co-exist with community miners who have
worked there for decades.

At the community level, TDCoPs (transdisciplinary communities of practices) of
small groups can be used so that the community’s perspective on good mining practice
and health can be changed through transformative learning. TDCoPs can be applied
throughout various layers of society. In the Suwawa Timur region, in collaboration with
the local government, there is a Health Village (a combination of several TDCoPs) which
aims to raise public awareness of good mining practices, mercury impacts, environmental
concerns, and community safety and health. At the Health Village, the community can
learn environmental education, especially concerning mercury and mining. This project
is available for children, elementary and junior high school students, as well as women
(Pateda, personal communication) [110].

7. Discussion

The ASGM problem in Indonesia is already an exceedingly complex one. It is however
becoming further complicated and distinct compared to the activities taking place in other
countries, because illegal ASGM in Indonesia has specific problems related to history and
makes it difficult for the government to control through regulations alone. Traditional
people’s mining that has operated since hundreds of years ago is not recognized by the
government and is considered illegal, with regulations made later and applied retroactively.
However, people who have been mining for generations or have customary rights to their
land have different opinions from the government. According to the author’s opinion,
mining customary rights of local people should be respected, and mining licenses (IPR)
should be granted to those who were actively mining before the regulations were made,
and exercised their customary rights. Miners should be organized as cooperatives that
function via rules which are compatible with government regulations, and must follow
the rules and regulations made by the government. The neglect of local people’s rights
is the most important problem that is protracting the issue of illegal mining in Indonesia.
Miners working via cooperatives would be able to employ alternative technologies that
avoid contamination from mercury. Simplifying the process of granting mining licenses
would actually be very beneficial for the government, because the government can find
out the exact number of miners who operate illegally, can urge the miners to protect the
environment and health, as well as gain significant revenue in the form of taxes. For mining
workers with low education, it is necessary to provide training to find other forms of
livelihood through transformative learning in a TDCoP group.

Even though illegal ASGM activity has been prohibited amidst a flurry of changing
regulations, community actors continue to conduct illegal ASGM. If these circumstances
do not change, the environment will suffer from further deterioration, and in the end, no
parties will benefit. The economic situation of the community around mining areas is not
improving, whilst at the same time the government cannot control the illegal ASGM.

The government cannot obtain tax revenue from illegal ASGM, since illegal ASGM
actors are not officially registered as an individual, cooperative, or company. The mining
sector is one of the biggest non-taxed sources of income for Indonesia. It is estimated that
the potential loss of state revenue in 2019 is at least USD 908,544,000 per year [111]. In
addition, the post-mining environmental damage that remains after gold has been fully
extracted from the land, without any rejuvenation measures enacted by illegal ASGM actors,
will end up as the burden of the local government. The conditions of the people who are sick
and suffer due to mercury poisoning will also become a burden to the community and will
indirectly result in losses to the local government. If the tax from mining can be procured,

21



Int. J. Environ. Res. Public Health 2022, 19, 3955

it can be used in a sustainable manner for regional development and environmental
conservation.

The above Table 7 shows a comparison between illegal ASGM and mining companies
in Indonesia. It is shown that illegal ASGM results in more losses than benefits. Therefore,
to replace current mining practices, legalization of ASGM is an urgent need. The closure of
illegal ASGM sites alone is not enough because it will eliminate people’s livelihoods. Thus,
the local government should cooperate with the central government to find the best way
to simplify the process of ASGM legalization. ASGM legalization will introduce multiple
benefits, both socio-economic and environmental. However, the reality is that not all illegal
ASGM locations can be legalized, such as activity taking place in national parks or on
land owned by mining companies. For this reason, it is necessary to provide alternative
livelihood solutions for the people affected by the illegal mining closures. One way is by
transformative learning through TDCoP (transdisciplinary communities of practices).

Table 7. Comparison between illegal ASGM and mining companies in Indonesia.

Aspect Illegal ASGM Mining Company

Legality unlicensed licensed
Number uncountable countable

Production unrecorded well recorded
Number of workers unrecorded recorded

Safety uncontrolled controlled
Health insurance without health insurance with health insurance

Environmental safety unconcerned concerned
Post-mining reclamation no conducted

Community safety unconcerned concerned
Surrounding community

economic impact direct indirect

Social impact high moderate
Taxable no yes
Conflict high high

Currently, what the government is doing to control illegal mining is the closure of
ASGM illegal mining sites and the requirement of anyone who wants to partake in mining
as ASGM to obtain a license directly from the central government (new law Number 3 of
2020). Previously, the granting of licenses was the authority of provincial governments.
The function of local governments now is to submit applications for a Community Mining
Area (WPR) to the central government. After a Community Mining Area is established, the
individual or cooperative can apply for a mining license (IPR). Many people are reluctant
to apply for a mining license because the community mining location does not contain
significant gold (information directly from miners). Especially if there is a Mining Business
Permit Area (WIUP) owned by a mining company in that area (which actually came
after the community started mining). The company is granted the area by the central
government. Thus, the Community Mining Area cannot take place in the Mining Business
Permit Area. As a result, the community ends up with land that is less suitable for gold
mining and of no interest to miners. Therefore, it is necessary to make additional rules to
allow the community and mining companies to coexist in adjoining locations. There are also
people who are reluctant to apply for a license because it is a complicated, expensive, and
time-consuming process to obtain a mining license. Therefore, even though the number
of Community Mining Areas is large in quantity, the number of license holders is still
low. To date, only 100 licenses have been issued throughout the 3329 Community Mining
Areas. In fact, there has been no new licenses issued after Law No. 3 2020 (personal
communication) [112]. Simplification of the time-consuming, difficult, and costly licensing
process will lead to an increase in legally operated ASGM.
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Another problem, however, is that mining companies who do obtain permits from the
government often expel traditional (illegal) miners from their regular working sites. This
has led to conflict between companies and local communities. Therefore, there must be a
solution in the form of new regulation or an intermediary regulation that accommodates the
presence of traditional miners in locations adjacent to license-operated mining companies.

The next step is to charge the cost of eliminating the use of mercury for all communities
in a region. The benefits of improving the environment, public health, and removing
mercury are enormous. If the costs for these benefits are shared, it will relieve the miners
so that they will not use mercury in traditional people’s mining. For that purpose, we
should apply a methodology of evaluation of environmental hazard by ASGM and mercury
contamination. For example, with the concept of WTP (Willingness to Pay), we can evaluate
the negative impacts on the environmental ecosystem in a particular region, and the
local government can charge a cost, in order to offer alternative ways of mining, such as
applying intermediate technology to avoid mercury contamination, offering alternative
sources of livelihood for the miners, managing the cooperatives for ASGM small miners,
environmental education and so on.

Above all, resource utilization should use the best possible recovery approach. In line
with this, we offer the following suggestions:

a. People’s customary rights to mine should be respected. Though difficult, time-
consuming, and costly, simplifying the legalization process is considered to be one possible
way. Another would be the making of additional or complementary regulations, so that
traditional people who have been mining in a location for a long time are not expelled due to
the arrival of companies that have mining permits in that area. Alternatively, compensation
money could also be offered.

b. Dialogue with the community and raising public awareness of good mining practice
without mercury, improved safety and health through transformative learning by creating
small TDCoP (transdisciplinary communities of practices) groups.

c. Alternative and appropriate technologies should be supplied to avoid the use of
mercury. Miners would be organized in the form of cooperatives where such alternative
technologies would be readily supplied, as well as forward-thinking measures such as
credit, environmental education, and the offering of alternative livelihoods.

d. It is also necessary to introduce other alternative livelihoods for the community that
are valuable and in line with sustainable development through transformative learning.

e. In order to cover the cost of operating the cooperatives, the author proposes to
apply the concept of Willingness to Pay (WTP). In this way, people who live in provinces or
regencies that suffer from the environmental damages caused by mercury use via illegal
ASGM activities could share the cost to eliminate the use of mercury in illegal gold mining.
This method has merits, as ultimately, almost all residents in the province/regency will face
the negative impact caused by environmental degradation. The funds collected must be
managed prudently by the government and be used to replace traditional equipment using
mercury with alternative technology, offer training in the use of this new equipment and
how to conduct good mining practices, restoration of post mining areas, environmental con-
servation, and routine health checks for miners, so as to achieve sustainable development.
This can only be achieved if the funds are treated according to their purpose.

8. Summaries

Based on the review of the article above, it can be summarized that:

1. Artisanal and small-scale gold mining (ASGM) in Indonesia is conducted in more
than two thousand locations in thirty provinces and most of them operate without
a license. The mining activities are practiced using simple technologies that employ
mercury and cyanide, which is not environmentally friendly.
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2. It is an urgent task for the government to regulate ASGMs immediately, in order to stop
further environmental degradation, overexploitation, impairment of environmental
health, and reduction in the socio-economic wellbeing of surrounding communities.

3. Wise management of ASGM can only begin by cracking down on miners who work
unlicensed and by closing illegal mining sites, followed by the legalization of Com-
munity Mining Areas (WPR) where miners and their associations can apply for
Community Mining Licenses (IPR) in order to work legally.

4. The formalization of ASGM is necessary and should be enacted immediately, in a
way which bridges the needs of actors in the mining industry and the priorities of
the government that has the authority to issue licenses and supervise activities. The
procedures of legalizing community mining should be framed by strict environmental
considerations and supervised by impartial institutions, whilst also including the
participation of local people, considering the perspective of local knowledge and
traditions of miners and communities.

5. The community must be educated to increase their awareness in terms of good mining
practice, mining safety and health, as well as the dangers of mercury and its conse-
quences through transformative learning in TDCOP (transdisciplinary communities
of practices). The community must also be provided with opportunities for other
forms of livelihood that are more valuable and sustainable than gold mining—an
unsustainable industry which will eventually come to an end in the future.

6. By using the concept of WTP (Willingness to Pay), the negative impacts on the environ-
mental ecosystem in a particular region can be reduced and alternative technologies
without mercury can be more widely disseminated.
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Abstract: Artisanal and small-scale gold mining (ASGM) is a significant source of gold production
globally despite the sector being informal and illegal. The rapid increase in the number of roving
mining camps has negatively impacted the surrounding environment; however, the formation and
transformation of roving mining camps have not been well studied. This study investigated the
long-term trends and significant hotspots of roving camp-type ASGM (R-C-ASGM) in Katingain
Regency, Central Kalimantan Province, Indonesia, from 1988 to 2020 using remotely sensed data,
including Sentinel-1 time-series, global surface water (GSW), and world landcover datasets. Results
show that several active R-C-ASGM sites existed in the Galangan and Kalanaman areas in 2017/2018.
According to the GSW dataset, the Galangan area was estimated to be formed earlier, whereas the
Kalanaman areas were recently formed and were associated with the Kalanaman river expansion.
Notably, the center of Galangan was still a significant R-C-ASGM hotspot. The findings of this
study broaden our understanding of R-C-ASGM transformation and identify significant R-C-ASGM
hotspots over a long period. This study contributes to the development of timely and appropriate
interventions for strengthening environmental governance.

Keywords: active mining; alluvial mining; artisanal and small-scale gold mining; Indonesia; remote
sensing; SAR; surface water occurrence

1. Introduction

Artisanal and small-scale gold mining (ASGM) is a significant source of gold produc-
tion globally. ASGM is the world’s largest employer in the gold mining sector, employing
70–80% of informal small-scale workers [1]. This has been carried out continuously in more
than 80 countries as a tool for poverty alleviation and socioeconomic development [2,3].
In Indonesia, both active and inactive ASGM sites have been identified in 93 regencies in
30 of the country’s 34 provinces, with more than 1200 hotspots estimated in 2017 [4] and
250,000–300,000 miners [5]. Although this sector has provided economic benefits at various
levels, the substantial harmful environmental and health risks associated with mercury
pollution are devastating [6–10].

Kalimantan Island is an ASGM hotspots with alluvial operations [4]. Illegal mining
activities are widespread on this island, even in conserved areas, negatively affecting
biodiversity and human health [4]. Alluvial-based ASGM activities affect waterbodies
and the surrounding environment, resulting in deforestation; high mercury contamination;
and changes in geomorphological processes, biogeographic conditions, hydrological regime,
and river courses [11,12].
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The ASGM sector can be categorized into “travel-type” and “camp-type.” For the
former, miners commute daily from their local residences to the mining sites. For the
latter (hereafter called C-ASGM), miners live and conduct mining activities at informal
worksites [13]. C-ASGM can be further categorized as either roving or non-roving practices.
Both in terms of size and workforce, the ASGM sector has grown in tandem with increases
in gold prices since 2000 [14]. Studies of C-ASGM in Indonesia have demonstrated the
sector’s growth and the magnitude of its activities [13,15,16]. Accordingly, the sector’s
rapid growth is anticipated to accelerate the environmental and health risks at various
levels and on a wider scale.

As an adopter of the Minamata Convention on Mercury (MCM) initiated by the United
Nations Environment Programme, Indonesia is attempting to reduce mercury use in the
ASGM sector. The MCM is a global treaty that protects human health and the environment
from anthropogenic emissions, mercury releases, and its compounds [17] and was adapted
and implemented in October 2013 and August 2017, respectively [18]. The MCM’s Article 7
focuses primarily on the ASGM sector, facilitating the formalization of action plans and
various regulations at a country level among the ratifying nations [19]. However, the policy
formalization has often been hindered by insufficient institutional frameworks, capacities,
and funds [20,21].

In addition to ASGM being informal, illegal, and unregulated, the uncontrollability
of the sector by law allows for increased mercury use, endangering the environment and
human health. Furthermore, geographical characteristics of the C-ASGM sector, for instance,
the fact that most C-ASGM sites are located in remote rural areas, restrict the collection of
information, such as the sector’s status and transformation, making it difficult to monitor
them [13]. Remote sensing technologies enable the monitoring of time-series spatial changes
in the C-ASGM sector to gain a better understanding of the sector. Satellite observations
have been used to quantify the C-ASGM sector [13,15,16]. Cloud-free data sets are difficult
to obtain in areas prone to heavy rainstorms. However, synthetic aperture radar (SAR),
an active independent Earth observation system [22], can be a suitable alternative to
measure optical data [23], facilitating the qualitative and comprehensive understanding of
the C-ASGM sector.

Previous studies on the transformation of roving camp-type ASGM (R-C-ASGM) have
investigated the active and inactive status of R-C-ASGM and its changes using Sentinel-1
(S-1) time-series datasets [16]. However, the availability of S-1 datasets is restricted to
2014. To investigate long-term R-C-ASGM practices, tracking surface water occurrence
(SWO), which represents the frequency of land surface water from 1984 to 2020, associated
with the spatial distributions of active R-C-ASGM sites may be key to recognizing the
formation periods of mines in this sector. Therefore, this study primarily investigated
a long-term trend and significant hotspots of R-C-ASGM from 1988 to 2020 in Katingan
Regency, Central Kalimantan Province, Indonesia, using S-1 time series, global surface
water (GSW), and world land cover datasets.

2. Materials and Methods

2.1. Overall Methodological Workflow

The methodological workflow used in this study is depicted in Figure 1. This workflow
comprised four main steps to achieve its primary objective of investigating long-term R-
C-ASGM trends and significant R-C-ASGM hotspots. First, the R-C-ASGM status from
2015 to 2020 was identified using the S-1 temporal time series. Second, the surface water
extents observed from 1988 to 2020 were extracted. Third, targeted SWOs were extracted,
along with a landcover map. Fourth, significant R-C-ASGM hotspots were identified by
overlaying the results generated in steps 1 and 3. The results from these steps improve
our understanding of the significant long-term trend of R-C-ASGM practices in the study
site. This paper presents a discussion based on the findings described above. The methods
employed in each step are explained in the following sections.
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2.2. Study Area

Indonesia is a well-mineralized metallogenic region with significant gold mineraliza-
tion associated with quartz veins in andesite-hosted epithermal settings. Gold-bearing
alluvial soils in Central Kalimantan, a significant ASGM hotspot, have attracted several
ASGM-targeted migrants from Java and South Kalimantan [24]. In this study, we focused
on mining activities in Galangan, the center of Katingan Regency, Central Kalimantan
Province, Indonesia, where the alluvial-based mining method is employed (Figure 2).
In the early 1990s, the Galangan mining region rapidly developed and was designated as
the geographical and historical center of land-based mining areas [25]. Especially, Hampalit
town served as a base for mining activities for both indigenous miners and gold compa-
nies [24,26]. To date, migrated miners have continuously practiced R-C-ASGM to greater
extents in various areas ranging from Kalanaman, Pundu, and Galangan to explore newer
locations with more outstanding gold production by season [24]. Particularly, alluvial-
based ASGM in this region employs various techniques, such as open pits, deep excavation
pits, and floating pumps. For example, the open-pit method involves removing all soils
and vegetation landscape from the surface, creating a barren wasteland [24,26]. Moreover,
the floating pump method disturbs riverbanks and increases sediment volumes [24].

Figure 2. Study area.

2.3. Identification of Active and Inactive Status of R-C-ASGM Sites
2.3.1. S-1 Imagery

Six level-1 grand range detected (GRD) S-1 datasets covering 2015–2020 downloaded
from the European Space Agency (ESA) were used to investigate the status of R-C-ASGM
practice and its change. Through the EU/ESA Copernicus program, the S-1 mission (S-1A
and S-1B) provides an exceptional combination of high spatial (10 m) and temporal (6 days)
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resolution data by operating two polar-orbiting radar imaging systems working with C-
band (~5.7 cm wavelength). The main operational mode is the Interferometric Wide swath
mode (IW) with VV/VH polarizations, which are freely and routinely available [27]. By
referring to the Climate Hazards Group InfraRed Precipitation with Station (CHIRPS) and
local station data, we used datasets acquired between July and August for the study period
with a relative orbit number of 3 for a better comparison of the backscatter intensity of each
image. Table 1 summarizes the main specifications of the databases used in this study.

Table 1. Main specification of satellite imagery used in this study.

Satellite Type Acquisition Date
Spatial

Resolution
Image

Number
Polarization Wavelength

Sentinel-1 C-SAR

20 July 2015

10 m 3
Descending

(VV, VH) C band

7 August 2016
21 July 2017
4 July 2018

11 July 2019
10 August 2020

2.3.2. Image Preprocessing

The ESA’s open-source software, Sentinel Application Platform (version 8.0.0), was
used for image preprocessing. The following five steps were implemented in the S-1 Tool-
box: (1) orbit correction, (2) thermal noise removal, (3) radiometric calibration, (4) speckle
filtering with 5 × 5 windows, and (5) terrain correction using the 3-arcsec digital elevation
model (DEM) from the Shuttle Radar Topography Mission (SRTM) [28]. As a result, all im-
agery was converted to the digital pixel value of S-1 images, resulting in an image intensity
value of σ0.

2.3.3. Selection of Threshold and Detection of Changed Extents in Time Series

After image preprocessing, we identified optimized threshold values by the VV/VH
polarizations acquired in 2017 and 2018. Sixteen different automatic global thresholding
algorithms [29–43] were used in this process to identify mining-induced areas using an
open-source Java image processing package, namely, Fiji (version 2.1.0) software (https://
imagej.net/software/fiji/ accessed on 1 March 2022). Moreover, a supervised classification
method, such as histogram intersection, was used. To determine the best separability
for change detections, results were validated using high-resolution images obtained on
9 June 2017, and 23 September 2018, through Google Earth Pro. One hundred points were
randomly selected from the datasets. Consequently, the best combination of algorithm
and polarization was applied to all datasets. Next, the post-classification of a majority
filter with a moving window size of 5 × 5 pixels was used to remove isolated pixels. After
extracting the differences between the two target years, the areas observed in the river
buffers were further eliminated to remove mudflats, possibly caused by the changes in the
annual precipitation volume between the years. Consequently, the annual changes in the
extent of illegal mining were computed for the following five temporal series: 2015/2016,
2016/2017, 2017/2018, 2018/2019, and 2019/2020. The correlation between detected active
areas and the Indonesian gold price was evaluated statistically at the 95% confidence level.

2.4. Identification of SWO

In this process, European Commission (EC) Joint Research Centre (JRC) Yearly Water
Classification History, v1.3 (YWCH, 1988–2020), EC JRC Global Surface Water Mapping
Layers v1.3 (GSWML, 1988–2020), and ESA WorldCover 10 m 2020 (WC2020, 2000) datasets
were used to determine a long-term change in surface water extent and its occurrence.
The YWCH dataset contains yearly classifications of the seasonality of water detected
throughout the year [44]. The GSWML dataset contains different facets of surface water
data. Both datasets were generated on the basis of Landsat 5, 7, and 8 with 30 m ground
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resolution. Further, the WC2020 dataset provides a global land cover map of 2020 generated
on the basis of S-1 and Sentinel-2 datasets with 10 m ground resolution.

First, seasonal and permanent water classes were extracted from the YWCH dataset,
and long-term changes in surface water extents were identified. Trends of annual perma-
nent and seasonal surface water were evaluated statistically using Sen’s Slope test with
significance at the 95% confidence level. Meanwhile, the trend of monthly precipitation
was calculated from 1985 to 2020 to validate the obtained results. Second, the occurrence
band of the GSWML dataset, representing the frequency of water from 1984 to 2020, was
primarily used to investigate specific surface water extents, which R-C-ASGM activities
may have caused. Here, SWO greater and less than 50% (SWO > 50 and SWO < 50) were
primarily considered permanent surface water and temporal- and mining-induced sur-
face water extents, respectively. Third, a 50 m buffer was applied to SWO > 50 images.
Fourth, the barren/sparse vegetation class among 11 land classes was extracted from the
WC2020 dataset. Fifth, SWO < 50 images were masked by the buffered SWO > 50 and
the barren/sparse vegetation class extracted from the WC2020 dataset. Here, buffering
was applied to avoid possible errors, such as over-extraction of SWO < 50 at river edges,
probably caused by changes in annual precipitation volume.

2.5. Identification of Long-Term Trends and Hotspots of R-C-ASGM

Long-term trends of R-C-ASGM and its hotspots were investigated by overlapping
the results generated from Sections 2.3 and 2.4.

3. Results

3.1. Determination of Threshold and Polarization Channels

Both VV/VH polarizations acquired in 2017 and 2018 were primarily used to derive the
best combination of algorithm and polarization to identify illegal mining-induced landcover
changes. Changed areas identified from each result were validated using features extracted
from high-resolution Google Earth images, as mentioned in Section 2.5. Thus, this study
found the best locally sensitive algorithm and polarization combination to be the IJ_Isodata
algorithm and VH polarization, achieving 76.0% accuracy. Subsequently, the following
image-specific thresholding values were generated for the final classification, probably
leading to better results in detecting annual changes caused by active R-C-ASGM activities:
−20.88 (2015), −19.95 (2016), −21.47 (2017), −20.16 (2018), −20.36 (2019), and −20.76 (2020).

3.2. Transformation of R-C-ASGM in Time Series

The occurrences of active mining sites in the five periods (2015/2016, 2016/2017,
2017/2018, 2018/2019, and 2019/2020) are shown in Figure 3. The possible active mining
areas were estimated to be 18.2 km2 (2015/2016), 6.5 km2 (2016/2017), 26.2 km2 (2017/2018),
14.5 km2 (2018/2019), and 4.8 km2 (2019/2020). The 2017/2018 period exhibited the peak
change; meanwhile, smaller changes were observed in 2016/2017 and 2019/2020 in the
study area. The detected areas were primarily located in the center of the Galangan region
and the west of the Kalanaman River. After the implementation of the MSM in 2018,
the mining activities in these detected areas decreased. Additionally, a negative correlation
of −0.51 was found between the detected active areas and the Indonesian gold price from
2016 to 2020.

3.3. Surface Water Extents in Time Series

An increase in yearly surface water extent was found in the study area, from 20.4 km2

in 1998 to 33.4 km2 in 2020 (Figure 4). The analysis indicated that an increase in the amount
of seasonal water was observed from 2000. According to the statistical test described in
Section 2.4, positive increase trends were found in both permanent and seasonal water.
Furthermore, a higher slope of 0.30 was found in seasonal water than in permanent water
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(0.12). In comparison, no trends were statistically identified from the monthly precipitation
during 1985/2020 in the study area.

Figure 3. Transformation of active R-C-ASGM sites detected from IJ_Isoda algorithm and VH polarization.

Figure 4. Trends of global surface water and monthly precipitation.

Changes in the yearly amount of surface water, particularly in 1988, 2000, 2010,
and 2020, are shown in Figure 5. There were no changes in the Katingan River, whereas in
the Kalanaman River, some changes were observed in 2000 and 2010, and the river’s extent
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expanded toward the northwestern parts of the Kalanaman area, forming the river (B in
Figure 5). Moreover, surface water was also observed at the center of the Galangan area
between 2000 and 2010 (A in Figure 5). This site is located further away from the main river
networks but expanded its extent until 2020.

Figure 5. Changes in yearly surface water.

3.4. Surface Water Occurrence Associated with R-C-ASGM Activities

The SWO < 50 observed during 1984–2020 was extracted, as described in Section 2.4,
showing a total extent of 0.25 km2 in the study area. The SWOs in the Galangan area
were as follows: 1–9% (75.1%), 10–19% (19.8%), 20–29% (4.1%), 30–39% (0.6%), and 40–49%
(0.3%). Moreover, the SWOs in the Kalanaman area were as follows: 1–9% (64.8%), 10–19%
(22.7%), 20–29% (9.1%), 30–39% (2.6%), and 40–49% (0.9%). Furthermore, the results
were overlayed on the possible active R-C-ASGM sites found in Section 3.1 (Figure 6).
Notably, a higher density of SWO was observed in the central of the Galangan area (A in
Figure 6). In comparison, a lower density of SWO was observed in surrounding areas.
Their distributions were toward the eastern, northern, and southern areas from the center
of the Galangan area. Water areas separately identified in the southern part exhibited
relatively lower SWOs. In comparison, relatively lower SWOs were observed along the
Kalanaman River in the Kalanaman area (B in Figure 6). Slightly higher SWOs were found
at approximately 3 km intervals along the river. Conversely, lower SWOs were found in
the northern and southern parts of the river. Fewer pixels were observed, primarily in the
river’s northern part. According to the overlay analysis, notably, possible hotspots of active
mines were mostly observed in similar areas with SWO < 50 during the study period.
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Figure 6. R-C-ASGM hotspots revealed by overlaying with the identified active mine sites and SWOs:
(a) regional overview of SWO < 50 and waterbodies; (b) Galangan area (A); (c) Kalana-man area (B);
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(d–h) SWO < 50 and detected active sites in Galangan area in 2015/2016, 2016/2017, 2017/2018,
2018/2019, and 2019/2020, respectively; (i) overlaying SWO < 50 on Landsat8 imagery acquired on
1 January 2022; (j–n) SWO < 50 and detected active sites Kalanaman area in 2015/2016, 2016/2017,
2017/2018, 2018/2019, and 2019/2020, respectively.

4. Discussion

4.1. Time-Series Analysis of R-C-ASGM

The time-series analysis contributed to revealing a pattern of R-C-ASGM activities,
which helps predict future activity trends. According to the results, the most active period
of R-C-ASGM during the study period occurred in 2017/2018. Despite being an informal
sector, it is predicted that an increase in global gold prices accelerates a massive entry
of immigrants from different islands into mining sites. The gold price in Indonesia has
risen since 2007 (5,722,115 IDR/oz. in January), with an especially steady rise since 2017
(15,907,804 IDR/oz. in January), with the price nearly doubling by 2020 (26,257,748 IDR/oz.
in December) [45]. Previous studies have indicated a strong relationship between the
development of the C-ASGM sector and increases in gold prices [13,15]; however, this study
shows a moderate negative correlation. This trend may be attributed to the coronavirus
pandemic affecting mining activities and the gold market rather than the adaptation of the
MCM. Although the gold market price increased during the pandemic, mining operation
costs increased because of the disruption in labor, supply chains, and cash flow, increasing
the gold price [46,47].

4.2. Tracing Mines’ Formation Period and Hotspots in R-C-ASGM

While GSW datasets generated from the Landsat series may have weather-related
effects, the SWO datasets can be a significant indicator of transformations of R-C-ASGM
activities at a regional level. A long-term quantitative analysis of R-C-ASGM broadens
our understanding of the scale and pattern of their transformation over time, as well as
tracking its responses to global factors, such as the MCM and the gold price. Furthermore,
estimating the formation period of mines and recognizing significant R-C-ASGM hotspots
is essential to identify a significant source of high pollution, which may lead to significant
socio-environmental destruction at the local and community levels.

The results of this study quantified significant SWOs resulting from R-C-ASGM activ-
ities and demonstrated their hotspots, along with the status of R-C-ASGM mines. Most
notably, in 2017/2018, an active area peak was identified, which was largely concentrated
at the center of the Galangan area and along the Kalanaman River. Similarly, higher
SWOs were observed in the central of the Galangan area. Conversely, lower SWOs were
observed in their surrounding areas and along the Kalanaman River. This trend may
indicate that the central Galanga area was formed earlier and is still a significant hotspot.
However, the Kalanaman area was recently formed, expanding toward the northeast along
the river. The alluvial-based R-C-ASGM practices have accelerated fluvial changes with
this expansion [11]. To date, only a few studies have quantified the transformation of the
R-C-ASGM sector using remote technology. The application of SAR technology enables the
monitoring of R-C-ASGM changes. Previously, [16] investigated the active and inactive
status of R-C-ASGM practices from 2015 to 2021 using the S-1 temporal series. Conversely,
our work quantified the transformation of R-C-ASGM practice for a longer time frame
while also using global surface datasets. The utilization of SWO associated with the spatial
distributions of active R-C-ASGM helps in estimating the formation periods of R-C-ASGM
mines. Furthermore, overlaying the R-C-ASGM status contributes to detecting mining
hotspots, which may be a significant source of high pollution, leading to the destruction of
the surrounding environment and increasing health risks.
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4.3. Limitations

The results of this study have some limitations in terms of the quality of input data.
First, precipitations that occurred before the acquisition time can decrease the backscatter
intensity in polarizations, overestimating illegal mining extents. Second, some smaller
areas were undetected because of the spatial resolution of the datasets used.

5. Conclusions

In this study, the long-term trend and significant hotspots of R-C-ASGM in Katingan
Regency, Central Kalimantan Province, were investigated using time-series S-1, YWCH,
GSWML, and WC2020 datasets. The results show a massive occurrence of active R-C-
ASGM sites with 2017/2018 as the peak period, primarily at the center of the Galangan
area and along the Kalanaman River. With the combination of SWO datasets, the Galangan
area was estimated to have formed earlier than other study areas, and its central area was
still a significant hotspot. Conversely, Kalanaman areas were recently formed, and their
sites expanded with the creation of the Kalanaman river. Therefore, the long-term trend
of R-C-ASGM and its significant hotspots can be detected from a combination of time-
series datasets. These quantitative analysis results broaden our understanding of R-C-
ASGM distributions, transformation, mine occurrence periods, and significant hotspots
over a long period. Recognizing long-term R-C-ASGM transformation and identifying
significant R-C-ASGM hotspots are also essential to tracking R-C-ASGM responses to global
factors/events, such as the MCM and gold prices. This further helps predict the magnitude
of environmental destruction at the local and regional levels. These findings are expected to
assist in developing rapid and appropriate interventions for strengthening environmental
governance by involving various stakeholders.

Author Contributions: S.K. contributed to designing the research, data analysis, and data visualiza-
tion. M.S. provided comments. M.N. provided technical advice and critical comments. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the Research Institute for Humanity and Nature
(RIHN: a constituent member of NIHU). Project No. RIHN 14200102.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Ujaval Gandhi and Santhosh M, Spatial Thoughts, for the kind advice
on coding. We thank Gunawan Pratama Yoga and Fika Rofiek Mufakhir, National Research and
Innovation Agency, Indonesia, for sharing information.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. International Institute for Sustainable Development. Global Trends in Artisanal and Small-Scale Mining (Asm): A Review of Key
Numbers and Issues; International Institute for Sustainable Development: Winnipeg, MB, Canada, 2018.

2. United Nations Environment Programme. Estimating Mercury Use and Documenting Practices in Artisanal and Small-scale Gold
Mining (ASGM); United Nations Environment Programme: Geneva, Switzerland, 2017. [CrossRef]

3. Wilson, M.L.; Renne, E.; Roncoli, C.; Agyei-Baffour, P.; Tenkorang, E.Y. Integrated assessment of artisanal and small-scale gold
mining in—Part 3: Social sciences and economics. Int. J. Environ. Res. Public Health 2015, 12, 8133–8156. [CrossRef] [PubMed]

4. BaliFokus Foundation. Mercury Country Situation Report Indonesia; BaliFokus Foundation: Bali, Indonesia, 2018.
5. Agrawal, A.W.S.; Bebbington, A.J.; Imhof, A.; Jebing, M.; Royo, N.; Sauls, L.A.; Sulaiman, R.; Toumbourou, T. Impacts of Extractive

Industry and Infrastructure on Forests: Indonesia; Climate and Land Use Allaince: San Francisco, CA, USA, 2018.
6. World Health Organization. Artisanal and Small-Scale Gold Mining and Health; World Health Organization: Geneva, Switzerland,

2016.
7. Saldarriaga-Isaza, A.; Villegas-Palacio, C.; Arango, S. The public good dilemma of a non-renewable common resource: A look at

the facts of artisanal gold mining. Resour. Policy 2013, 38, 224–232. [CrossRef]

39



Int. J. Environ. Res. Public Health 2022, 19, 5530
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Abstract: The rapid growth of roving mining camps has negatively influenced their surrounding
environment. Although artisanal and small-scale gold mining (ASGM) is a major source of gold
production, the mining activities and their activeness are not well revealed owing to their informal,
illegal, and unregulated characteristics. This study characterizes the transformations of roving camp-
type ASGM (R-C-ASGM) activities in Central of Katingan Regency, Central Kalimantan Province,
Indonesia, from 2015 to 2021 using remotely sensed data, such as the time-series Sentinel-1 dataset.
The results show that the growth of active R-C-ASGM sites was identified at the center of the
Galangan mining region with expansions to the northwest part along the Kalanaman River, especially
in 2021. Hence, these approaches identify the transformations of roving mining activities and their
active or nonactive status even in tropical regions experiencing frequent heavy traffic rainstorms.
They provide significant information on the socioenvironmental risks possibly caused at local and
regional levels. Our results also inform the design of timely interventions suited to local conditions
for strengthening environmental governance.

Keywords: alluvial mining; artisanal and small-scale gold mining; Indonesia; landcover change;
remote sensing; synthetic aperture radar

1. Introduction

The rapid growth of the rove-type mining sector has negatively influenced their
surrounding environments. Therefore, detecting such occurrences, determining their
development rate, and identifying their active or nonactive status should provide significant
insights into identifying possible socioenvironmental problems caused at local and regional
levels. This may also allow environmental governance to be promoted at various levels.

Artisanal and small-scale gold mining (ASGM) is a major source of gold production
using rudimentary technology at individual or community levels despite being informal,
illegal, and unregulated [1]. This sector has the largest employer in gold mining at the global
level comprising 70% to 80% of informal small-scale workers [2]. Mercury is commonly
used to increase the gold extraction process, resulting in highly toxic environmental and
health risks due to mercury pollution throughout its emissions and release into water and
the atmosphere, respectively [3–5]. Such mercury pollution has largely been observed
in South America, Africa, and Asian regions. Indeed, environmental impacts, such as
deforestation, geomorphic and hydrological changes [6–11], and health problems, such as
mercury intoxication-oriented movement disorders and various injuries associated with
the ASGM activities have been reported [12,13]. Despite its significant socioenvironmental
impacts, more than 80 countries have continuously employed ASGM to alleviate poverty
for their socioeconomic development [14,15].
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Continuous growth has been observed in Indonesia. Active and nonactive ASGM prac-
tices have been placed in 93 regencies of 30 of the 34 provinces, estimating
250,000–300,000 miners [16] in more than 1200 hotspots in 2017 [17]. Furthermore, the
country has been the fastest increase in polluted sites in the last 20 years on a global
scale [2]. In Kalimantan island, one of the ASGM hotspots with alluvial operations, many
illegal mining activities have been widespread even in conservation areas, impacting
biodiversity and human health [17].

The ASGM sector can be classified into the following two types: “travel-type,” in
which the miners commute from their local residences to the mining sites, and “camp-type,”
in which the miners live and conduct mining activities on informal worksites [18] (hereafter
referred to as C-ASGM). In the C-ASGM sector, both roving and non-roving practices are
observed. The scale of the workforce in the ASGM sector has expanded with the increasing
gold prices since 2000 [19]. The strong relationship between ASGM increases and the high
price of gold has been confirmed in the literature [7,18,20].

Remote-sensing technologies have been widely used to characterize natural features
and physical objects and monitor their spatial changes over time. Additionally, this tech-
nology provides a wide variety of continuous data with temporal, spatial, and spectral
resolutions. Freely available satellite remote-sensing data, such as the Landsat series, have
provided long-term Earth observation data since the 1970s and have been widely used for
land cover detection and monitoring [21–24]. Despite the development in geoinformation
technology, few studies have focused on the ASGM sector for quantitative assessments
experiencing the harmful environmental and health risks caused by mercury pollution.
Even [6–11,25–27] demonstrated time-series assessments in deforestation, mining area
detection, and geomorphic and hydrological changes; however, they mainly examined
the travel-type mining sites. To investigate the closed C-ASGM sites, Ref. [18] recently
conducted a quantitative time-series analysis of the growth in C-ASGM sites using satellite
remote-sensing imagery. Furthermore, Ref. [28] analyzed the transformation of C-ASGM ac-
tivities by integrating nighttime light (NTL) intensities as a magnitude of mining activities.
Although a time-series assessment of the closed C-ASGM sector with non-roving practices
has been conducted by [18,28], a roving C-ASGM sector (hereafter R-C-ASGM) has not
yet been discovered. The major challenges, such as acquiring an optical cloud-free time-
series dataset [18,28,29], lead to further difficulty in understanding the R-C-ASGM sector,
operated at a larger scale in tropical regions experiencing frequent heavy traffic rainstorms.

The use of the synthetic aperture radar (SAR), an active independent Earth observation
system from solar illumination or day–night cycles [30], is an alternative suited tool for
optical data [31]. Further, Ref. [32] reviewed the optical and SAR data for monitoring
ASGM sites and ensured results between the datasets. Previous studies have revealed
the potential of SAR data usage in mining-induced area detection using SAR sensitivities
of radar systems to surface roughness and dielectric properties of materials [27,31,32].
Therefore, SAR data are a powerful tool to overcome weather-related limitations mainly
found with optical sensors. This helps detect and monitor closed R-C-ASGM sectors to
obtain a qualitative and comprehensive understanding.

This study primarily assesses the transformation of the R-C-ASGM activities from
2015 to 2021 in Katingan Regency, Central Kalimantan Province, Indonesia, where active
alluvial-based R-C-ASGM activities have been conducted. This study’s results are ex-
pected to contribute to the understanding of R-C-ASGM development spread in remote
rural areas, the prediction of the level of socioenvironmental pollution, and strengthening
environmental governance at the regional level.

2. Materials and Methods

2.1. Overall Methodological Workflow

The methodological workflow used in this study is demonstrated in Figure 1. This
workflow employed three main steps to achieve its primary objective of assessing the
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transformation of the R-C-ASGM activities. First, the S-1 backscattering coefficients (σ0)
were calculated with vertical–vertical (VV) and vertical–horizontal (VH) polarizations.
Second, selections of algorithm/polarization were performed to detect the most locally
sensitive values. Third, the changes in the R-C-ASGM occurrences during 2015–2021 were
calculated based on the S-1 temporal series. This evidence allowed us to understand the
historical transformation of the R-C-ASGM activities at the study site. This study presents
a discussion based on all the findings described above. The methods used in each step are
explained in the following sections.

Figure 1. Overall methodology.

2.2. Study Area

Indonesia is a well-mineralized metallogenic region with significant gold mineraliza-
tion, associated with quartz veins in andesite-hosted epithermal settings. One of the major
ASGM hotspots in Central Kalimantan with gold-bearing alluvial soils has attracted large
ASGM-targeted migrants from Java and South Kalimantan [33]. The Galangan mining
region in Central Kalimantan is the geographical and historical center of the land-based
mining area, which developed rapidly in the early 1990s [32]. The Hampalit town, es-
pecially, was a base for active mining activities for both indigenous miners and a gold
company, namely PT Hampalit Mas Perdahana, which closed during the financial crash
of 1997. Company-initiated mining activities extracted heavy minerals through an open-
pit method, digging deep excavation pits. Thus, removing all the soil and vegetation
landscape on the surface creates a barren wasteland [13,33]. However, indigenous ASGM
communities have extracted gold along with river systems by floating pumps, resulting in
disturbances of riverbanks and an increase in sediment volumes [33]. After the company’s
closure, the lands were taken by migrated miners. They have continuously traveled to
the greater areas, from Kalanaman, Pundu to Galangan, to explore newer locations with
greater gold production by seasons [33].

This study targets Galangan mining (Central of Katingan Regency, the Central Kali-
mantan Province, Indonesia), utilizing the alluvial-based mining method (Figure 2). In this
mining region, the Katingan River, one of the major river basins in Southeast Asia, flows
north to south.

45



Int. J. Environ. Res. Public Health 2022, 19, 6266

Figure 2. Study area.

2.3. S-1 Imagery

A total of seven level-1 grand range detected (GRD) Sentinel-1 datasets, covering
2015–2021, downloaded from the European Space Agency (ESA), were utilized to extract
and calculate time-series changes of the ASGM occurrences. Through the EU/ESA Coperni-
cus program, the S-1 mission (S-1A and S-1B) provides an exceptional combination of high
spatial (10 m) and temporal (6 days) resolution data by operating two polar-orbiting radar
imaging systems working with the C band (~5.7 cm wavelength). The main operational
mode is interferometric wide swath mode (IW) with VV and VH polarizations, and images
are freely and routinely available [34].

To reduce atmospheric effects, which reduced the quality of images, Climate Hazards
Group InfraRed Precipitation with Station (CHIRPS) data was referred to using Google
Earth Engine to target months experiencing less rain with local weather station data. Thus,
this study focused on July to August from 2015 to 2021.

All datasets were acquired from the descending track with relative orbit number 3 of
each image’s backscatter intensity to better the image. The available S-1 dense time-series
offers a unique opportunity to monitor ASGM activities, especially in tropical regions
experiencing the magnitude of frequent rainstorms.

2.4. Image Preprocessing

The preprocessing workflow is based on ESA’s open-source software, ESA named
sentinels application platform (version 8.0.0), and its functionalities. The following steps
were implemented in the S-1 Toolbox: orbit correction, thermal noise removal, radiometric
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calibration, speckle filtering with 5 × 5 windows, and terrain correction using the 3-arcsec
digital elevation model (DEM) from the shuttle radar topography mission (SRTM) [35].
Here, the radiometric calibration aims to convert the digital pixel value of the S-1 images
into an image intensity value of σ0. The data were projected to the World Geodetic System
1984, Universal Transverse Mercator Zone 49 South. Terrain-corrected σ0 intensities of the
VV and VH were used for further analysis.

2.5. Selection of Threshold and Detection of Changed Areas in Time-Series

After image preprocessing, optimized threshold values were identified based on the
VV and VH polarizations acquired in 2017 and 2018. Sixteen automatic global thresh-
olding algorithms and binary image classifications using one-dimensional feature space
were applied to extract mining-induced areas. In this process, Fiji (version 2.1.0) software
(https://imagej.net/software/fiji/, accessed on 1 March 2022), an open-source Java image
processing package, was used to determine each algorithm’s threshold values. Huang’s
fuzzy [36], Internodes [37], Isodata [38], IJ_Isodata, Li’s Minimum Cross-Entropy [39–41],
Maximum Entropy [42], Mean [43], Minimum Error [44], Minimum [37], Moments [45],
Otsu’s [46], Percentile [47], Renyi’s Entropy [42], Shanbhag’s [48], Triangle [49], and
Yen’s [50] threshold algorithms were separately performed. This study also tested a super-
vised classification method, such as histogram intersection, applied by [31]. Subsequently,
the results were validated using reference data to examine the best separability for the
change detection. The reference data for the accuracy assessment were derived from
high-resolution images obtained on 9 June 2017 and 23 September 2018, using Google
Earth Pro.

Owing to heavy cloud coverage in the study area, the acquisition of the scenes was
extremely limited only to the abovementioned data. However, these images identified
mining activities along the Katingan River. According to human visual image interpretation,
areas affected by mining activities were separately digitized, and the changed areas were
identified by overlaying. Third, 100 points were randomly selected from the datasets to
determine the best suitability by polarizations. Fourth, the determined best combination of
algorithm and polarization was applied to all datasets post-classification of a majority filter
with a moving window size of 5 × 5 pixels to remove isolated pixels. Furthermore, the
detected areas observed in the river buffers were eliminated to remove the mudflats in the
rivers, possibly caused by changes in the magnitude of precipitation between the acquired
years. Consequently, the annual changes in the extent of illegal mining were calculated for
the following six temporal series: 2015/2016, 2016/2017, 2017/2018, 2018/2019, 2019/2020,
and 2020/2021.

In previous studies, mining areas in the Central of Katingan Regency were estimated
to cover ~400 km2 in 2007 [32]. Hence, the long-term trends in R-C-ASGM sites could be
observed from satellite imagery even with a 10-m ground resolution. We summarized the
main specifications of the databases used in Table 1.

Table 1. Main specification of satellite imagery used in the study.

Satellite Type
Acquisition

Date
Spatial

Resolution
Image

Number
Polarization Wavelength

Sentinel-1 C-SAR

20 July 2015
7 August 2016
21 July 2017.
4 July 2018.
11 July 2019

10 August 2020
24 July 2021

10 m 3 Descending
(VV, VH) C band
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3. Results

3.1. Visualization of Time-Series Color Composites of VV and VH Polarizations

The processed VV and VH polarizations were displayed in RGB color composites
in six temporal series: 2015/2016, 2016/2017, 2017/2018, 2018/2019, 2019/2020, and
2020/2021, as shown in Figure 3. In this visualization process, the older years were
assigned red, and the newer years were assigned green and blue, which detects changes
in land covers between two different periods. VV polarizations show slightly brighter
intensities compared to that of VH’s. VH polarization can detect significant landcover
changes along the Katingan and Kalanaman Rivers in 2016/2017 and 2020/2021.

Figure 3. Time-series color composites by (A) VV and (B) VH polarization channels.

3.2. Determination of Threshold

Both VV and VH polarizations acquired in 2017 and 2018 were primarily used to
derive the best combination of algorithm and polarization. The changed areas identified
from each result were validated using features extracted from high-resolution Google earth
images (GEI), as mentioned in Section 2.5. The most sensitive algorithm and polarization
channel indicate changes in illegal mining extents.
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After processing the optimized thresholding, the locally sensitive methods were found
only in the IJ_Isodata and Yen algorithms. Therefore, those were applied both to VV &
VH polarization channels. Table 2 presents the identified thresholds. The threshold values
identified by the IJ_Isodata showed lower intensities: −15.07 dB (2017_VV), −21.47 dB
(2017_ VH), −14.84 dB (2018_VV), and −20.16 dB (2018_VH). The Yens were: −15.07 dB
(2017_VV), −20.16 dB (2017_VH), 13.32 dB (2018_VV), and −20.16 dB (2018_VH). The
results show no significant value differences in both VV and VH polarizations (IJ_Isodata
algorithm). The same values were generated in 2017_VV and 2018_VH from the Yen
algorithm; however, 2018_VV showed a larger difference between the two periods. As new
mining areas are usually associated with land cover changes from vegetation to bare areas
or water, the magnitude of intensity in such areas is expected to be lower intensities in VV
and VH polarizations. Thus, the IJ_Isodata algorithm was more sensitive to finding mining
activity-induced land landcover changes than the Yen algorithm in this study.

Table 2. Threshold values by algorithm and polarizations.

2017 2018

Algorithm VV VH VV VH

IJ_Isodata −15.07 dB −21.47 dB −14.84 dB −20.16 dB
Yen −15.07 dB −20.16 dB 13.32 dB −20.16 dB

Figure 4 shows detected areas induced by R-C-ASGM activity during 2017/2018, based
on human visual interpretation of GEI and thresholding results by VV and VH polarizations
optimized by the IJ_Isodata algorithm. After different threshold values, similar intensities
were found in both VV and VH polarization in the identified areas. For example, an
average of −18.03 dB (standard deviation (STDEV) of 1.14 dB)) and −24.23 dB (STDEV of
1.51 dB) was observed for 2017 VV and VH, respectively. Furthermore, −18.11 dB (STDEV
of 1.55 dB) and −23.89 dB (STDEV of 2.22 dB) were observed during 2018. By comparing
the results, some areas in the middle part were not detected by VV and VH polarization;
however, the visual comparison indicates that areas induced by R-C-ASGM activities can
be detectable in both time-series features.

3.3. Detection of Newly Expanded R-C-ASGM Areas

Using the results in Section 3.1, the accuracy assessment was performed to judge their
sensitivity. The results show 73.3% and 76.0% for the VV and VH polarizations, respectively.
We recalculated the accuracy by omitting the points found at boundaries due to high
spectral resolution sensitivity resulting from mixed pixels. As a result, we found 76.7% and
82.1% accuracies for the VV and VH polarizations, respectively. The best combination was
found with the IJ_Isodata algorithm with VH polarization. The particular threshold values
for each VH polarization were generated for the final classification, possibly leading to
better detection of active R-C-ASGM activities (Table 3).
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Figure 4. GEI 2017 (a), 2018 (b), detected changes from GEI 2017–2018 (c). VV polarization in 2017 (d),
2018 (e), detected changes from VV 2017–2018 after applying the threshold values (f). VH polarization
in 2017 (g), 2018 (h), detected changes from VH 2017–2018 after applying the threshold values (i).

Table 3. Threshold values for time-series VH polarizations.

Threshold
(IJ_Isodata Algorithm) 2015 2016 2017 2018 2019 2020 2021

Intensities (dB) −20.88 −19.95 −21.47 −20.16 −20.36 −20.76 −19.8

Figure 5 shows the occurrence of active mining sites for the six periods (2015/2016,
2016/2017, 2017/2018, 2018/2019, 2019/2020, and 2020/2021), overlaying on the European
Space Agency (ESA) WorldCover 10 m 2020 (WC2020). The occurrence of R-C-ASGM-
induced areas exhibited 25.0 km2 (2015/2016), 28.0 km2 (2016/2017), 32.1 km2 (2017/2018),
20.3 km2 (2018/2019), 7.4 km2 (2019/2020), and 47.9 km2 (2020/2021), respectively. The
magnitude of the occurrences was found in 2015/2016–2017/2018; however, fewer oc-
currences were observed in 2019/2020. Simultaneously, the largest occurrence was again
observed in 2020/2021 along the river. The detected areas were concentrated in the center
of the Galangan region and along the Kalanaman River, where LC is classified as barren in
ESA WC2020. The magnitudes of the occurrences were particularly observed in 2020/2021
in the northwestern parts of the study area along the Kalanaman River. The pattern of
occurrences is observed mostly along with the river networks.
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Figure 5. Occurrence of active mining sites detected by VH polarizations and their overlay on the
ESA WC2020.
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4. Discussion

4.1. Contributions

We studied the transformations of the R-C-ASGM activities from 2015 to 2021 using
the S-1 time series. A quantitative time-series analysis of the R-C-ASGM sectors can help
better understand the rate and pattern of development of such mining activities over
time. Detecting such occurrences and their patterns in tropical regions experiencing the
magnitude of frequent rainstorms can provide significant information or estimation on
the potential rates and levels of socioenvironmental pollution and its human risk resulting
from mercury use at R-C-ASGM sites. Understanding the characteristics of R-C-ASGM
practices helps strengthen environmental governance at various levels.

As described, the establishment of new mining areas is usually associated with changes
in land cover from vegetation to bare/water areas. We employed a change detection method
based on generating the binary masks using a threshold defined by the image, optimized
by the IJ_Isodata algorithm (Table 2). The analysis reveals that VH polarization was more
sensitive than VV polarization, resulting in better separation of areas induced by mining
activity (Table 3). While the classification accuracy was 76.0%, a higher accuracy (82.1%)
was found with omission of random points at boundary. For 24.0% of errors, influence
factors would not be caused by algorithm matter. Instead, the following factors can be
considered for this misclassification; SAR specific errors such as foreshortening and layover
in mountainous areas owing to the side looking of SAR; differences in data acquired time;
weather conditions before the data acquired time; and spatial resolution of data. Previous
studies using SAR datasets in the mining sectors only achieved 52.0% [51], 84.9% (producer
accuracy), and 72.4% (user accuracy) [31]. Our study does not focus on generating a high-
accuracy map of active mining, which can be a replacement for a field survey. Instead,
we aim to provide information that leads to and supports the initial survey and social
implementation at a local level. Without any field data, we cannot target any destinations
for surveying, resulting in huge loss of time and cost. Thus, the generated possible active
map helps plan field survey. Our study is not an alternative tool to a field survey; therefore,
76.0% (82.1% highest) accuracy is sufficient for this study.

This study demonstrated the transformation of active sites in the R-C-ASGM sector
from 2015 to 2021 in the Galangan region, Central Kalimantan, Indonesia, where active
alluvial-based R-C-ASGM activities have been historically conducted. This study detected
the active mines and their various transformation forms using a quantitative analysis
over time (Figure 5), as described in Section 3.2. Few studies have quantified R-C-ASGM
practices with satellite imagery data. A recent study by [18,28] conducted a quantitative
time-series analysis of the closed Non-R-C-ASGM sites, employing the vertical tunnel
method (shaft) of mining, in Golontato, Indonesia, using optical satellite remote-sensing
imagery. However, this work further quantified R-C-ASGM sites where activities are
operated at a large scale in tropical regions experiencing frequent heavy rainstorms.

Few studies have utilized satellite data to reveal the volume of illegal mining activities.
Especially, a recent study by [28] quantified that the extent of illegal mining sites and
the magnitude of mining activities in the camps experienced 4.8- and 3.8-fold increases,
respectively, from 2014 to 2020. Although the study areas, mining type, and indicator of
transformations differ from this study, a similar trend in the occurrence of active illegal
mining activities was found in their results. Further, Ref. [32] focused on a study area
that is comparable to ours. Their study found an annual expansion of 8 km2 through the
Landsat series in the Galangan region from 1999 to 2002 [32]. This study found a higher
magnitude of the occurrence rate during 2015/2021. The possible reason for this may be
associated with an increase in the global gold price since 2006. Similarly, the gold price in
Indonesia has increased since 2007, with an especially steady increase since 2017, which
approximately doubled at the end of 2020 [18]. The magnitude of occurrences was found
especially in 2020/2021 when a rapid increase in the gold price was observed globally and
nationally, while the lower rate of occurrence observed in 2019/2020 could be due to the
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globally spread influence of the coronavirus pandemic, which affects the workforce, mining
activities, markets’ supply chain, and cash flow [52,53].

For the shifts in the occurrence patterns, the result showed that the magnitudes
of active areas were found in the western Galangan region and along with the river
networks in 2020/2021. Even migrated miners have continuously roved the greater areas
by season [33]. Their main mining target sites can be shifted along the Kalanaman Rivers
to explore greater gold production. The possible reason for this shift can be associated with
the expansions of river extents. From the European Commission Joint Research Centre
Yearly Water Classification History dataset [54], which contains yearly water classifications
from 1988 to 2020, water extent along the Kalanaman River areas exhibited 1.83 (2015),
2.90 (2016), 2.91 (2017), 2.76 (2018), 2.59 (2019), and 3.40 km2 (2020), respectively. Thus,
alternative R-C-ASGM sites were expected to be further developed that were associated
with the expansion of water extents along the Kalanaman River after 2020. Moreover,
Ref. [32] previously revealed shifts in mining direction with PALSAR (June-September
2006). The authors found the various shifts in the active area of the western Galangan region.
However, a time-series analysis of the study further identifies the detailed characteristics
such as volumes, mine status, and trends of active mins’ shifting directions in the hidden
R-C-ASGM sectors, representing a more comprehensive understanding of R-C-ASGM
sectors across the region.

The R-C-ASGM sector can operate successfully due to its high productivity of gold.
However, it is estimated that approximately 270 tons of mercury are annually released only
from Central Kalimantan to the Sea of Java as of 2007 [32]. Furthermore, severe mercury
contamination (sediment, local fish, and hair samples) and typical symptoms resulting
from mercury intoxications (ataxia, tremor, and dysdiadochokinesia) among workers with
high ASGM activities have been observed in the Galangan region [13]. Despite its status
as an informal sector, the increase in global gold prices accelerated the massive entry of
immigrants into the mining sector, resulting in its massive growth. The growth in those
sectors further accelerate to cause mercury-related environmental pollution and health
problems at the stages of mining and amalgamation. Therefore, detecting such rapidly
developing hidden R-C-ASGM sectors can provide significant insights into the potential
rates and the levels of socioenvironmental pollution. This would also strengthen the
environmental governance with the participation of different stakeholders at various levels.

4.2. Limitations

This study has certain limitations associated with the characteristics of SAR data.
Although SAR data helps in the active independent observation of weather, it causes fore-
shortening and layover in mountainous areas owing to the side looking of SAR, leading to
misclassification. Further, precipitation before the acquisition can decrease the backscatter
intensity in polarizations, overestimating illegal mining extents. Moreover, some smaller
and complex areas are undetectable due to the used datasets (10 × 10 km grid cell). Finally,
because of the S-1 series’ operation period, the methodologies applied in this study are
limited only to the period after 2014.

Although the proposed method cannot detect the existing mining areas before 2015, it
identifies the occurrences of R-C-ASGM-related active sites and their changing patterns.

5. Conclusions

This study assessed the transformation of the R-C-ASGM sector in Katingan Regency,
Central Kalimantan Province, Indonesia, using S-1 time-series data. The results presented
herein show the massive occurrence of the active R-C-ASGM sites. In particular, a magni-
tude of occurrence was found in the center of the Galangan region and along the Kalanaman
River in 2021. Therefore, it can be concluded that the active mining sector undertaken by
the R-C-ASGM method can be detected from a set of time-series datasets. These results
extend our understanding of the transformations of the mining site and the status of their
activeness in the hidden R-C-ASGM sectors. Subsequently, it also provides significant
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insight into the potential for further socioenvironmental problems at the regional level.
These findings are expected to assist in developing rapid and appropriate interventions for
strengthening environmental governance by involving various stakeholders.
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Abstract: Mining sites development have had a significant impact on local socioeconomic conditions,
the environment, and sustainability. However, the transformation of camp-type artisanal and small-
scale gold mining (ASGM) sites with large influxes of miners from different regions has not been
properly evaluated, owing to the closed nature of the ASGM sector. Here, we use remote sensing
imagery and field investigations to assess ASGM sites with large influxes of miners living in mining
camps in Bone Bolango Regency, Gorontalo Province, Indonesia, in 1995–2020. Built-up areas were
identified as indicators of transformation of camp-type ASGM sites, using the Normalized Difference
Vegetation Index, from the time series of images obtained using Google Earth Engine, then correlated
with the prevalent gold market price. An 18.6-fold increase in built-up areas in mining camps was
observed in 2020 compared with 1995, which correlated with increases in local gold prices. Field
investigations showed that miner influx also increased after increases in gold prices. These findings
extend our understanding of the rate and scale of development in the closed ASGM sector and the
driving factors behind these changes. Our results provide significant insight into the potential rates
and levels of socio-environmental pollution at local and community levels.

Keywords: artisanal and small-scale gold mining; gold price; Indonesia; influxes of miners; landcover
change; mining camp; remote sensing

1. Introduction

The development of mining sites has had a significant impact on local socioeconomic
conditions, the environment, and their sustainability. These developments have harmful
socio-environmental consequences. Therefore, understanding the speed and scale of
the development of mining sites and the factors driving these changes should provide
significant insight into the potential rates and levels of socio-environmental pollution at
local and community levels. This may also allow problems to be avoided and alternative
sustainable strategies to be developed by involving various stakeholders at different levels.

The artisanal and small-scale gold mining (ASGM) sector is a significant gold-producing
sector and is the largest employer in gold mining throughout the world. This sector rep-
resents ~20% (400–600 T/year) of the gold production and 90% of the gold-producing
workforce on the global stage [1]. ‘ASGM’ refers to the mining practiced with rudimen-
tary technology by an individual, group, or community [2]. The sector can be generally
characterized as informal, unregistered, and illegal [3]. In this practice, gold is commonly
extracted with mercury at the stage of amalgamation, causing extremely harmful environ-
mental and occupational health hazards as a result of mercury pollution [4–6]. Mercury
emissions into the atmosphere and its releases into water from ASGM are significant,
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and the ASGM was the dominant sector emitting mercury (37.7%) into the air in 2015 [5],
mainly in South America, Africa, and Asia [4,7]. Other health problems, such as silico-
sis, methyl-orthophosphate-related poisoning, and various injuries, also occur during
the mining process [8]. Despite the negative socio-environmental consequences, ASGM
activities are still undertaken, predominantly in rural areas of >80 countries, as a significant
poverty-alleviation mechanism, and to drive their economic development [1,3]. Indonesia,
where the national poverty line is 9.4% as of 2019 [9], shows the continuous growth of
ASGM across the country [10,11].

The Minamata Convention on Mercury, a global treaty protecting human health
and the environment from anthropogenic emissions and the releases of mercury and its
compounds [12], was adapted and came into force in October 2013 and August 2017,
respectively [7]. Article 7 of the Convention focuses especially on ASGM sector, advocating
the reduction of mercury use in the sector, and has been strategically taken up in national
action plans and various national regulations among the ratifying nations [13]. However,
the formalization of this policy has often been impeded by political issues, such as insuf-
ficient institutional frameworks, capacities, and funds [14,15]. In Indonesia, despite the
formalization of the Convention and the development of a national action plan, the alterna-
tive supply of mercury has been domestically produced [16,17], resulting in a significant
increase in informal mercury imports [18]. Therefore, it is expected that the generation of
an alternative supply of mercury at a lower cost will accelerate ASGM and allow operators
to expand their activities and the use of mercury beyond the regulated levels, as the price
of gold on the global market increases [19]. A relationship between increases in ASGM and
in gold price has been reported in the literature [20,21].

The ASGM sector can be categorized into two types: the ‘travel-type’, in which miners
commute from their local residences to mining sites, and the ‘camp-type’, in which miners
live and conduct their mining activities at mining camps. Recent research has focused
mainly on the environmental and human health effects of mercury pollution caused by the
travel-type ASGM sites spread over a large number of areas [2,8,22–29], largely employing
the alluvial mining method. Although camp-type ASGM sites have also been studied [30],
they have only been recorded as points on maps, and there has been no quantitative
analysis of the changes in the camp-type mining sector over time.

As remote sensing technologies have developed, they have been widely used to
characterize natural features and physical objects, allowing spatial changes in these to
be monitored over time. Remote sensing also provides diverse continuous data with
temporal, spatial, and spectral resolutions. Freely available satellite remote sensing data,
such as Landsat series, have provided long-term datasets of Earth observations since the
1970s, and are extensively used to detect and monitor landcover [31–34]. The use of such
long-term satellite datasets has allowed the development of qualitative and comprehensive
understanding of various changes, including ASGM development [2,27,34,35]. Using
remote sensing technologies, several studies have assessed ASGM-related qualitative
spatiotemporal changes, such as deforestation, the extent of mining areas, and geomorphic
and hydrological changes [21,27–29,35,36]. However, those studies were limited to ASGM
areas with long and well-known mining histories, and mainly examined the travel-type
part of the sector.

However, as the gold price has increased, artificially developed camp-type ASGM sites,
spread across small areas, have developed in remote rural areas, with significant influxes
of miners from neighboring regions [16,37,38]. The movement of such invisible informal
influxes of miners to artificial camps causes informal communities to form and expand,
accelerating the severe socio-environmental pollution inside the camps. However, this
camp-type ASGM, with large influxes of miners, has never been quantitatively investigated
in depth. Because camp-type ASGM in remote rural areas is associated with influxes of
miners who live at the mining camps, the spatial distribution of built-up areas can be a
significant indicator of the transformation of otherwise invisible ASGM communities.
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In this study, our primary objective was to assess the transformation of the ASGM
sectors by large influxes of miners living at mining camps in Bone Bolango Regency,
Indonesia. Our specific objectives were: (1) to assess the landcover changes in 1995–2020,
using remotely sensed imagery, such as a Landsat series; and (2) to correlate the ASGM-
directed transformations with the prevalent gold price. The results of this study contribute
to our understanding of the spread of camp-type ASGM activities spread across a small
remote rural area and allow the rate and level of socio-environmental pollution in its train
to be predicted.

2. Materials and Methods

2.1. Overall Methodological Workflow

Figure 1 shows the methodological workflow used in this study. We focused on three
significant steps to achieve our primary objective of assessing the transformation of ASGM
with large influxes of miners into mining camps. First, the built-up areas in the mining
camp in 1995–2020 were calculated from Landsat data. Second, the relationship between
the identified built-up areas and the historical gold price was assessed. Third, a field
survey was conducted to investigate the characteristics of the ASGM camps. Together,
this evidence allowed us to understand the transformation of the ASGM sector by large
influxes of miners living at mining camps. We present a discussion based on all the findings
described. The methods used in each step are explained in the following sections.

Figure 1. Overall methodology.

2.2. Study Area

The North Sulawesi, Indonesia, is a well-mineralized metallogenic region, with sig-
nificant gold mineralization associated with quartz veins, in a variety of porphyry and
epithermal settings. The vertical tunnel method (shaft) of mining is predominantly used
in the country, and the gold is extracted with mercury amalgamation in almost all of
Indonesia’s ASGM hotspots [11], including in Sulawesi.

The Motomboto ASGM area is located ~30 km southeast of the city of Gorontalo in
Bone Bolango Regency, Gorontalo Province, Indonesia. This area is categorized as having

59



Int. J. Environ. Res. Public Health 2021, 18, 9441

high-sulfidation epithermal deposits of copper, gold, and silver [39]. Gold mining in Bone
Bolango Regency, Gorontalo began in the Dutch era (18th century) [40], and later, mining
activity in the West Motomboto and Tulabolo areas was developed by Tropic Endeavour
Indonesia in 1988 [41]. However, these mining sites were closed in 1991 because they
intruded upon the Bogani Nani Wartabone National Park development [41]. The closure of
the former mining site has triggered the entry of residents to the area to undertake mining
activities [41]. In 2013, more than 9000 small-scale miners were reported in the Bogani
Nani Wartabone National Park [38]. The majority of them came from neighboring regions,
including Bolaang Mongondow and Minahasa in North Sulawesi, Indonesia [38].

In this study, we examined the Motomboto ASGM area, and divided it into mining
camps 1, 2, and 3 (Figure 2).

Figure 2. Study area.

2.3. Satellite Imagery

Atmospherically corrected cloud-free Landsat data from the Thematic Mapper (TM),
Enhanced Thematic Mapper Plus (ETM+) and Operational Land Imager (OLI), satellite
images, available from the United States Geological Survey (USGS) through the Google
Earth Engine, were used to extract a time series of built-up areas. The images were
chosen based on cloud coverage and satellite data availability to minimize any potential
influencing factors. Consequently, imagery from March–May was primarily selected. For
those years in which data for the target months were not available, imagery collected in
adjacent months was used. With these provisos, satellite imagery acquired from 1995
to 2020, with a ground resolution of 30 m in the World Geodetic System 84 (WGS84)
geographic coordinate reference system, was used to detect and analyze the built-up areas
in the study region.

In previous studies, the mining areas in Bone Bolango Regency were estimated to
cover 0.62 km2 in 2012 [30]. Therefore, the long-term trend in ASGM sites could be detected
with satellite imagery, even at a ground resolution of 30 m. The main specifications of the
sensors used in this study are summarized in Table 1.
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Table 1. Main specification of satellite imagery in the study.

Acquisition Date Sensor NIR (μm) Red (μm) Green (μm)

30 May 1995
26 May 1997
11 May 2000
4 April 2001
25 May 2002

Landsat 5 TM 0.70–0.80 0.60–0.70 0.50–0.60

27 March 2004
10 February 2005
17 March 2006, 25 September 2006
23 May 2007, 30 October 2007
26 April 2009
24 February 2010, 4 September 2010
10 January 2011, 26 November 2011
27 March 2013
24 April 2014

Landsat 7 ETM+ 0.76–0.90 0.63–0.69 0.52–0.60

8 July 2015
5 April 2016
24 April 2017
10 March 2018
4 August 2019
15 March 2020

Landsat 8 OLI 0.85–0.88 0.64–0.67 0.53–0.59

2.4. Extraction and Calculation of Built-Up Areas

Landsat satellite images acquired in 1995–2020 were used. Since the transformation by
ASGM in remote rural areas is associated with influxes of miners who live at mining camps,
as described in the Introduction, the spatial distribution of built-up areas was extracted as a
significant indicator of the transformation of the ASGM camps resulting from large influxes
of miners. Built-up areas can be defined by their physical aspects, such as predominantly
human-constructed elements [42], as in this study. A number of spectral indices, including
the Urban Index (UI) [43], Normalized Difference Built-up Index (NDBI) [44], Index-based
Built-up Index [45], Built-up Area Extraction Method [46], Enhanced Built-up and Bareness
Index [47], Band Ratio for Built-up Area [48], Built-up Index [49], Normalized Difference
Vegetation Index (NDVI) [34], and Automated Built-up Extraction Index [50], have been
developed to extract built-up areas from satellite imagery. Furthermore, human visual
interpretation was also used [42]. Previous studies found that NDBI [51,52] and UI [53,54]
are most sensitive in retrieving built-up areas, although these have mainly been used in
urban studies. As NDBI and UI are incapable of efficiently separating built-up areas from
bare land [44], the separation of these two land types in rural areas is more complicated.
Therefore, in this study, we used NDVI, as used elsewhere [34], to analyze remote mining
areas over long timescales. The value of NDVI in the built-up areas was calculated with
Equation (1).

NDVI = (NIR − Red)/(N IR + Red) (1)

NDVI, ranging from −1 to 1, shows a high value for dense vegetation and a low
value for desert or unvegetated areas [55]. In this study, we further restricted the built-up
areas using the NDVI threshold, 0 ≤ NDVI ≤ 0.48, to exclude vegetated areas on the
land surface. The value was determined based on comparisons of the accuracy levels
by referring high-resolution satellite data. In this way, the built-up areas were identified,
and results were visualized as a time series. To assess the accuracy of the results, 100
points were randomly selected in the study area and validated using a high-resolution
image obtained on 8 February 2017 using Google Earth Pro. Because no images were
available in Google Earth Pro for the same dates as the Landsat imagery acquired from
USGS, images acquired on the closest date (24 April 2017) were used. In this study, we
applied the validated accuracy to all of the classification results, owing to the unavailability
of reference data.
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The relationship between the built-up areas and the gold price was also assessed.
The global gold prices [56] and gold prices in Indonesian rupiah [57] were obtained for
1973–2020 and 2008–2020, respectively. They were then graphed against the total built-up
area in the mining camps across time, and the correlation between the two parameters was
calculated.

2.5. Investigation of ASGM Camps

Field observations of the Motomboto ASGM camps were made on 6 February 2020.
Settlements, trommel machines, pools for immersing the materials, and miners’ camps
were investigated. Interviews were also conducted with key miners in the mining camps.

3. Results

3.1. Expansion of Built-Up Areas in the Mining Camps

To detect the changes in the landcover surrounding the ASGM camps, NDVI was
primarily calculated for 1995–2020. The appearance of changes and the rate of their
development varied across the camps. Figures 3–5 show the changes in NDVI in each camp
over the 25-year study period. Motomboto ASGM camp 1 was first identified around 2011.
However, it did not show significant expansion until 2020. In comparison, camp 2 existed
before 1995 and developed gradually after 2015. Camp 3 was newly identified in 2019 and
expanded rapidly into the eastern and southern areas.

Figure 3. Changes in NDVI in Motomboto ASGM camp 1.
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Figure 4. Changes in NDVI in Motomboto ASGM camp 2.

Figure 5. Changes in NDVI in Motomboto ASGM camp 3.

From the results of NDVI, the built-up areas in the ASGM camps were extracted as
described in Section 2.4. Together with various landcover changes, built-up areas were
detected in all of the ASGM camps, with an accuracy of 96% (Figure 6). Built-up areas were
identified from 2011, 1995, and 2016 in Motomboto ASGM camps 1, 2, and 3, respectively.
The built-up area in camp 1 developed largely in 2013, but the area remained around the
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same size. Camp 2 mainly developed around 2015, and the largest area was detected in
2016. Camp 3 was clearly distinguishable from the others and showed a continuous rapid
increase in size even after the Minamata Convention on Mercury was brought into force in
2017. Notably, in 2020, ASGM camp 3 showed a 23-fold increase in size over that in 2017.
The built-up areas in the mining camps tended to be detected approximately 1 year after
the landcover changes described in the previous paragraph were identified.

Figure 6. Built-up areas by ASGM camp.

3.2. Investigation of ASGM Camps

Motomboto ASGM camp is located 4–6 h from the center of East Suwawa. There are
no paved roads, and the camps are only accessible by motorcycle. The road conditions are
poor, and miners are required to cross several rivers by motorcycles to reach the camps.
The basic settlements in the camps are composed of tin roofs or are covered by tarpaulins
and are spread over in the small valley, forming village-like settlements (Figure 7a). In
these simple settlements, all the processes required for the gold extraction are performed,
and the incoming miners also stay in these mining camps.

Based on our field investigations, the total number of miners in the Suwawa area was
approximately 10,000. Because the miners tended to be replaced frequently, they were
difficult to count accurately; however, 75–85% of the incoming miners were from rural
areas, where they engaged in agricultural or fishery industries. At the ASGM sites, more
than two teams were organized per tunnel, working in 24 h shifts (as reported by a local
miner).

The activities conducted in the Motomboto ASGM camps are shown in Figure 7b–e.
Mercury and cyanide are required in the process of gold amalgamation in the tailings.
Figure 7f shows the residences of the incoming miners and their families, where the miners’
families generally operate small restaurants or grocery stores to service the influx miners
and their families’ daily needs. The ASGM activity in this area has increased rapidly since
2017, with influxes of miners after the gold price increased (as reported by a local miner).
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Figure 7. Motomboto ASGM camp. (a) Settlements in Motomboto ASGM 3 taken by an unmanned
aerial vehicle. (b) An active mine hole. (c) Trommels for milling materials mined from holes. (d) A
pool of water mixed with hydrogen peroxide for immersing the milled materials. (e) A pool of
mercury mixed with cyanide for immersing the materials. (f) A common settlement where incoming
miners and their families stay and manage a grocery shop.

3.3. Relationship between the Built-Up Areas and the Gold Price

The relationship between the built-up areas in the ASGM camps and the gold price was
assessed (Figure 8). The built-up areas identified at the three mining sites were combined.
The global gold price increased rapidly from 2006 to 2012. It then decreased and remained
steady till early 2019, when it increased again until 2021. The gold price in Indonesia
has increased since 2007, with an especially steadily increase since 2017, approximately
doubling by late 2020. Although there are differences in the Indonesian and global gold
prices, similar tends were observed. From 2007 to 2020, the increase in the built-up areas
was significantly associated with the gold price (R2 = 0.91).
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Figure 8. Global gold price, Indonesian gold price, and built-up areas in the camps.

4. Discussion and Limitations

4.1. Discussion

The built-up areas developed in ASGM camps are indicators of transformations at the
ASGM sites and, in this study, they provided a developmental time series that correlated
with the changes in gold prices. A quantitative analysis of the ASGM sector extends our
understanding of the rate of development of mining sites and their transformation over
time. Understanding the status of ASGM is essential to tracking its responses to global
factors, such as the gold price and the Minamata Convention on Mercury (2017), and to
predicting the rate and level of socio-environmental destruction at the local and community
levels.

Identification of proposed built-up areas, as an indicator of the growth of the camp-
type ASGM, using Landsat series with 30 m ground resolution, demonstrated the trans-
formation of camp-type ASGM over decades (Figures 3–6), as reported previously [28].
With a quantitative time-series analysis, we detected various forms of built-up areas in the
mining camps, indicative of the camps’ characteristics. For example, Motomboto camp 1
was identified as a newly opened area in 2011, whereas the mining activities at camp 2
expanded rapidly in 2015. Although, the development of camp 3 is considered recent, it
developed rapidly after 2016. This expansion and development resulted from new influxes
of miners and the weak enforcement of their regulation. Illegal immigrant miners from
neighboring regions, including Bolaang Mongondow and Minahasa (North Sulawesi),
have been reported [38]. The population of East Suwawa, where the targeted mining camps
are located, did not show a significant change with the population in 2007–2019 [58–68].
Because local residents travel from their own villages near the mining camp (field inter-
view), the development of the built-up areas in a mining camp reflects the increased influx
of miners into that mining camp. Possible factors encouraging their entry include the weak
regulation of the ASGM sector resulting from its informal, illegal, and closed nature [3];
limited governments resources and administrative capacity to provide adequate technical
assistance or to enforce compliance [69]; and the remote locations of the mining sites [35].
The identification of policy problems and the development of planning and management
solutions in remote rural locations further impede the proper management of the sector [70].
Because the Motomboto ASGM camps are located in remote rural areas in a national park,
the regulation and monitoring of miner influxes from other regions and mining activities
are more complex than those at easily accessible sites.
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Our finding of a significant relationship between the developmental scale represented
by built-up areas and the gold price in Indonesian rupiah is consistent with those previous
studies [20,21]. Although mining types differ, similar trends have been detected between
these two factors.

The living conditions in the mining camps can have negative social and health effects,
resulting from the population’s exposure to high levels of mercury vapor. The emission of
mercury from the camps into the atmosphere and its releases into Bone River, the main
water supply for the city of Gorontalo, further harm both human and environment health
at the community and regional levels. Other problems are expected inside the mining
camps, such as a high incidence of infection among children, an increased prevalence of
tropical diseases such as Dengue fever, and a lack of access to health care, education for
children, safe water, wastewater treatment, and sanitation supplies, as reported in previous
studies [71–74]. However, artificial camp-type AGSM sites, including the Motomboto
sites do not generally contain any basic infrastructures, resulting in rapid environmental
pollution owing to poor waste treatment.

4.2. Limitations

This study had several limitations associated with the quality of the input data. First,
cloud-free Landsat series and complete images of Landsat7 were limited due to various
factors, including scanline errors. Second, differences in the spatial resolution of the datasets
used resulted in mixed pixels, possibly causing the overestimation or miscalculation of
built-up areas. Third, the methodology used in this study is only applicable to similar
camp-type mining sectors.

5. Conclusions

In this study, the transformation of the ASGM sector, with large influxes of miners
living at mining camps in Bone Bolango Regency, Indonesia, was assessed with remote
sensing imagery and field investigations. The results presented here show that the total
built-up area in the target ASGM sites identified by Landsat series in 2020 had increased
18.6-fold relative to that in 1995 and correlated with the increase in the gold price in Indone-
sian rupiah. Furthermore, the large influx of miners living in mining camps paralleled the
increase in the market price of gold. Therefore, we conclude that the spread of camp-type
ASGM across a small remote area with large influxes of miners is detectable by monitoring
the built-up areas in those mining camps. These results extend our understanding of the
rate and scale of the development of the closed ASGM sector and provide significant insight
into the potential for environmental pollution at the local and community levels. This will
allow precautions to be taken and alternative sustainable strategies to be developed at the
local, community, and regional levels.
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Abstract: The rapid growth of artificially constructed mining camps has negatively impacted the
camps’ surrounding environment and the informal communities that have developed inside the
camps. However, artisanal and small-scale gold mining (ASGM) is generally informal, illegal,
and unregulated; thus, transformations of the mining activities and potential social-environmental
problems resulting from these changes are not revealed. This study assesses the transformation
of mining activities in camp-type ASGM sectors in Gorontalo, Indonesia, during 2014–2020 using
remotely sensed data, such as Landsat series, nighttime light, and precipitation data obtained through
Google Earth Engine. Results show that the combined growth of the built-up areas increased 4.8-fold,
and their annual mean nighttime light increased 3.8-fold during 2014–2019. Furthermore, diverse
increases in the sizes of area and nighttime light intensity were identified from the mining camps.
Among the studied camps, since 2017, Motomboto camp 3 showed a particularly rapid change in
activity regardless of the season of the year. Hence, these approaches are capable of identifying rapid
transformations in the mining activities and provide significant insight into the socio-environmental
problems originating from the closed and vulnerable camp-based ASGM sector. Our results also
contribute to developing rapid and appropriate interventions and strengthening environmental
governance.

Keywords: artisanal and small-scale gold mining; environmental governance; Indonesia; landcover
change; mining camp; nighttime light; remote sensing

1. Introduction

Rapid growth of artificially constructed mining camps has negatively impacted their
surrounding environments and the informal communities that have developed inside them.
The communities that have developed in such camps may face severe socio-environmental
problems at various levels owing to their informal status. Therefore, detecting such
camps and determining their rate of development as well as the transformations of their
activities should provide significant insights into and the identification of possible social-
environmental problems that originate in these vulnerable mining communities. This may
also enable environmental governance to be promoted at various levels.

The artisanal and small-scale gold-mining (ASGM) sector, which is characterized as
informal, unregistered, and illegal, is a significant gold-producing sector that uses rudimen-
tary technology at the individual, group, or community levels [1]. In this sector, 70–80% of
small-scale miners are informal workers [2]. The United Nations Environment Programme
reported that ASGM is the largest employer in gold mining throughout the world, repre-
senting approximately 20% (400–600 T/year) of the worldwide gold production and 90%
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of the global gold-mining workforce, respectively [3]. In the process of gold extraction,
mercury is commonly used at the stage of amalgamation, resulting in substantial harmful
environmental and health risks owing to mercury pollution [4–6], such as mercury emis-
sions into the atmosphere and release into water. Such mercury pollution has mainly been
reported in South America, Africa, and Asia [4,7]. Additionally, other health problems—
such as silicosis, methyl orthophosphate-oriented poisoning, and various injuries—also
occur during the mining process [8]. Despite the high socio-environmental risks, ASGM
has been undertaken continuously in more than 80 countries as a tool for poverty allevia-
tion during their socioeconomic development [3,9]. In Indonesia, a continuous growth in
ASGM has been observed across the country. Both active and non-active ASGM practices
have been located in 93 regencies in 30 out of 34 provinces in Indonesia, estimating more
than 1200 hotspots in 2017 [10] with 250,000–300,000 miners [11]. Furthermore, Indonesia’s
fastest rise in the number of polluted sites has been reported in the past 20 years at the
global level [2]. In Gorontalo province, which shows the fifth highest poverty rate of 25.9%
in 2019 [12], many informal mining activities have been widespread even in national park
areas, affecting biodiversity and human health [10].

The ASGM sector can be categorized into two types: “travel-type,” in which miners
commute daily from their local residences to the mining sites, and “camp-type,” in which
miners live and conduct mining activities at the worksites [13]. The camp-type ASGM
(hereafter referred to as C-ASGM) sites are artificially constructed, basic settlements—in
general, with poor infrastructure—resulting in the formation of an informal society in each
camp [13]. The scale and workforce of the ASGM sector has been expanding along with
the increase in gold prices since 2000 [14]. A relationship between the increases in ASGM
and the high price of gold has been confirmed in the literature [15,16].

Recent research has focused mainly on the environmental and health assessments of
mercury pollution originating in the ASGM sector [1,8,17–24]. Several studies have focused
on the C-ASGM sites, but they have been limited to point-based, time-cross-sectional
analyses [25,26]. Thus, quantitative analyses of the time-series of the transformations of
mining activities have not been dealt with in-depth. Furthermore, due to the development
of geoinformation technology, several studies have conducted ASGM-related time-series
assessments of associated features, such as deforestation, mining-area detection, and
geomorphic and hydrological changes [16,22–25,27], but they have mainly examined travel-
type ASGM sites. To investigate the closed C-ASGM sites, [13] recently conducted a
quantitative time-series analysis using satellite remote-sensing imagery of the growth of
the built-up areas at the C-ASGM sites. However, the authors only captured the growth of
the mining camps represented by the built-up areas, and the detailed changes and volumes
of mining activities in these camps are not well understood.

However, miners living in the C-ASGM sites may face severe social risks within
these communities owing to their informal, illegal, unregulated, and vulnerable natures.
Thus, a better understanding of C-ASGM sites is required to reveal hidden, severe social
problems. For this reason, [28] investigated the economic outputs of small-scale areas with
low economic densities using remote-sensing-based light measurements. Applying such
data may provide a key to understanding how remote rural ASGM camps have developed
and how their mining activities have been transformed. Thus, tracing the nighttime light
(NTL) and weather data associated with the spatial distributions of the built-up areas may
provide better indicators of activity transformations in the mining camps located in remote
rural areas.

This study primarily assesses the transformation of the ASGM activities during
2014–2020 in Bone Bolango Regency, Gorontalo Province, Indonesia, where active C-ASGM
activities have been conducted. Specifically, our objectives were: (1) to assess the built-up
areas in the mining camps using the Landsat series and (2) to characterize the mining
activities by associating the detected built-up areas with the NTL data obtained using
the Visible Infrared Imaging Radiometer Suite (VIIRS) from the National Oceanic and
Atmospheric Administration (NOAA) and the Climate Hazards Group InfraRed Precip-
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itation with Station (CHIRPS) data. The results of this study are expected to contribute
to identifying potential socio-environmental problems originating in vulnerable mining
communities, potentially resulting in the strengthening of environmental governance.

2. Materials and Methods

2.1. Overall Methodological Workflow

Figure 1 shows the methodological workflow used in this study. This workflow
employed three main steps to achieve its primary objective of assessing the rapid transfor-
mation of ASGM activities. First, the areas built-up in the mining camps during 2014–2020
were identified using Landsat series data. Second, the NTL intensities for those areas were
calculated using VIIRS–NOAA data. Third, the amounts of precipitation in those areas
were obtained using CHIRPS data. Then, the relationships between the built-up areas was
identified, and the volume of NTL and the amount of precipitation were assessed. Together,
this evidence enabled us to understand the rapid transformation of the ASGM activities
at the mining camps. In this report, we present a discussion based on all the findings
described above. The methods utilized in each step are explained in the following sections.

Figure 1. Overall methodology.

2.2. Study Area

North Sulawesi, Indonesia, is a well-mineralized metallogenic region with significant
gold mineralization associated with quartz veins in andesite-hosted epithermal settings.
The East Suwawa ASGM area is located in Bogani Nani Wartabone National Park, Bone
Bolango Regency, approximately 30 km southeast of the city of Gorontalo, Gorontalo
Province, Indonesia. This East Suwawa region is categorized as a high-sulfidation epither-
mal setting containing copper, gold, and silver [29].

The first mining activities in Bone Bolango Regency occurred in the Dutch era (18th
century) [30]. Much later, mining activity in the West Motomboto and Tulabolo areas was
developed by Tropic Endeavour Indonesia in 1988 [31]. However, these mining sites were
closed in 1991 because they overlapped the area being developed into the Bogani Nani
Wartabone National Park [31]. The closure of the former mining site triggered the entry of
residents to carry out mining activities [31]. In 2013, more than 9000 small-scale miners
were reported in the Bogani Nani Wartabone National Park [32].
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In this study, the Mohutango and Motomboto ASGM camps 1, 2, and 3 in East Suwawa
in Bone Bolango Regency, Gorontalo Province, Indonesia—each of which utilizes the shaft-
based method of mining—are targeted (Figure 2). Those camps are located 4–6 h away
from the center of East Suwawa. Access to the camps is very poor; they are only accessible
by motorcycle and require the crossing of several rivers in the mountains [13]. The basic
settlements in these C-ASGM sites consist of tin roofs covered by tarpaulins, and they are
spread across small valleys, forming village-like settlements. All the gold-mining activities
are conducted in these simple camps using 24-h shift operations [13].

Figure 2. Study area.

2.3. Satellite Imagery

Atmospherically corrected, cloud-free Landsat data from the Enhanced Thematic
Mapper Plus (ETM+) and Operational Land Imager (OLI)’s surface-reflectance products,
available from the United States Geological Survey, together with the VIIRS–NOAA and
CHIRPS data products, were used. Those datasets are available in Google Earth Engine,
and they can be used to extract and calculate time-series of the built-up areas, the NTL
intensities, and the amounts of precipitation. Therefore, the Landsat series from 2014 to
2020, which has a ground resolution of 30 m in the World Geodetic System 84 (WGS84)
geographic-coordinate reference system and applies the cloud-removal function, was
utilized to extract the built-up areas. Furthermore, VIIRS (stray-light-corrected)–NOAA
datasets acquired during 2014–2020 were masked, with the NTL values masked to be
greater than or equal to 0. Then, annual mean and monthly values were calculated by
applying resampling to a spatial resolution of 30 m. The CHIRPS datasets acquired for
2014–2020 were used to calculate monthly-sum values by resampling them to the same
scale. Finally, the resulting data for the built-up areas, annual mean NTL, monthly NTL,
and monthly precipitation were overlaid.
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In previous studies, the mining areas in Bone Bolango Regency were estimated to
cover a total of 0.62 km2 in 2012 [26]. However, a continuous expansion of the built-up
areas in the camps that employ 24-h shift operations has since been reported [13]. Hence,
the long-term trends in ASGM camps could be observed from satellite imagery even with
a 30-m ground resolution. The main specifications of the databases used in this study are
summarized in Table 1.

Table 1. Main specification of satellite imagery in the study.

Satellite Acquisition Date Temporal Resolution Spatial Resolution

NOAA VIIRS 2014.01.01–2020.12.31 Monthly 15 arc seconds

CHIRPS 2014.01.01–2020.12.31 Daily 0.05 degrees

Landsat 7 ETM+ 2014.04.24 16 days 30 m

Landsat 8 OLI

2015.07.08 16 days 30 m
2016.04.05
2017.04.24
2018.03.10
2019.08.04
2020.03.15

2.4. Extraction of Built-Up Areas, NTL, and Precipitation Data

Satellite-based observational data—such as Landsat, VIIRS, and CHIRPS—acquired
in 2014–2020 were used. Because the transformation of ASGM activities in remote rural
areas is associated with the miners living at the worksites, a combination of the growth of
the built-up areas and associated changes in the NTL can provide significant indicators
for assessing the detailed activity in the camps. Furthermore, as described in Section 2.2,
the basic settlements in the studied C-ASGM sites are made of poor materials; thus, their
mining activities have higher sensitivity to weather conditions. To clarify their changes, we
further assessed them along with the changes in precipitation amount.

In this study, the built-up areas were defined based on their physical aspects, such as
a built-up environment consisting mostly of human-constructed elements [33]. A number
of spectral indices, together with human visual interpretation [33–41], were employed to
detect built-up areas using remote-sensing technology. Previous studies found that the
Normalized Difference Built-up Index (NDBI) [42,43] and the Urban Index (UI) [44,45]
had high sensitivities for retrieving built-up areas; however, these have been employed
mainly in urban studies. As the NDBI and UI are incapable of separating built-up areas
from bare land effectively [35], separating the two in rural areas can be expected to be
more complicated. Therefore, in this study, the Normalized Difference Vegetation Index
(NDVI) was applied, as employed by [13,46], to detect remote rural mining areas over long
timescales. The value of NDVI in the built-up areas was calculated using Equation (1):

NDVI = (NIR − Red)/(NIR + Red) (1)

NDVI, which ranges from −1 to +1, has a high value for denser vegetation, while it is
lower for desert or non-vegetation areas [47]. In this study, the NDVI was further restricted
to the range 0 ≤ NDVI ≤ 0.48 in order to exclude vegetated areas on the land surface from
the built-up areas. This threshold value was determined based on comparisons to the
accuracy levels for high-resolution satellite data. In this way, the results were visualized
in time-series. A hundred points were randomly selected within the study area, and the
accuracy of the results was assessed using a high-resolution image obtained on 8 February
2017 from Google Earth Pro. Because images were not available on the same date for which
the Landsat imagery had been acquired, images acquired on the closest date, 24 April 2017,
were used. In this study, the validated accuracy was applied to all classification results
owing to the unavailability of reference data.
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NTL data were acquired from the VIIRS, representing radiance values from −1.5 to
193,564.92, for the period 2014–2020. The negative radiance is generated by the airglow
effect in unpopulated regions, where the probability of illumination is zero or very low [48].
For this study, values less than 0 were excluded from the whole dataset. After summarizing
the monthly radiance values, a 12-month moving average was calculated for 2014–2020.
Meanwhile, an annual mean radiance value was calculated per year to generate a time-
series of annual maps, which were overlaid against the detected built-up areas.

Precipitation data was acquired from CHIRPS for the period 2014–2020. Before the
CHIRPS data were analyzed, data consistency was evaluated using reference data observed
at Bone Bolango climatology station provided by the Indonesian Agency for Meteorology,
Climatology and Geophysics (BMKG) [49]. Precipitation data provide by CHIRPS were
accumulated in the form of monthly data to match the monthly data provided by BMKG.
After the data validation, the sums of the amounts of precipitation by month were calculated
for each camp. These results were graphed together with the detected monthly NTL.

2.5. Investigation of ASGM Camps

Field observation was conducted on 6 February 2020 to investigate the ASGM camps.
Additionally, interviews were conducted with key informant miners on the worksites.

3. Results

3.1. Growth of Built-Up Areas in the Mining Camps

To detect the land-cover changes surrounding the ASGM camps during the period
of 2014–2020, the calculated NDVI was primarily used. Using these NDVI results, the
built-up areas in the ASGM camps were calculated with an accuracy of 99%, as described
in Section 2.4. Figure 3 shows how the built-up areas have developed over time in the
camps. The built-up areas in the Mohutango and Motomboto ASGM camps 1 and 2 were
identified beginning early 2014, and camp 3 was identified early in 2016, and the camps
showed various types of growth. The growth of all the built-up areas combined exhibited
a 4.8-fold increase during 2014–2020. While the Mohutango and Motomboto ASGM camp
1 remained similar in extent from 2014 to 2020, the Motomboto camps 2 and 3 developed
substantially in extent in 2015 and 2019, respectively. Among these mining camps, the
growth of camp 3 is clearly distinguishable from the cases mentioned above, showing
continuous and rapid annual growth of the built-up areas to the southern part. While the
growth of the Mohutango camp and Motomboto camp 1 showed only 1.1- and 1.4-fold
increases, respectively, during 2014–2020, and camp 2 showed a 1.2-fold increase during
2015–2020, camp 3 showed a remarkable 23.1-fold increase during 2016–2020. Through the
field observations, we confirmed that the identified built-up areas were either residences
of miners or settlements for mining activities where trommel machines and pools for
immersing the materials were placed. Furthermore, the ASGM activity in this area has
rapidly increased since 2017 after the gold price increased (according to interview with a
local miner).

3.2. Relationship between Built-Up Areas and NTL Intensity in the Mining Camps

The built-up areas were further overlaid against the corresponding annual mean NTL
images as an indicator of the volume of mining activity in time-series (Figure 3). The
total annual mean NTL showed a 3.8-fold increase during 2014–2020, while the individual
Mohutango and Motomboto camps 1, 2, and 3 showed 3.0-, 2.8-, 2.6-, and 5.4-fold increases,
respectively. The highest NTL increase occurred in mining camp 3, where the rapid
growth of built-up areas was observed (Section 3.1). On the contrary, the Mohutango and
Motomboto camps 1 and 2, which were already identified in 2014, showed lower growths
of NTL intensity in comparison to Motomboto camp 3. Based on our field observations,
electricity was generated using diesel generators and distributed across the camp (as
reported by a local miner).
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Figure 3. Overlay of built-up areas on annual mean NTL images in time-series.

To deepen our understanding of the mining activities in the camps represented by the
NTL intensity, the monthly NTL intensity and the 12-month moving average of NTL were
graphed against the built-up areas (Figure 4). Even though the NTL intensities vary by
camps, the study found a similar trend of the NTL intensity by season. For example, lower
NTL intensities were found in the rainy seasons—i.e., during April–June and November–
December—while higher intensities were found in the other months, during the dry seasons.
There was no significant change in the maximum values in the Mohutango and Motomboto
camps 1 and 2; however, the NTL from Motomboto camp 3 showed a 2.0-fold increase for
2014–2020. Furthermore, notable increases in the NTL were found in Motomboto camp 3
even in the rainy season, along with the growth of built-up areas since 2017. The 12-month
moving average for Motomboto camp 3 also showed a continuous increase.

3.3. Relationship between the NLT Intensity and Precipitation by Month

As described in Section 2.2, the basic settlements in the studied C-ASGM sites are made
of tin roofs covered by tarpaulins; consequently, their mining activities may have higher
sensitivity to weather conditions. We therefore expanded our analysis of the NTL intensity
described in Section 3.1 by associating it with the amount of precipitation, with a correlation
of 89%. As described above, higher NTL intensities have been observed since 2017, even
in the rainy season, especially in Motomboto camp 3; thus, we summarized the monthly
precipitation and NTL intensities by camp in a graph (Figure 5). The annual precipitation
in 2014–2020 was 1333, 887, 1437, 1760, 1170, 918, and 1643 mm, respectively. Even though
the annual amount of precipitation varied, the NTL volumes in 2020 were the highest
during the entire study period. Despite the increase in the volume of precipitation, the
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NTL intensity increased during the rainy season even in the simple settlements, especially
after 2017.

Figure 4. Built-up areas and monthly NTL intensities for the ASGM camps.

Figure 5. Monthly precipitation (sum) and NTL intensity by mining camps.

4. Discussion and Limitations

4.1. Discussion

We studied the rapid transformation of activities in the C-ASGM sector from 2014–2020
using time-series associated with the built-up areas, the NTL, and precipitation data. A
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quantitative time-series analysis of the artificially constructed C-ASGM sectors can help to
achieve better understanding of the rate of development of such mining activities and their
transformations across time. Detecting such rapid transformations can provide significant
insights into hidden, severe social problems inside these vulnerable mining communities,
potentially resulting in the strengthening of environmental governance at various levels.

By combining the extraction of indicators of the growth of the built-up areas of C-
ASGMs, the NTL intensity as an indicator of the mining activities, and the precipitation
data, this study demonstrated the transformations of the mining activities undertaken
in the C-ASGM sectors over a significant fraction of a decade (Figures 3–5). Using a
quantitative analysis over the time, this study detected the various forms of built-up areas
and NTL intensities in the mining camps. For example, Motomboto camp 3 was identified
in 2016, and it showed a more rapid and extensive growth of the built-up areas and the
NTL intensity than the other camps during 2016–2020, with 23.1- and 2.0-fold increases,
respectively, as described in Section 3.1. We found notable increases in Motomboto camp
3 since 2017, which is in accordance with a previous study [13]. As the study sites are
remote, rural C-ASGMs, a significant source of the growth identified in this area may be
due to large influxes of miners from neighboring regions, such as Bolaang Mongondow
and Minahasa in North Sulawesi [32]. This huge entry may have been encouraged by weak
regulations resulting from the informal, illegal, and closed nature of this sector [9]; limited
government resources and administrative capacity to provide adequate technical assistance
or enforce compliance [50]; and the remote locations of the mining sites [27], which could
further result in large socioeconomic problems.

The transformation of the working pattern was also identified since 2017 regardless of
the season. This may imply that local villagers near the mining sites previously engaged
in the mining activity as an additional income-generating activity during the agricultural
off-season. However, the increased influx of miners from neighboring regions that has
occurred since 2017 appears to have resulted in workers staying at the mining camps
continuously, becoming occupational miners throughout the year. As discussed above, [13]
previously revealed the expansion of the C-ASGM sector; however, the increase of NTL, in
association with the precipitation data, enables the further identification of the detailed
volumes of and changes in the hidden mining activities.

The C-ASGM sector can operate successfully owing to its high productivity of gold.
Despite its status as an informal sector, large influxes of miners have entered the camps
continuously, resulting in their rapid growth. These influxes of large populations into
artificially constructed spaces, which lack fundamental infrastructures and systems, defi-
nitely cause and accelerate socioeconomic and environmental problems relating to children,
family, education, health, sexual health, sanitation, garbage, and water usage, as reported
elsewhere as well [51–54]. However, their informal and illegal status limits the power of
law over and control of the camps, resulting in severe situations at some camps. In particu-
lar, this may be the case for the rapidly growing C-ASGM sector, as has been observed at
Motomboto camp 3. Thus, detection of such rapidly developing, hidden C-ASGM sectors
can definitely contribute to strengthening environmental governance by attracting and
involving various stakeholders at various levels.

Many of ASGM-related assessments are limited to a particular discipline; thus, inter-
disciplinary researches involving health and environmental impact assessments will be
carried out in different regions to prove the effectiveness of remote sensing analysis in the
future.

4.2. Limitations

The results of this study have some limitations associated with the quality of the
input data. First, the presence of small negative-radiance values caused by the airglow
effect in uninhabited regions [48] can lead to underestimates of the NTL intensity. Second,
differences in the spatial resolution of the utilized datasets results in mixed pixels, which
can cause the overestimation or miscalculation of factors such as built-up areas and NTL
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intensities. Third, the methodology used in this study is applicable only to similar mining
sectors that employ 24-h operations.

5. Conclusions

The rapid growth of artificially constructed mining camps has negatively impacted the
environment surrounding them and the informal societies that have formed inside them. In
this study, the transformations of the ASGM activities in Bone Bolango Regency, Gorontalo
Province, Indonesia, were assessed using remote-sensing data. The results presented
herein show that the growth of the built-up areas and annual mean NTL experienced 4.8-
and 3.8-fold increases, respectively, during 2014–2020. In particular, rapid changes in the
working patterns were found in Motomboto camp 3 regardless of the season. Therefore, it
can be concluded that transformations of the activities undertaken in the closed C-ASGM
sites can be determined by combining observations of the built-up areas and NTL in the
mining camps with the precipitation volumes. These results extend our understanding
of the transformations of mining activities in the hidden C-ASGM sectors and provide
significant insight into the potential for social problems that can occur in vulnerable
informal mining communities. These findings are expected to assist in developing rapid
and appropriate interventions for strengthening environmental governance by involving
various stakeholders.
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Abstract: This research empirically examines the preferences for job-related attributes among rural
villagers living close to artisanal and small-scale gold mining (ASGM) in Indonesia. Based on
hypothetical scenarios in which a private company collaborates with the local government to establish
a food processing industry in these villages, a questionnaire survey designed with best–worst scaling
(BWS) was administered to households to determine their preferences. Additionally, the heterogeneity
among the villagers was examined by applying a latent class logit (LCL) model. The main household
survey was conducted in 2019 in Bone Bolango Regency, Gorontalo Province. The estimation results
revealed that villagers are separated into four classes, and each class has different and unique
preferences. Creating more job opportunities for society is a highly evaluated attribute; however,
the preference for skill acquisition differs among groups. The results indicate that accounting for
heterogeneous preferences regarding job opportunities is helpful to delink dependency on ASGM
and health hazards and improve the livelihoods of rural villagers. The study yields key information
to substantially reduce environmental and health hazards in the poverty-plagued ASGM community
by facilitating job opportunities in Indonesia.

Keywords: ASGM; best-worst scaling; job opportunities; preferences; Indonesia

1. Introduction

The release of mercury and its components into the atmosphere has had serious
impacts on human health and the local environment. One of the major activities that
emits mercury (Hg) is artisanal and small-scale gold mining (ASGM), an activity in which
individuals or small groups extract gold using simple tools and methods. Commonly,
mercury is used to extract gold from gold ores to make an amalgam, which is then burned
to distill mercury and isolate gold. Mercury is released to the air, water and soil during the
vaporization and tailing process and is diffused into the environment.

ASGM is the predominant source of anthropogenic mercury emissions, accounting
for 37.7% of the total mercury emissions in 2015 [1]. ASGM plays a major role in gold
extraction; it is estimated to constitute 17–20% of global gold production [2]. The release of
Hg from ASGM is higher in countries with lower levels of technology [3].

ASGM practices have expanded, especially in many low- and middle-income coun-
tries, and have caused occupational mercury intoxication in local societies. Approximately
15 million people, including approximately 3 million women and children, engage in
ASGM activities in developing countries [4]. Seccatore et al. estimated that over 16 million
miners were involved in gold mining worldwide [3]. Gold extraction in ASGM is com-
monly informal, and ASGM causes widespread mercury contamination for miners and
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surrounding villagers. Globally, 3.3 to 6.5 million miners suffer from moderate levels of
chronic metallic mercury vapor intoxication [5]. Given the impacts of ASGM on the rural
economy and the mercury consumption in this sector, the sustainable management of
the ASGM sector is crucially important to achieve sustainable economic growth while
preventing environmental degradation and reducing health risk.

Engagement in this environmentally and occupationally hazardous activity is closely
associated with chronic poverty in rural societies, where income-generating opportunities
are limited. In places where job opportunities are limited and unstable, obtaining cash
through extracting gold is crucial for sustaining day-to-day livelihood. Even if villagers are
not directly engaged in mining, mining operations have effects on other industries, such as
shops, restaurants, driving and agriculture. Therefore, the local economy where ASGM is
located is connected to the mining sector.

There are two ways to reduce poverty and to improve local livelihoods in existing
ASGM communities. The first way is to minimize the extensive environmental and health
hazards of ASGM. Various previous studies have attempted to replace mercury amalga-
mation or cyanide processing, which also poses safety and health concerns (refer to [6],
for example). Alternative technologies can address safety and health concerns, but they
require users to have prior knowledge and technical training [6]. Major technological
transformations usually require continuous effort to develop the capacity of miners in the
long run. Alternative technologies should be affordable, cost-effective, and available when
necessary. Moreover, technological development cannot directly overcome the underlying
reality of rural villages, i.e., pervasive poverty.

Another way is an alternative livelihood approach. Alternative livelihood approaches
in the context of mining assume that farmers can cease or reduce their reliance on ASGM if
livelihood-based policy interventions, such as the development of plantations, are effective
in generating sufficient cash income. If such interventions are successful, alternative job
opportunities that generate cash income are promising to eradicate chronic poverty and to
reduce dependency on ASGM.

Alternative livelihood approaches have extensively been applied in the context of
biodiversity conservation to convert conventional livelihoods that have substantial impacts
on biodiversity into sustainable livelihoods that reduce resource consumption. Examples
of alternative livelihoods are ecotourism in Nepal [7] and the provision of microcredit for
villager groups in Indonesia [8]. Based on an extensive review on the effects of alternative
livelihood initiatives on biodiversity conservation, Roe et al. found mixed outcomes; nine
initiatives reported positive conservation outcomes, another nine reported no change, and
the remaining three reported negative outcomes [9].

However, to date, various studies have pointed out that alternative livelihood ap-
proaches in the field of mining fail to incentivize the abandonment of mineral extraction.
Empirical findings on the expansion of agriculture as a livelihood intervention tool in
Myanmar concluded that mining and agriculture are unlikely to be substitute livelihood
options for villagers; rather, they are complementary options [10]. Agriculture and mining
were found to be complementary in Sierra Leone, where inhabitants engage in farming in
rainy seasons and mining in dry seasons [11].

How can we achieve the success of alternative livelihood approaches to attain the
multifaceted goals of eliminating rural poverty and minimizing environmental hazards?
Answering such questions is difficult; however, we assert that bottom-up approaches that
incorporate the latent preferences of miners and villagers are crucially important. Alterna-
tive livelihoods are presumed to be a promising opportunity that can absorb local labor
forces and yield sufficient income, in addition to meeting the latent demands of potential
local workers. Collecting and incorporating possible job seekers’ attitudes and opinions on
alternative job opportunities are the basis for formulating effective policies. Alternative
livelihoods are effective if a series of income-earning activities can prevent people from pur-
suing employment in ASGM and are attractive for individuals already engaged in mining
activities [12]. Therefore, for proposing attractive alternative livelihoods and addressing
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local public health issues, it is critical to clarify the latent demand for job opportunities of
rural villagers who may otherwise work at ASGM sites or surrounding industries.

To date, a limited number of case studies have evaluated preferences for job opportu-
nities in the context of ASGM. A conference presentation appears to be the first attempt to
analyze citizens’ preferences for possible job opportunities in Indonesia [13]. The study
conducted household surveys to elicit job preferences through best–worst scaling (BWS)
and applied a mixed logit model to examine preferences for job opportunities [13].

This paper applies the data set used in [13] and extends it to examine the source
of preference heterogeneity from various socioeconomic variables (household income,
dependency on mining, education, residency, etc.). If the source of heterogeneity is success-
fully and rigorously identified, this information can support policymakers in designing
alternative livelihood policies.

BWS is frequently applied to examine the relative importance of attributes in the
field of health economics and marketing and is increasingly applied in environmental and
resource economics. BWS was first introduced by Louviere and Woodworth in a working
paper in 1990, while Finn and Louviere published the first application of the technique [14].
Commonly, respondents are asked to select their most preferred choice and their least
preferred choice in a choice set. Extensive literature has examined the relative importance
of policy measures and opinions on environmental attributes as well as latent attributes
among stakeholders.

This research empirically examines the preferences for job-related attributes among
rural villagers living close to ASGM in Gorontalo Province of Indonesia. Based on hypo-
thetical scenarios in which a private company collaborates with the local government to
establish a food processing industry in the villages, the research applies BWS techniques
to determine potential workers’ latent demands for job opportunities. Given the hetero-
geneous livelihoods of the villagers, the study also examines preference heterogeneity by
applying a latent class logit (LCL) model. This research aims to expand the discussion and
provide new insights into job opportunities to reduce dependency on ASGM and improve
public health in poverty-plagued villages in Indonesia.

2. ASGM Operations in Indonesia

Indonesia emits the second largest amount of mercury in the world [15]. ASGM
operations have spread widely in various provinces in Indonesia. There are limited reliable
sources of data, but the estimated number of workers in artisanal and small-scale mining
in Indonesia is 109,000 [16]. Note that this number includes workers engaged in extracting
a broad range of minerals, including gold. Ten percent of workers involved in artisanal
and small mining operations are women and children [16]. Extensive previous studies
have described the economic benefits accrued from mining operations and noted the
mercury contamination in ASGM and surrounding areas as well as safety and health
hazards. Research comparing development benefits of ASGM and large-scale mining in
North Sulawesi found that ASGM brought substantial benefits for the local community
in the form of a decreased unemployment rate, increased income, better infrastructure,
and increased market diversification [17]. At the same time, a high level of mercury
contamination has been reported in ASGM communities in various provinces, such as in
West Java [18], West Nusa Tenggara [19], Buru Island, and Mollucas [20].

Gorontalo Province, located on northern Sulawesi Island, is one of the typical provinces
where ASGM activities have deeply penetrated the economy. Similar to the literature
examining other provinces, studies conducted in Gorontalo have pointed out adverse effects
of ASGM on the environment and human health. Mining operations in Hulawa villages
in Gorontalo Utara Regency date back to the 19th century, whereas mining operations
in Ilangata villages began just 15 years ago [15]. Inhabitants living close to ASGM sites
experience higher hair mercury contamination than those living in non-ASGM sites [21].
Based on the results of spirometry tests, miners suffer from lung disorders after exposure
to evaporated mercury [22]. Part of the context of these ASGM activities is the limited

85



Int. J. Environ. Res. Public Health 2022, 19, 306

number of prospective industries that can absorb labor in Gorontalo, hindering sustainable
development, particularly in rural villages.

Bone Bolango Regency, located in the Gorontalo Province in Indonesia, is a location
where many ASGM extraction sites are located. The livelihoods of the inhabitants of the
Bone Bolango Regency depend on the Bone River. The inhabitants use the river’s water
as a source of drinking water and for cooking and agricultural production. Fisheries are
common along the Bone River; inhabitants commonly consume fish and shrimp caught
from the river. A recent survey noted heavy metal contamination in the Bone River.
Concentrations of As (arsenic), Hg, and Pb (lead) in water samples were found to exceed
the water safety standards defined by the World Health Organization [23]. Contamination
by heavy metals is due to ASGM activities [23].

In rural Bone Bolango, opportunities to obtain cash income are limited to agriculture,
fisheries, chauffeuring, and retail work, among other activities. In particular, households
with low educational attainment face limited options for obtaining cash income; they
are more dependent on mining, probably due to the limited job opportunities in the
formal sector in Gorontalo [24]. Generating alternative livelihoods that can incentivize
rural villagers to avoid mining activities is key to achieving multifaceted development
goals, namely, avoiding environmental pollution, mitigating adverse health effects, and
improving rural livelihoods.

This research assumes that the food processing industry in Gorontalo is promising to
absorb the labor force and effectively utilize local agricultural production. In Gorontalo,
agriculture is the second largest economic sector [25]. Currently, the economy of Gorontalo
relies mainly on agriculture, which produces primary commodities (rice, maize). Corn
is a commodity that is commonly planted and dominates dryland agricultural activity
in Gorontalo [25]. Research notes that the development of the food processing industry
can facilitate more production and increase the value added of cultivated commodities.
Gorontalo has the potential to develop small and medium enterprises for maize products
given the availability and affordability of the labor force and raw materials [26]. The
development and use of technologies that can be adopted for the corn processing industry
can benefit the economic profile of Gorontalo [27]. Considering the economic profile and
prospects of the food processing industry, it is important to examine the potential of this
industry from the perspective of the potential labor supply.

The objectives of this research are to examine job-related attributes that are highly
evaluated by rural villagers in Gorontalo, Indonesia. Based on hypothetical scenarios that
present opportunities to work in the food processing industry, the research examines the
preferences of villagers in relation to the following seven attributes: contribution to local
environmental quality, frequency of payments, employment of friends in the same company,
occupation-related health risk, creating more job opportunities for society, reputation of
the company, and acquisition of new skills. Estimation results obtained from the collected
information are expected to support the encouragement of alternative livelihoods and
minimize dependency on mining.

3. Methodology

3.1. Survey Areas and Questionnaire Design

The survey was conducted in Bulawa and Suwawa Timur districts in the Bone Bolango
Regency in Gorontalo Province in September 2019 (refer to [13] for the specific names of the
surveyed villages of Bulawa and Suwawa Timur districts). The households were visited
based on the map created from satellite imagery to cover households in the surveyed
districts and to minimize sampling biases. In the field survey, not every identified house-
hold could be the location of a survey because these buildings are not always utilized for
residential purposes and sometimes they house governments or serve other purposes. The
research collected data from newly identified residential households via field observations
that were not identified from satellite imagery. During the survey, field investigators iden-
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tified residential properties whose household members were not at home. Investigators
also identified households whose adult members were not at home. Since the household
survey was conducted beginning in the early morning, if respondents were not at home,
the households were revisited at night. We did not collect data on rejection rate; however,
most of the household members were very responsive and kind to the investigators if they
understood the objectives of the survey; thus, rejection was rare. In this sense, sampling
biases due to rejection were limited.

The survey was administered to 503 villagers, and a sample of 91 villagers who
were the household heads served as the sample for this paper. Most of the answers were
collected from the wife of the household, who was unlikely to be a job seeker. To examine
the consistency of the results, the authors checked that similar estimation results could be
obtained when answers from non-household heads were incorporated.

Prior to administering the survey, the investigators received training to ensure that
they understood the survey objectives and questionnaire design. Since the literacy rate of
rural households was considered low due to lower educational attainment, answers from
respondents were collected through individual face-to-face interviewer-administered elici-
tations. To obtain reliable and representative answers from households, the investigators
sought respondents who were the head of their household or served as the household’s
decision maker.

Table 1 shows the attributes selected to elicit job preferences. To examine the validity
of each attribute, this research refers to a previous survey on job preferences conducted
in 2017 in rural areas of Gorontalo. Accounting for the local characteristics in the ASGM
region, environmental and health attributes were incorporated into the survey. Income-
based attributes on job preferences, such as a periodic increase in salary and higher income
than that offered by other companies, are generally evaluated higher than other attributes.
Income-based attributes were not included in the questionnaire to optimize identification
of additional relevant attributes affecting job preferences.

Table 1. Selected Preference Attributes.

Attributes Description

Environment Contribution to better local environmental quality

Frequency Frequency of payments (e.g., daily, weekly, monthly)

Friend Your friends are working in the same company

Health Occupation-related health risk

Job Creating more job opportunities for society

Reputation Reputation of the company

Skill Obtaining new skills

Respondents were presented with the following hypothetical scenarios.

Suppose that a private company in collaboration with the local government establishes
a food processing industry near the market of Kecamatan. The company is going to
hire local people for food processing duty. Monthly payments are equivalent to those of
the other companies in the same industry in Gorontalo Province, but you are expected
to receive more compensation as you gain experience. Suppose that you receive a job
opportunity in that company. If you decide to work there, you must work there as a
full-time employee, meaning that you cannot work full-time for other enterprises. Which
factors (attributes) do you think are the most important and least important in deciding
to accept a new job opportunity?

One of the sample choice sets is shown in Figure 1. Each respondent was asked to
choose what he or she considered the best and worst of the four attributes. Each respondent
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repeated this exercise seven times with different choice sets. Respondents were instructed to
select “I don’t know” if they could not understand the question or decide on their answers.

Figure 1. Sample questions.

To construct BWS questions, this research employed a balanced incomplete block
design (BIBD) to ensure that each alternative appeared an equal number of times and was
equally paired with each of the other alternatives across all choice sets (refer to Street and
Burgess [28] and Hinkelmann and Kempthorne [29]).

3.2. Estimation Procedures

To examine latent preferences obtained from BWS, maximum difference (maxdiff)
models are commonly applied, and simple counting methods are used to obtain the
best-minus-worst score [30,31]. The basic theory of the maxdiff model is random utility
maximization [32,33]. Suppose a random utility of choosing i as the best item and i′ as the
worst Uii′ = [V(i)− V(i′)] + εii′/ϕ, where V(·) denotes the deterministic component of
indirect utility, εii′ is the iid (independently and identically distributed) error component,
and ϕ is the scale parameter, which is inversely proportional to the standard deviation of
the error component. When the error component εii′ depends on an independent standard
Gumbel or type I extreme value distribution, an individual choice probability can be
formed from the well-known form of a multinomial or conditional logit model, as shown
in Equation (1), representing the maxdiff model:

P
(
ii′, i �= i′

∣∣M)
=

exp(ϕ(V(i)− V(i′)))
∑ j, j′ ∈ M

j �= j′
exp(ϕ(V(j)− V(j′)))

(1)

where M denotes the options, which consist of the choice set provided to the respondents.
To examine data collected from BWS that contain “best” and “worst” answers, a

random utility function that assumes a linear-in-parameter form, as shown in Equations (2)
and (3), has been frequently used:

U
(
ii′, i �= i′

)
= αixi − αi′xi′ + εii′/ϕ (2)

U∗(ii′, i �= i′
)
= ϕU

(
ii′, i �= i′

)
= βixi − βi′xi′ + εii′

∗ = βixi + βi′(−xi′) + εii′
∗ (3)

where xi and xi′ denote dummy variables that take a value of 1 when the item is chosen by
the respondent and 0 otherwise. αi and αi′ are the true marginal utility parameters. βi and
βi′ are the parameters where the true marginal utility parameters, αi and αi′ , and the scale
parameter, ϕ, are jointly estimated; these 7 arameters are difficult to be estimated separately.
In coding the data, we set the most important item as 1, the least important as −1, and all
other items as 0.

When utilizing a multinomial logit model Equation (1), there are several strict as-
sumptions to relax: preference homogeneity, a property of independence of irrelevant
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alternatives (IIA), and an uncorrelation of marginal utility parameters. We employ an
LCL model to relax these model assumptions because of the anticipated heterogeneity
in surveyed preferences [34–36]. Since any form of correlation can be permitted under
LCL [37], we can control parameter correlations caused by behavioral phenomena and
scale heterogeneity when we employ LCL. Refer to Appendix A for further discussion.

For the LCL model, the number of classes is specified exogenously. This research
incorporates a number of variables in the membership functions, including dependency
on mining, household income (natural log), age, education, residency, and duration of
residency in the current location. Several information criteria have been utilized in previous
papers. Boxall and Adamowicz [34] utilized the minimum Akaike information criterion
(AIC) and the Bayesian information criterion (BIC). Hynes et al. [38] proposed employing
AIC3 and corrected AIC (crAIC). We decided to utilize these four criteria to determine the
number of classes with every combination of covariates to be considered.

4. Estimation Results

Table 2 shows the socioeconomic variables of the households. The average number of
household members is 4.3. Annual income is IDR 36.542 million (USD 2583) per household,
or IDR 10.65 million (USD 740) per capita, indicating that villagers are not wealthy. The
share of agricultural income and mining income is approximately 20%, and other income
sources include working in a shop, working as a driver, or engaging in freelance activities.

Table 2. Socioeconomic Variables of the Households (data collected from the household head only).

Variable Sample Sizes Mean Std. Dev. Min. Max.

Number of household members (num.) 91 4.308 1.872 1 9

Household
income

Total (per year, in million Rupiah) 91 36.542 45.147 0 270.06
Per capita (per year, in million Rupiah) 91 10.465 16.079 0 115

Share of agricultural income 88 0.195 0.340 0 1
Share of mining income 88 0.172 0.322 0 1

Mining

Whether household has miner (1 = yes, 0 = no) 91 0.286 0.454 0 1
Whether household head is miner (1 = yes, 0 = no) 91 0.220 0.416 0 1

Number of miners per household (num.) 91 0.341 0.619 0 3
Age (years) 88 46.466 12.641 21 79

Years of education (years) 89 7.921 3.076 3 17

Head’s
demographics

Status of residency in the current place of residence
(1 = living in the household except occasional trip,

0 = living outside from household)
87 0.885 0.321 0 1

Duration of stay in the current residential place
(1 = 10 years or more, 0 = less than 10 years) 89 0.809 0.395 0 1

Note: 1 USD is equivalent to 14,148 Rupiah in 2019 [39]. Refer to [40,41] about descriptive statistics for codes (0, 1).

The estimation results of the conditional logit model are shown in Table 3. Reputation
(reputation of the company) is set as a reference attribute; therefore, respective parameters
should be interpreted as the relative importance compared with the reputation attribute.
Estimation results indicate that job (creation of more job opportunities for society) is
evaluated highest, and the friend attribute, i.e., employment of friends in the same company,
is evaluated as least important. Based on the estimation results of the CL (Conditional
Logit) model, villagers seek more job opportunities for society.

Table 4 shows the estimation results of the LCL model that assumes preference het-
erogeneity among different classes. Based on the information criterion, four class models
with a constant membership function model were identified. The estimation results that
included socioeconomic variables in the membership functions provided lower explanatory
power than the estimation model presented in Table 4. The class share is 20.0% for class 1,
16.0% for class 2, 27.5% for class 3, and 36.5% for class 4.
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Table 3. Estimation Results of CL (Conditional Logit) model.

Factors Coef.

Job 1.388 ***
(0.114)

Frequency 1.046 ***
(0.111)

Environment 1.008 ***
(0.111)

Health 0.836 ***
(0.110)

Skill 0.756 ***
(0.109)

Friend 0.094
(0.107)

Log-likelihood −1351.604
Number of Observations 7164

Note: Standard errors are in parentheses. The symbol *** denotes statistical significance at the 1% levels.

Table 4. Estimation Results of LCL model.

Class 1 Class 2 Class 3 Class 4

Attributes
Environment 1.462 *** 1.856 *** −0.035 2.136 ***

(0.399) (0.428) (0.222) (0.278)
Frequency 0.620 4.461 *** 0.005 1.950 ***

(0.438) (0.744) (0.229) (0.291)
Friend −0.160 −0.283 0.243 0.247

(0.324) (0.361) (0.211) (0.218)
Health 2.682 *** 3.926 *** −0.296 0.620 **

(0.551) (0.693) (0.261) (0.261)
Job 1.809 *** 2.774 *** 0.028 3.302 ***

(0.460) (0.636) (0.237) (0.348)
Skill 1.299 *** 0.444 0.732 *** 1.038 ***

(0.371) (0.345) (0.237) (0.250)
Membership Function (reference = class 4)

constant −0.602 −0.828 −0.283
(0.408) (0.371) (0.325)

Membership Probability
0.200 0.160 0.275 0.365

Log-likelihood −1225.222
Number of Observations 7164

Note: Standard errors are in parentheses. The symbols *** and ** denote statistical significance at the 1%, and 5 %
levels, respectively.

Compared with the estimation results of the LCL model, Table 4 explains distinct
features in the estimation results. Class 1 prioritized occupation-related health risks,
followed by job opportunities, better local environmental quality, and skill acquisition. The
employment of friends in the company and the frequency of payments were evaluated
as less important. In contrast to class 1, class 2 evaluated frequency of payments highest,
followed by health consciousness, job opportunities and better local environmental quality.
Among the four classes, class 2 is the only class that did not positively evaluate skill
acquisition. The employment of friends in the company is also evaluated as less important
by this class.

Class 3 is quite unique. Skill acquisition is the only attribute that is positively evaluated
by this class. Other attributes are not statistically significant with respect to the baseline
attribute (reputation of the company).
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Class 4 evaluated job opportunity highest, followed by better local environmental
quality, frequency of payments, skill acquisition and health consciousness. The results are
similar to those from the conditional logit model presented in Table 3. Since this class was
the largest and the majority of respondents were in this category, this class reflected the
average characteristics and its constant was applied as the reference for the membership
function of the other three classes.

5. Discussion

The estimation results in Table 3 show that respondents attribute high importance to
more local job prospects, flexibility in payment schemes, the company’s environmental
consciousness, the company’s consciousness of occupation-related health risks, and op-
portunities to obtain skills. The estimation results of the LCL model indicate the need to
account for preference heterogeneity. In Table 4, the most prevalent class is class 4, which
comprises 36.5% of respondents, and the estimation results are similar to those in Table 3.
However, the proportion of the respondents (27.5%) who are more likely to be categorized
into class 3, which places importance on only skill acquisition, is not negligible, according
to critical mass theory in sociology [42–44]. Therefore, even though job opportunities are
highly evaluated by classes other than class 3, the unique features of class 3 need to be
taken into account in managing ASGM issues in Gorontalo, Indonesia.

An attribute that is relatively highly evaluated overall is the creation of more job
opportunities for society. This implies that limited job opportunities are a serious concern
and an urgent issue for rural villagers in Bone Bolango. Although no classes evaluate
environmental consciousness as the most important attribute, class 4 (the largest class)
ranks it the second most important attribute. Therefore, heavy metal contamination is
recognized by a non-negligible number of individuals as a serious local environmental
issue that Bone Bolango faces.

Although class 2 is estimated to represent only 16.0% of the total, payment frequency
received a great deal of attention from this class, which implies that these villagers want
prospective companies to provide flexible salary payment options.

Contrasting features are found in the skill acquisition attribute. The estimation results
indicate that skill acquisition at work received relatively low interest from villagers cate-
gorized in classes 1, 2, and 4. This may indicate that rural villagers have little experience
receiving incremental salaries based on their acquired skills since jobs that require pro-
fessional skills are scarce there. In contrast, class 3 evaluates only skill acquisition highly,
meaning that members of this category evaluate whether opportunities to obtain skills are
available. These data suggest that to some, the opportunity to acquire skills is crucially
important to boosting income and improving living standards above all other preferences.
It is important to examine this distinction in order to raise awareness of the importance of
skill development for poverty eradication in rural Gorontalo.

The results for occupation-related health risk in Table 4 indicate unique characteristics.
Villagers categorized into class 1 (20.0%) and class 2 (16.0%) prefer companies with con-
sciousness of occupation-related health risks; however, respondents in class 4 (36.5%) place
less importance on this attribute. There are no statistically significant differences for class 3
(27.5%), meaning that occupation-related health risks are not important compared with
the baseline attribute (reputation of the company). If alternative livelihood approaches
are implemented to alleviate health risks, such practices may not be widely accepted by
potential employees.

The results obtained from the LCL model yield important policy implications for
managing ASGM and improving public health in the survey regions because they revealed
preference heterogeneity. This indicates that a single policy does not apply to all; several
packages that assume heterogeneous preferences should be provided to meet the latent
demands of villagers.

The research notes two limitations of generalizing results for establishing policies
in ASGM communities to reduce environmental degradation. The first limitation is the
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generalizability of the findings. Our sampling procedures attempted to minimize sampling
biases but are not considered random sampling because complete sample frames could
not be prepared before the survey. The research cautions that existing sampling errors
may influence the generalizability of the results. Second, the sampling could not focus on
potential job seekers due to the lack of formal job markets. If sampling was conducted for
only job seekers, the estimation results would yield better policy implication.

Since the research was conducted to examine latent preferences for job-related at-
tributes, the level of attributes was not examined. For example, respondents would provide
different opinions and preferences regarding the level of occupation-related health risks
and possible permanent damages. It is necessary to conduct a stated preference survey to
identify preferences on the level of those attributes, which can help formulate more detailed
policy to minimize dependency on ASGM.

This research includes various sociodemographic variables in the LCL model mem-
bership function to find determinants segregating different classes of workers. If current
miners are identified in alignment with specific classes, this allows for interpretation of
heterogeneity of preferences for job opportunities and the consequent dependency on
mining. Other observable socioeconomic variables, such as the duration of residency in the
current location, affluence of households, and educational variables, cannot be included
in the membership functions from the viewpoint of the information criterion; therefore,
those indicators are not suitable for separating classes. This may indicate that unobserved
variables, such as psychological variables, environmental concerns, and attitudes toward
political parties, may be candidates for further research. Further examinations are required
to verify other potential determinants.

Since this study is limited to case studies in Gorontalo Province, Indonesia, further
research is pivotal for generalizing the results. As a case study, the present study is beneficial
for policymakers considering the provision of job opportunities in rural areas to reduce
dependency on mining and simultaneously improve rural livelihoods.

6. Conclusions

This research empirically examines the preferences for job-related attributes among
rural villagers living close to ASGM in the Gorontalo Province of Indonesia. Based on hy-
pothetical scenarios in which a private company in collaboration with the local government
establishes a food processing industry in villages, the research applied BWS techniques
to determine possible workers’ latent demands for job opportunities. It also examined
the heterogeneity of the villagers by applying an LCL model. The estimation results indi-
cated that villagers are separated into four classes, and each class has different and unique
preferences. The results suggest different policy interventions to effectively capture the
heterogeneous livelihoods of rural villagers. Accounting for heterogeneous preferences
for job opportunities is helpful to delink dependency on ASGM and health hazards and
improve the livelihoods of rural villagers.
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Appendix A

The choice probability of LCL is represented as follows:

Pn
(
ii′, i �= i′

)
=

S

∑
s=1

πns

T

∏
t=1

exp(ϕ(V(nit|s)− V(ni′ t|s)))
∑ j, j′ ∈ M

j �= j′
exp(ϕ(V(njt|s)− V(nj′ t|s)))

πns =
exp(cs + γs

′ zn)

∑S
s∗=1 exp(cs∗ + γs∗ ′ zn)

where t denotes the choice occasion (maximum 7), s the class into which respondents are
classified, cs is a class-s-specific constant, and zn is a vector of covariates with parameter
vector γs. cs + γs

′zn is a membership function, and πns is the probability of membership.
The Sth parameter vector is normalized to zero to secure identification. With the LCL model,
we can estimate the shares of classes to which the respondents with the same utility function
belong. If we obtain the parameters of covariates in the membership function, γs, we can
interpret why individuals are classified as they are. First, because the marginal utility
parameter vector has discrete variation, LCL assures preference heterogeneity. Second,
because the ratio of choice probabilities depends not only on the considered alternatives
but also on all other alternatives, the IIA property is completely relaxed [45].

The IIA property of a multinomial logit model is expressed by the ratio of choice
probabilities related to two alternatives, i and k ([46] (pp. 45–47)). In the context of the
maxdiff model, we can arrange the ratio as follows: P(ii′, i �= i′|M)/P(kk′, k �= k′|M). In the
simple maxdiff model, the ratio becomes the form that is independent from unconsidered
alternatives: exp(ϕ(V(i)− V(i′)))/exp(ϕ(V(k)− V(k ′))). With LCL, the ratio becomes

⎛
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where it depends on not only the considered alternatives but also all other alternatives. The
only exception is when choice probability becomes as follows:

∀s ∈ S,
S

∑
s=1

πns

T

∏
t=1

exp(ϕ(V(nit|s)− V(ni′ t|s)))
∑ j, j′ ∈ M

j �= j′
exp(ϕ(V(njt|s)− V(nj′ t|s))) =

S

∑
s=1

πns

T

∏
t=1

exp(ϕ(V(nit)− V(ni′ t)))
∑ j, j′ ∈ M

j �= j′
exp(ϕ(V(njt)− V(nj′ t)))

which represents the degeneration of LCL to the simple maxdiff model in Equation (1).
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Third, correlations of parameters may exist because of behavioral phenomena—for
example, employers who place high priority on the frequency of payments tend to prefer
creating more job opportunities for society—and scale heterogeneity [37]. Especially in the
context of scale heterogeneity, cognitive effort-related effects have been suggested, such
as learning and fatigue [47,48], choice uncertainty [49], and survey engagement [50]. In
the context of household surveys, especially in developing countries, these variabilities
can easily occur due to differences in the degree of respondents’ understanding of the
scenarios provided in stated preference surveys or their involvement in the survey. Indeed,
the covariance matrix of the parameter vector, β, theoretically becomes as follows [37]:

Cov(β) =
S

∑
s=1

πs(βs − E[β])(βs − E[β])′

where E[β] denotes the expectation of β globally, or across classes. Therefore, any draw-
backs in a multinomial logit model are relaxed by LCL.

Erdem [51] employed a scale-adjusted LCL (SALCL) to take class-specific scale pa-
rameters into account; the model was proposed by Vermunt and Magidson [52]. Although
class-specific scale parameters can be estimated by SALCL and SALCL appears to be the
higher model of the standard LCL, improvements in fit by SALCL are suggested as “simply
as a result of increasing distributional flexibility [37] (p. 6)”. Conservatively speaking,
SALCL may be a model whose properties are not transparent thus far. Therefore, we
decided to employ the standard model of LCL for simplicity.
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Abstract: Substances found in watersheds and sediments in artisanal and small-scale gold mining
(ASGM) areas contaminated by heavy metals are becoming tremendously critical issues in Asia. This
study aimed at clarifying the pollution caused by heavy metals in sediments in river basins near
ASGM sites in Gorontalo Province, North Sulawesi, Indonesia. Sediment samples collected from
experimental areas were classified into nine clay samples and twenty-seven sand samples, whereas
three other samples were collected from the control area. Particle-induced X-ray emission was used
to analyze these samples. The Statistical Package for the Social Science and the geo-accumulation
index (Igeo) were also used for analysis. Based on the results, Hg, Pb, As, and Zn had a concentration
of 0–334 μg/g, 5.5–1930 μg/g, 0–18,900 μg/g, and 0–4923.2 μg/g, respectively, which exceeded limits
recommended by the U.S. Environmental Protection Agency consensus (1991) and the Indonesian
Government Regulation Number 38, 2011. Furthermore, Igeo showed the order of the pollution
degree Hg < Zn < Pb < As and reflected an environment contaminated by heavy metals, ranging
from unpolluted to extremely polluted areas. Therefore, sediments contaminated by Hg, Pb, As, and
Zn could be found along the river basin of mining areas.

Keywords: heavy metal contamination; river sediments; ASGM; Gorontalo; geo-accumulation index

1. Introduction

Heavy metal pollution from artisanal and small-scale gold mining (ASGM) has been a
pivotal issue in Asian countries, with heavy metals found in watersheds and sediments.
Along with many volcanic areas, Gorontalo has many ASGM sites with a unique process
that is influenced by hydrothermal circulation and the type of geological setting. One of the
main causes is mercury (Hg) pollution due to ASGM, which uses Hg in the amalgamation
process to extract gold from ore rock [1,2].

Recent investigations conducted by the United Nations Environment Program high-
lighted the enormity of Hg pollution in developing countries and its harmful effects on
human health and ecosystems [3–7]. Over 300,000 ASGM miners work at ~1000 informal
sites in Indonesia [8–12]. ASGM presents an income opportunity for those in rural com-
munities [13–15]; therefore, farmers or fishermen with few options in terms of alternative
livelihoods become miners.
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In Indonesia, heavy metal pollution tends to increase because of the high use of
chemical substances. Since the industrialization era, the use of Hg in this sector has
polluted industrial mine minerals, and one of the causes is that tailings resulting from the
amalgamation process can lead to environmental hazards. ASGM located in some areas
in Indonesia, particularly in Gorontalo, is a trigger of environmental damage. Moreover,
volcanoes, animal waste, and algae as well as wood from deforestation can harm the
environment [8,12,14,15].

Furthermore, heavy metal pollution from natural and anthropogenic activities is
frequently detected in sediments and water columns of rivers, severely contaminating a
large percentage of Asia’s rivers. This has become a major concern worldwide because
most people lack access to clean drinking water and do not have adequate sanitation
services [3,16]. In addition, heavy metals are easy to accumulate in sediments since the
concentration of heavy metals is always higher in sediments than in river water [16].
Heavy metal content in sediments probably fluctuates due to the occurrence of a large
undercurrent, which uplifts or displaces sediments to other locations [17–22]. Previous
studies conducted using water and sediment samples from Bone River and Wubudu river
of Gorontalo Province in Indonesia have revealed that these rivers have been polluted
by Hg along with As and Pb due to activities at ASGM sites [19–21]. In contrast, this
study particularly focused on major river sampling sites to clarify the effect of heavy metal
pollution from sediments in river basins near ASGM sites in Gorontalo Province.

2. Materials and Methods

2.1. Research Areas

Gorontalo is a province in Indonesia with minerals and natural resources, particularly
gold. Gold mining in Gorontalo Province has emerged as a good source of income with the
potential to boost the economy and social welfare. This research was conducted in Buladu
River near Hulawa Mining; Totopo River near Bumela Mining; Mopuya Daa River near
Dunggilata Mining; Bone and Bula Rivers near Suwawa Mining; and Ayidu River (serving
as a control area). These are parts of Gorontalo Province, Indonesia [9,12].

2.2. Samples

In this study, samples were collected based on the distance between the mining site and
river, as data on Hg content in river water sediments were compared with data collected
from the river closest to ASGM areas. Meanwhile, data on Hg levels in sediment samples
from river water were collected from factory tailing ponds and amalgamation processing
units, which are close to rivers and where mining processes occur.

Sediment samples were collected from five ASGM areas (Hulawa Mining, Bumela
Mining, Dunggilata Mining, and Suwawa Mining) and one control area from November
2018 to September 2019. Nine clay samples and twenty-seven sand samples were collected
(Figure 1).

Collected samples ranged from coarse sand to clay materials (approximately 2–0.002 mm).
All samples were preserved in autoclaved sample bags. In addition, the samples were
homogenized by grinding in an agate mortar to obtain fine particles [23–25].

2.3. Analytical Methods

In an experimental laboratory, sediment samples were dried in an oven for 48 h at
80–120 ◦C. Each dry sample was taken from the oven at 25% of its total volume and then
filtered through a sieve to separate large-size materials, such as root, stem, or tree, which
were <5 mm or 200–450 μm in size. Each sediment sample was crushed using a planetary
micro mill, with jar settings of 5 min at speed 3, 3 min at speed 5, and 3 min at speed 9.
In the subsequent stage, powder samples were transferred into a sample bottle using a
spoon, inserted into sterile, sealed in plastic bottles, and homogenized at the facility for 60
min. Each sediment sample was measured to 50 mg and mixed with 10 mg of palladium
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carbon by using an agate mortar. Powder samples were added to a 3 μL collodion solution
(collodion ethanol = 1:9) and then spread out (flat; homogeneous) on a thin film using
a pipette tip. Concentrations of heavy metals were measured by particle-induced X-ray
emission at the Cyclotron Research Centre, Iwate Medical University, Japan [24].

 

Figure 1. Map of the location of the research area.

3. Results

3.1. Concentration of Hg in River Sediments at ASGM Area and Control Area

The Hg concentration originated from mining (ASGM) sites and the control area (rivers
flowing from upstream to downstream). On determination of each element in heavy metal
concentration and descriptive analysis in sand and clay of sediment sample at sampling
point in Gorontalo Province, Indonesia, and IBM SPSS Statistic 24 for Windows (IBM Inc.,
Chicago, IL, USA) was applied for the standard established that is preferred for four heavy
metals (Hg, Pb, As, and Zn) because these heavy metals are related to sediment and are
included in each area of the ASGM site around the river sediment.

Table 1 shows that Totopo River has the highest median Hg concentration of clay
(0.15 μg/g), and the other river has the lowest concentration (0 μg/g). On the other hand, the
highest median Hg concentration of sand was found in Buladu River (54.7 μg/g), and the
lowest (10.1 μg/g) was found in Dunggilata River.

Table 1. Concentration of Hg (μg/g) in river sediment sample from ASGM and control area.

Location Element Median Min–Max

Buladu River
(Sumalata Mining)

Sand 54.7 0–147

Clay 0 0–334

Dunggilata River
(Dunggilata Mining)

Sand 10.1 0–38.1

Clay 0 0–124

Totopo River
(Bumela Mining)

Sand 53.6 0–101

Clay 0.15 0–179

Bone River
(Suwawa Mining)

Sand 33.7 86.3–9.5

Clay 0 0–256

Ayidu River
(Control area)

Sand 14.9 10.5–101

Clay 0 0–0
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In addition, some sand and clay samples were collected from the same mining sites,
such as Sumalata Mining near Buladu River, Bumela Mining near Totopo River, Dunggilata
Mining near Mopuya Daa River, and Suwawa Mining near Bone River, to compare the
element concentration. In contrast, Hg content in the river sediment samples was very
high, above the detection or threshold limit. Hg content (concentration) was above the
detection limits of U.S. Environmental Protection Agency and river sediments of water
quality criteria based on Indonesian Government Regulation Number 38, 2011 [26–28].
This was also in line with previous research that stated that Hg concentrations in Wubudu
River sediments were far above the threshold limits stated by World Health Organization
because the river is close to ASGM processing units [29,30].

3.2. Concentration of Pb in River Sediments at ASGM Area and Control Area

The Pb content originates from mining (ASGM) sites and the control area, with rivers
flowing from upstream. Table 2 shows the results of the laboratory analysis in which the
median concentration of Pb (μg/g) in sand sediment samples ranged from 93.6 to 237 μg/g,
and clay sediment samples ranged from 36.3 to 1286.5 μg/g.

Table 2. Concentration of Pb (μg/g) in river sediment sample from ASGM and control area.

Location Element Median Min–Max

Buladu River
(Sumalata Mining)

Sand 230.5 30.2–589

Clay 1286.5 0–1610

Dunggilata River
(Dunggilata Mining)

Sand 124 27–412

Clay 985.2 0–1930

Totopo River
(Bumela Mining)

Sand 168.9 38.1–536

Clay 36.3 0–308

Bone River
(Suwawa Mining)

Sand 237 58.2–645

Clay 856 0–856

Ayidu River
(Control area)

Sand 93.6 5.5–187

Clay 198 0–198

3.3. Concentrations of As in River Sediments at ASGM Area and Control Area

Table 3 shows results of the laboratory analysis in which the median concentration
of As (μg/g) in sand sediment samples ranged from 0.8 to 315.1 μg/g, and that in clay
sediment samples are 0 μg/g based on the interpretation of geo-accumulation index (Igeo)
classification. For As concentration, the result indicated clay sediment samples with a
grain size of 0.0025 mm had high concentration compared to sand sediment samples taken
from along the river and ASGM sites, especially in Sumalata Mining and Suwawa Mining
of Gorontalo Province, Indonesia. Subsequently, the concentration of As is extremely
polluted if compared to others concentration of heavy metals, such as Hg, Pb, and Zn [9,21].
In addition, arsenic (As) and iron (Fe) can be associated with the environment (natural
source), especially in mineral clay. Moreover, arsenic is also one of the byproducts of
the processing of non-ferrous metal ores, especially gold, which has very toxic properties
with damaging effects on the environment. It is easy to find in several metal ore deposits,
including Cu-Zn-Pb deposits containing enargite minerals and Cu-pyrite deposits, and
interestingly [31,32].
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Table 3. Concentration of As (μg/g) in river sediment sample from ASGM and control area.

Location Element Median Min–Max

Buladu River
(Sumalata Mining)

Sand 315.1 0–587

Clay 0 0–18,900

Dunggilata River
(Dunggilata Mining)

Sand 9.2 0–11.9

Clay 0 0–449

Totopo River
(Bumela Mining)

Sand 46.3 0–88.5

Clay 11.3 0–162

Bone River
(Suwawa Mining)

Sand 108 15.9–798

Clay 0 0–13,800

Ayidu River
(Control area)

Sand 0.8 0–6.7

Clay 0 0–729

3.4. Concentration of Zn in River Sediments at ASGM Area and Control Area

The Zn content originated from mining (ASGM) sites and the control area, with
rivers flowing from upstream to downstream. Based on of results in Table 4, the median
concentration of Zn (μg/g) in sand sediment samples ranged from 60.4 to 187.5 μg/g, and
clay sediment samples ranged from 3.2 to 2562.1 μg/g. In addition, zinc also an element
of moderate abundance in the Earth’s crust. Surface sulfides liberate the soluble Zn2+

ion, which may form secondary carbonate and silicate minerals. Zinc sulfides are closely
associated with Cd and As, and the extraction of metallic zinc is in some cases responsible
for environmental increases in cadmium, copper, nickel, lead, and other heavy metals [33].

Table 4. Concentration of Zn (μg/g) in river sediment sample from ASGM and control area.

Location Element Median Min–Max

Buladu River
(Sumalata Mining)

Sand 187.5 3.2–673.7

Clay 2562.1 0–4923

Dunggilata River
(Dunggilata Mining)

Sand 60.4 0–138.1

Clay 210.1 0–331

Totopo River
(Bumela Mining)

Sand 114.7 1.5–234.6

Clay 3.2 0–153.5

Bone River
(Suwawa Mining)

Sand 175.1 0–282.4

Clay 79.4 0–79.4

Ayidu River
(Control area)

Sand 90.8 0–102

Clay 549.2 0–549.2

3.5. Igeo in Heavy Metal Concentration

Igeo was originally defined by Muller (1979) to determine and define metal contamina-
tion in sediments by comparing current metal concentrations with pre-industrial levels [34].
This method was used to determine levels of contamination or accumulation of heavy
metals in sediments or soil (Table 5).

Igeo = log2(Ci /1.5 Bi)

Ci: The measured concentration of the examined metal (n) in sediment;
Bi: Geochemical background concentration of the metal (n).

101



Int. J. Environ. Res. Public Health 2022, 19, 6094

Based on the Muller scale (1981), Hg Igeo values in the sand in study areas (Figure 2)
belonged to Igeo ≤ 0 in Class 0 (46.1%), 0 < Igeo < 1 in Class 1 (15.3%), 1 < Igeo < 2 in Class
2 (11.5%), 2 < Igeo < 3 in Class 3 (19.2%), and 3 < Igeo < 4 in Class 4 (7.7%), reflecting an
unpolluted to moderately polluted sand. They were classified as moderately polluted to
strongly polluted sand (or Igeo values −0.7 to 3.1). Meanwhile, considering Igeo, most clays
(Figure 2) were included in Class 0 (Igeo ≤ 0) and Class 1 (0 < Igeo ≤ 1), i.e., unpolluted to
moderately polluted clay, accounting for 44.4% and 11.1% of samples, respectively, and only
clay samples in Class 6 (Igeo > 5) accounting for 44.4% of the samples. Igeo values in the sand
in study areas (Figure 3) were from Igeo ≤ 0 in Class 0 (50%), 0 < Igeo < 1 in Class 1 (15.3%),
1 < Igeo < 2 in Class 2 (11.5%), 2 < Igeo < 3 in Class 3 (15.3%), 3 < Igeo < 4 in Class 4 (3.8%),
and Igeo > 5 in Class 6 (3.8%), reflecting an unpolluted to moderately polluted sand, from
moderately polluted to strongly polluted sand, and from strongly polluted to extremely
polluted sand in the environment (or Igeo values −5.9 to 4.1). However, considering the
Igeo, most clays (Figure 3) were included in Class 0 (Igeo ≤ 0) and Class 1 (0 < Igeo ≤ 1),
i.e., unpolluted to moderately polluted, with 55.5% and 11.1% of samples, respectively,
and only some clays in Class 6 (Igeo > 5) with 33.3% of the samples. Pb Igeo values on the
sand in study areas (Figure 4) were from Igeo ≤ 0 in Class 0 (26.9%), 0 < Igeo < 1 in Class 1
(23%), 1 < Igeo < 2 in Class 2 (23%), 2 < Igeo < 3 in Class 3 (19.2%), and 3 < Igeo < 4 in Class 4
(7.6%), reflecting an unpolluted to moderately polluted sand and from moderately polluted
to strongly polluted sand in the environment (or Igeo values −3.6 to 3.1). In contrast,
considering Igeo, most of the clay samples (Figure 4) were included in Class 0 (Igeo ≤ 0) and
Class 1 (0 < Igeo ≤ 1), that is, unpolluted to moderately polluted clay, accounting for 44.4%
and 11.1% of samples, respectively, and only some clays in Class 6 (Igeo > 5) accounted for
44.4% of the samples. Pb Igeo values on the sand in the study areas (Figure 4) were from Igeo
≤ 0 in Class 0 (26.9%), 0 < Igeo < 1 in Class 1 (23%), 1 < Igeo < 2 in Class 2 (23%), 2 < Igeo < 3
in Class 3 (19.2%), and 3 < Igeo < 4 in Class 4 (7.6%), reflecting an unpolluted to moderately
polluted sand, and from moderately polluted to strongly polluted sand in the environment
(or Igeo values of −3.6–3.1). Subsequently, considering Igeo, most clay samples (Figure 4)
were included in Class 0 (Igeo ≤ 0) and Class 1 (0 < Igeo ≤1), i.e., unpolluted to moderately
polluted clay, accounting for 44.4% and 11.1% of samples, respectively, and only some clays
in Class 6 (Igeo > 5) accounted for 44.4% of samples [35,36].

Zn Igeo values for the sand in study areas (Figure 5) were from Igeo ≤ 0 in Class 0
(26.9%), 0 < Igeo < 1 in Class 1 (7.6%), 1 < Igeo < 2 in Class 2 (38.4%), 2 < Igeo < 3 in Class 3
(23%), and 3 < Igeo < 4 in Class 4 (3.8%), reflecting an unpolluted to moderately polluted
sand, and from moderately polluted to strongly polluted sand in the environment (or Igeo
values of −4.9–3.9). Subsequently, considering Igeo, most clay samples (Figure 5) were
included in Class 0 (Igeo ≤ 0) and Class 1 (0 < Igeo ≤ 1), i.e., unpolluted to moderately
polluted clay, accounting for 55.5% and 11.1% of samples, respectively, and only some clay
samples in Class 6 (Igeo > 5) accounted for 33.3% of samples.

Based on the results, distribution of heavy metals in the research areas varied from
upstream to downstream. Generally, content of heavy metals was relatively higher in
upstream areas than downstream areas [37].

Table 5. Igeo by Muller’s classification for geochemical index [34,38–43].

Igeo Value Class Quality of Sediment

≤0 0 Unpolluted

0–1 1 From unpolluted to moderately polluted

1–2 2 Moderately polluted

2–3 3 From moderately to strongly polluted

3–4 4 Strongly polluted

4–5 5 From strongly to extremely polluted

>5 6 Extremely polluted
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Figure 2. Plots of Igeo and contaminant levels in Hg along the river sediments in Gorontalo Province,
Indonesia (μg/g).

 
Figure 3. Plots of Igeo and contaminant levels in As along the river sediments in Gorontalo Province,
Indonesia (μg/g).
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Figure 4. Plots of Igeo and contaminant levels in Pb along the river sediments in Gorontalo Province,
Indonesia (μg/g).

 
Figure 5. Plots of Igeo and contaminant levels in Zn along the river sediments in Gorontalo Province,
Indonesia (μg/g).

3.6. Correlation Data of Each Element

Hg and As elements are positively correlated with a correlation coefficient of 0.82 (82%),
represented by graph C of Figure 6, whereas the others, namely are graph A where Pb
correlated with As with a correlation coefficient of 0.58 (58%) and graph B where Pb
correlated with Hg with a correlation coefficient of 0.66 (66%) in Figure 6, are categorized
into moderately correlated. This occurred because the community tends to add excessive
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amounts of Hg to strengthen the bound gold during the gold mining process. In contrast,
addition of excess Hg causes tailing waste in the environment to be higher [44,45].

 

Figure 6. (A) Correlation between Pb and As; (B) Correlation between Pb, and Hg; (C) Correlation
between Hg, and As in Gorontalo Area.

4. Discussion

4.1. Sources of Heavy Metals in the River Sediment of Gorontalo Province

Considering Igeo, some sediments were classified as Class 6 (Igeo > 5), indicating that
they are extremely polluted, and only a few sediments were classified as Class 0 (Igeo ≤ 0),
Class 4 (3 < Igeo < 4), and Class 5 (4 < Igeo < 5), indicating they ranged from unpolluted to
strongly polluted and from strongly polluted to extremely polluted in the environment
polluted by Hg, Pb, As, and Zn.

Hg, Pb, As, and Zn elements contribute to pollution in air, water, sediments, and
soils. Their contributions would negatively impact the environment on Hg contributions.
It is an untypical heavy metal, as it can completely contaminate an environment, which
occurs during gold mining, in which Hg can be released into the air and can also be widely
distributed through tailings, especially on ASGM sites. Meanwhile, Pb and As can only be
found in other heavy metals found in water, sediment, and soil [34,36,37,43,46].

4.2. The Effect of Heavy Metal Pollution on Sediments

We measured the concentration of heavy metal pollution in sediment samples collected
from two field locations (ASGM area and control area) along the river in Gorontalo Province,
Indonesia (Table 6). The ASGM area comprises five rivers that are still active with human
activities in gold mining sites, and it also has many trommel houses and six gold mining
sites. The control area is located along a highway with no mining activity. The river
basin was the determining factor in changing the lower degree of chemical weathering as
well as the climate from dry and cold to slightly warmer and more humid. Low chemical
weathering could have influenced the lower degree of ion exchange from rock weathering to
river solute in the watersheds of Gorontalo Province, Indonesia [20–22]. However, relative
rivers imply that warm and humid climate conditions prevailed in their watersheds. Thus,
it releases a significant number of major ions from silicate weathering into rivers [44].
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Table 6. Igeo by Using Average Data in Control Area (Ayidu River and Totopo River) [19–21].

Classification of River Sediment Quality Standard
Element Concentration Limit

As Pb Hg Zn

Clay Grain Sediment Attach on Gravel 342.3 88.5 2.1 184.9

Sand Grain Sediment 32 45.7 11.1 30.8

Average Data in Control Area (Ayidu River and Totopo River)

4.3. Impact of ASGM on/for River Sediment

People in Gorontalo Province have been mining for gold since 1970. They used the
traditional method, where the processing process does not use high technology and uses
very simple equipment instead. Gold processing is conducted in several stages, such as
rock excavation, processing unit, and waste disposal. Each stage of this process has an
ecological impact that can disturb the environmental balance; hence, it must be handled
carefully to reduce the risk of environmental damage. In general, almost every mining
disposal area in Gorontalo Province is a land from which waste flows into the river, so
metals and other materials accumulate in the waste, influencing the river ecosystem. As
an ecosystem, rivers are targets for waste disposal with high levels of pollution affecting
the life of the aquatic biota. It has been argued that water is often polluted by inorganic
components, including dangerous heavy metals [36].

The use of these heavy metals in everyday life (directly or indirectly) intentionally,
unintentionally, or intentionally but indirectly, has polluted the environment, where certain
types of pollution have polluted the environment beyond the threshold for human life.
Pollutants such as Hg are metals accumulated in the body of an organism and will stay in
the body for a long time as a poison [31].

Traditional gold mining is one of the economic activities in the community from
which miners earn a living. This activity has been a source of pollution to the surrounding
environment due to the use of simple technologies such as using Hg as a binder of the gold
element in the amalgamation process. Pollution occurs when Hg used as a binding agent
for the gold element is discharged with washing wastewater to disposal sites both on the
ground and in river water [22].

As a result, these traditional mines (ASGM) with various activities causing trans-
portation of substances in sediments starting upstream is harmful when heavy metals are
accumulated downstream because they can pollute the environment and endanger humans
in the area.

Therefore, the source of mercury pollution in gold processing in Gorontalo Province
for this study occurred from gold ore processing activities with the amalgamation process.
In the amalgamation process, gold is separated from the binder where the gold ore that has
been in the form of fine granules is an amalgamation process. Mercury will automatically
bind to gold. Tailings or mining wastes from the amalgamation process, which contain a
great deal of mercury, are directly discharged into the environment (rivers) without being
processed first, so it is very possible to cause water pollution, especially in rivers at the gold
mining location. This is what causes mercury (Hg) to have a strong relationship between
leads (Pb) and arsenic (As) [33].

In addition, based on BLHRD Gorontalo Province in 2015 and 2018, the community
around the river of ASGM site directly disposes of household waste and gold processing
into the river. As a result, there is a decrease in river water quality because biochemical
oxygen demand (BOD) levels become increased in that condition [47].
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4.4. Heavy Metal Interaction (Hg, Pb, and As) Release in the Environment from Source of ASGM
Site to River Sediment in this Study Area

As seen in Figure 6A–C, the element that has the strongest relationship is Hg with As,
which is 0.82 (82%). Then, the second is the Hg element with Pb of 0.66 (66%), while the
weakest relationship level is found in the Pb element with As of 0.58 (58%). This is based
on that in the gold mining process, as the community tends to add excessive amounts of
Hg with the intention to bind more to gold. On the other hand, the addition of excess Hg
causes the amount of Hg that is wasted as pollution into the environment to also be higher
if the gold content contained in the ore is not as large as expected.

Mercury is a heavy metal element that is widely used by humans in industrial or
mining processes. In nature, mercury is a metal that can be found in two forms: organic and
inorganic. Organic mercury is a mercury compound that binds to the carbon element to
form methyl, ethyl, or similar functional groups, while inorganic mercury includes mercury
vapor (Hg0), mercury salt (Hg2+), and mercury metal. Organic mercury is a geochemical
form of mercury that has the highest level of toxicity to humans [4]. The traditional gold
mining process is the largest anthropogenic contributor to mercury pollution, and one of the
gold ore extraction methods widely used by traditional gold mining is amalgamation [20,21].
In the gold mining process, people tend to add excess mercury so that there are larger
amounts of bound gold. The addition of excess mercury causes the mercury that is wasted
as pollution in the environment to be higher. The gold content contained in the ore is often
not as large as the community expects, so an experiment in adding mercury is expected
with maximum results [9].

In addition, mercury pollution also occurs in the tailings process. Tailings are tech-
nically defined as fine materials that are minerals that are left after valuable minerals are
extracted in an ore processing [10].

Tailings are also considered to be pulp that no longer contains valuable minerals,
but given that processing costs do not reach 100%, it is still possible to have gold in the
tailings [18]. Gold mining tailings contain one or more toxic hazardous materials, such as
arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg), and cyanide (Sn). Tailings consist of
crushed rock derived from mineral rock that has been mined of minerals. Tailings can be in
the form of solids such as very fine sand or slurry, namely solid tailings mixed with water
to form a thin layer [1,18].

In general, tailings disposal is carried out in a terrestrial environment that is in a
topographic depression or artificial reservoir, river or lake, and sea. Tailings often contain
valuable mineral concentrations that do not meet the requirements for collection at the
time of mining but are stored for future use. Mineralogically tailings can consist of various
minerals such as silica, iron silicate, magnesium, sodium, potassium, and sulfide. Of these
minerals, sulfides have chemically active properties, and when in contact with air, they will
experience oxidation to form acidic salts and acidic streams containing a number of toxic
metals, such as, Hg, Pb, and Cd [11].

Therefore, the source of mercury pollution in gold processing in Gorontalo Province
for this study occurred from gold ore processing activities with the amalgamation process.
In the amalgamation process, gold is separated from the binder where the gold ore that
has been in the form of fine granules. Mercury will automatically bind to gold. Tailings or
mining wastes from the amalgamation process, which contain a great deal of mercury, are
directly discharged into the environment (rivers) without being processed first, so it is very
possible that this causes water pollution, especially in rivers at the gold mining location.
This is what causes mercury (Hg) to have a strong relationship between leads (Pb) and
arsenic (As) [19–21].

5. Conclusions

In general, gold mining in Gorontalo Province is one of the potential natural resources
that provide better prospects in an improved-level economy and social welfare. This
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economic improvement is mainly in terms of income, employment, and opportunities for
new activities outside the agriculture sector plantation [12].

Despite the negative side, artisanal mining plays an essential role in developing soci-
eties. Small mines can be a major source of revenue for rural communities and can provide
income for investment. Artisanal miners can exploit mineral deposits considered uneco-
nomic by modern industry. Every USD 1 generated through artisanal mining generates
about USD 3 in non-mining jobs. In Indonesia, artisanal mining is very useful as a means of
livelihood for poor people and has been proven as a safety net in time of economic distress,
especially during the economic crisis occurred in 1998, which lasted for about 10 years [15].

Moreover, on the basis of the interaction correlation analysis between sand and clay
through a computerized analysis statistic, Pb and As, Pb and Hg, and Hg and As had a
positive correlation with correlation coefficients of 0.58, 0.66, and 0.82, respectively. In
addition, most ASGM sites in Gorontalo have hydrothermal processes that influence the
geological setting, making them important sources of As in the environment. In addition,
Igeo proposed by Muller in 1969 was used to evaluate the degree of heavy metal pollution
in the river sediments [38,43]. It revealed that sediments along the river basin were severely
polluted by heavy metals, and their estimated Igeo values were in the following increasing
order: Hg < Zn < Pb < As. Regarding the Muller scale in 1981, Igeo was evaluated for
all sampling sites of all five rivers in the Gorontalo Province. Of the sampling sites, 90%
had Igeo greater than 5, which means they should be considered as extremely polluted.
However, heavy metal values analyzed by using the Igeo indicator in Gorontalo Province
were relatively high, indicating severe pollution by Hg, Pb, As, and Pb.

Furthermore, river sediments collected along river mining sites are contaminated with
As, which is the highest among other heavy metals found in Gorontalo compared to any
region in Indonesia or any country in the world.
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42. Namieśnik, J.; Rabajczyk, A. The speciation and physico-chemical forms of metals in surface waters and sediments. Chem. Speciat.
Bioavailab. 2010, 22, 1–24. [CrossRef]

43. Zhang, J.; Liu, C.L. Riverine composition and estuarine geochemistry of particulate metals in China-weathering features,
anthropogenic impact and chemical fluxes. Estuar. Coast. Shelf Sci. 2002, 54, 1051–1070. [CrossRef]

44. Miler, M.; Gosar, M. Characteristics and potential environmental influences of mine waste in the closed Mežica Pb-Zn mine
(Slovenia). J. Geochem. Explor. 2012, 112, 152–160. [CrossRef]

45. Balintova, M.; Holub, M.; Singovszka, E. Study of iron, copper and zinc removal from acidic solutions by sorption. Chem. Eng.
Trans. 2012, 28, 175–180.

46. Hedenquist, J.W.; Lowenstern, J.B. The role of magmas in the formation of hydrothermal ore deposits-Nature.pdf. Nature 1994,
370, 519–527. [CrossRef]

47. Badan Lingkungan Hidup dan Riset Daerah Provinsi Gorontalo Tahun. 2015. Available online: https://jurnal.poligon.ac.id/
index.php/JTII/article/view/297doi.org/10.30869/jtii.v1i1 (accessed on 13 April 2022).

110



Citation: Gafur, N.A.; Sakakibara, M.;

Komatsu, S.; Sano, S.; Sera, K.

Environmental Survey of the

Distribution and Metal Contents of

Pteris vittata in Arsenic–Lead–

Mercury-Contaminated Gold Mining

Areas along the Bone River in

Gorontalo Province, Indonesia. Int. J.

Environ. Res. Public Health 2022, 19,

530. https://doi.org/10.3390/

ijerph19010530

Academic Editor: José

Ángel Fernández

Received: 29 October 2021

Accepted: 1 January 2022

Published: 4 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Environmental Survey of the Distribution and Metal Contents
of Pteris vittata in Arsenic–Lead–Mercury-Contaminated
Gold Mining Areas along the Bone River in Gorontalo
Province, Indonesia

Nurfitri Abdul Gafur 1,*, Masayuki Sakakibara 2,3,*, Satoru Komatsu 4, Sakae Sano 5 and Koichiro Sera 6

1 Regional Planning Agency—Research and Development of Bone Bolango, Bone Bolango 96562, Indonesia
2 Faculty of Collaborative Regional Innovation, Ehime University, Matsuyama 790-8577, Japan
3 Research Institute for Humanity and Nature, Kyoto 603-8047, Japan
4 School of Global Humanities and Social Sciences, Nagasaki University, Nagasaki 852-8521, Japan;

skomatsu@nagasaki-u.ac.jp
5 Faculty of Education, Ehime University, Matsuyama 790-8577, Japan; sano.sakae.mm@ehime-u.ac.jp
6 Cyclotron Research Center, Iwate Medical University, Takizawa 020-01673, Japan; ksera@iwate-med.ac.jp
* Correspondence: vivinurv3@gmail.com (N.A.G.); sakaki@chikyu.ac.jp (M.S.)

Abstract: In this paper, we report ecological and environmental investigations on Pteris vittata in
the As–Pb–Hg-polluted Bone River area, Gorontalo Province, Indonesia. The density distribution of
P. vittata decreases from around the artisanal and small-scale gold mining (ASGM) site to the lower
reaches of the Bone River, and it is rarely found near Gorontalo City. The maximum concentrations of
As, Hg, and Pb recorded in the soil samples were 401, 36, and 159 mg kg−1, respectively, with their
maximum concentrations in P. vittata recorded as 17,700, 5.2, and 39 mg kg−1, respectively. Around
the ASGM sites, the concentrations of As, Pb, and Hg in P. vittata were highest in the study area.
These data suggest that P. vittata, a hyperaccumulator of As, may be useful as a bioindicator for
assessing environmental pollution by Pb and Hg.

Keywords: artisanal and small-scale gold mining; Pteris vittata; absorption; arsenic; mercury; lead;
Bone River; Gorontalo Province; Indonesia

1. Introduction

Artisanal and small-scale gold mining (ASGM) is one of the largest emitters of mercury
(Hg) into the environment in the world. In ASGM, miners use elemental Hg to extract
gold (Au) from finely crushed rocks or Holocene sediments, forming an Hg–Au amalgam.
This amalgam is then burned, releasing Hg as vapor and leaving impure Au residue.
The adverse effects on the health of miners are severe, with exposure to Hg causing
neurological damage and other health issues. The people residing near the ASGM sites are
also affected by the Hg contamination of water, air, and soil and by the effects of Hg on
ecosystems, such as fishes and plants. Approximately 15 million people in ASGM sites in
over 70 countries use Hg to refine Au, causing Hg pollution [1].

In Indonesia, over 300,000 ASGM miners work at approximately 1000 informal sites.
These miners are either displaced farmers or fishermen who have very few options in
terms of alternative livelihoods. These rural communities depend on the ASGM for income.
The practice of using Hg to extract Au was banned by the Indonesian government in
2014 [2,3]. However, ASGM mining has released hundreds of tons of Hg into the water,
soil, and air. Thus, despite the passage of laws against the use of Hg in Indonesia, it has not
been effective [4].

According to the data of the Ministry of Forestry and Mining of Gorontalo Province in
2012, Gorontalo Province has a large number of ASGM sites, especially in the Bone Bolango

Int. J. Environ. Res. Public Health 2022, 19, 530. https://doi.org/10.3390/ijerph19010530 https://www.mdpi.com/journal/ijerph
111



Int. J. Environ. Res. Public Health 2022, 19, 530

Regency, where the largest number of ASGM workers work [5]. According to Arifin et al.
(2015), Gafur et al. (2018), and Lihawa and Mahmud (2019), in Gorontalo Province, the Hg
concentrations in the hair of inhabitants are higher than those of the inhabitants of a
non-ASGM area; a fish had Hg levels above the threshold limit by WHO/ICPS 1990 [6],
and those of river water and sediment are also polluted by Hg [7–9].

In recent years, although many researchers have focused on Hg in environmental
assessment studies at ASGM sites, little attention has been given to the other toxic metals
associated with Au deposit formation. In particular, Neogene epithermal gold deposits in
the Circum-Pacific Rim [10] are known to be associated with various heavy metals, such as
As, Pb, Cu, and Zn. This suggests that ASGM of epithermal Au deposits is accompanied by
exposure to various naturally derived harmful heavy metals in addition to anthropogenic
pollution by Hg.

Generally, higher plants find it extremely difficult to survive in environments that
are highly contaminated with As. However, Pteris vittata is a fern species with a hyperac-
cumulation ability for As, and it can accumulate up to approximately 28 g/kg As in its
fronds [11,12]. It can also be used in the study of the bioaccumulation and biomonitoring
of other heavy metals. Phytoremediation using P. vittata has been recently developed
as an environmentally friendly and cost-effective technology to remediate heavy metal-
contaminated environments [13].

Pteris. vittata is known to be an accumulator of metals in laboratory experiments.
For example, Fayiga et al. demonstrated the capability of P. vittata to hyperaccumulate
arsenic from soils in the presence of Cd, Ni, Pb, and Zn in a greenhouse study [14]. The nov-
elty of the research is that it examines whether P. vittata acts as an “indicator plant” in
severely contaminated soils in ASGM and examines the potential to remove Pb, As, and Hg.

The potential of P. vittata to remediate contaminated soils in China has also been
empirically examined [15–17]. For example, Lei et al. examined the remediation efficiency
of P. vittata in As-contaminated soils through a 2-year field experiment [15]. Since previous
studies indicate the potential of P. vittata as an accumulator of metals, limited studies
have examined the role of P. vittata as an accumulator of metals in the case of ASGM
locations. Soils of ASGM locations are usually polluted by historical mining operations,
and the potential of bioaccumulators of P. vittata are influenced by the level of pollutants
and climatic and geographical conditions. Further empirical studies are necessary in
ASGM locations to examine the potential of accumulating metals from contaminated soils.
Therefore, the present study yields important policy implications for achieving sustainable
livelihoods through adopting environmentally friendly technologies.

In this study, we conducted a field survey of the distribution of the population density
of P. vittata and analyzed the metal concentrations of the samples of soils and P. vittata
in ASGM areas polluted by multiple metals, such as Hg, As, Zn, and Pb, around the
Bone River, Gorontalo Province, Indonesia. We discussed the correlations between the
distributions of P. vittata and the metal concentrations between the soils and plants.

2. Materials and Methods

Over the past decade, mine tailings and wastewater from the two ASGM sites located
upstream of the Bone River and smelted slag from the sites along the valley have been
dumped along the river, and they are mixed into the river water.

The Bone River is in the eastern part of Gorontalo, Indonesia, within the Bone Bolango
Regency (0.27◦–1.01◦ N by 121.23◦–122.44◦ E). The regency has an area of 1985 km2, and al-
titudes can reach up to 1500 m. The two ASGM sites in this region are Motomboto and
Mohutango. P. vittata and soil samples were collected along the Bone River from down-
stream to upstream close to the ASGM areas (Figure 1).
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Figure 1. Location of Gorontalo in Indonesia (left) and map of Gorontalo (right) with the study area
along the Bone River enclosed in a black rectangle.

2.1. Distribution of the Population Density of P. vittata and Sampling of the Plants and Soils

We mapped the distribution of the population density of P. vittata along the Bone
River from the ASGM area to Gorontalo City. Plant population density was determined
using the quadrat counts method [18] by counting the plants on the slopes along the Bone
River; during this process, the locations were recorded by the global positioning system
and mapped using ArcMap v. 10.3 (Esri Company, Redlands, CA, USA).

In all, 37 plant samples were collected from the field from upstream to downstream
along the Bone River at appropriate intervals, and one whole plant was taken at each point.
The plant tissue we used for analysis was the fronds. Soil samples (n = 20) were collected
from depths of 10–20 cm from the P. vittata collection points. The soil samples were dried
(120 ◦C for 48 h) with a ventilated oven ISUZU drying oven Model 2-2045 and stored in
sterilized plastic bags prior to analysis. The dried soil samples were sieved using a 2 mm
sieve for the removal of larger organic components, and the smaller components were
removed using tweezers. The samples were ground to a powder in a planetary ball mill
(Varian PM-2005 m, Osaka Chemical Co., Ltd., Osaka, Japan) and homogenized before
analysis by particle-induced X-ray emission (PIXE) at the Cyclotron Research Center, Iwate
Medical University, Japan. All the samples were imported into Japan under a permit issued
by the Ministry of Agriculture, Forestry, and Fisheries, Japan, in accordance with the Plant
Protection Law.

Our sampling procedures precisely estimated the correlation between contamination
in the soil samples and uptake by P. vittata because the soil samples and P. vittata were
simultaneously collected at the same location.

2.2. Chemical Analysis

For the PIXE analysis, the homogenized soil samples were mixed with Pd–C as an
internal standard at a ratio of 3:1, set up onto a thin-film holder by using a collodion
solution, and bombarded with a 2.9 MeV proton beam energy from a cyclotron [19]. PIXE is
a valuable ion-beam analyzer that has proton beams of 1–4 MeV energy for the analysis of
geological and biological samples.

The plant samples were washed with deionized water and dried in a ventilated oven
at 80 ◦C for 48 h. The dried leaves were ground to a powder in a ball mill and prepared
for analysis as follows: the sample powder (20 mg) was digested with 1 mL HNO3 on a
hotplate at 80–100 ◦C for 2 h and then cooled to room temperature; subsequently, deionized
water was added to obtain the final volume required for analysis. The As, Hg, and Pb
concentrations in the plant samples were determined by inductively coupled plasma–mass
spectrometry (ICP–MS) performed using a Varian 820-MS instrument (Agilent Technologies,
Santa Clara, CA, USA) at the Integrated Center for Sciences, Ehime University, Japan.
The flowchart of the methodology is illustrated in Figure 2. Due to the characteristics
of PIXE, analytical errors are potentially larger if the concentration of metals is less than
the minimum threshold (less than 10 ppm). However, PIXE is suitable because sample
preparation is easier, and a large number of samples can be examined for a relatively short
duration.
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Figure 2. Flowchart of methodology.

2.3. Quality Control and Statistical Analysis

The US National Institute of Standard and Technology (NIST) CRM 1643f [20] and
multielement standard XSTC-13 from SPEX CertiPrep (Metuchen, NJ, USA) [21] were
used as the calibration standards, and the certified reference material NIST SRM 2782 [22]
was used as the check standard for the As, Hg, and Pb analyses of the soil samples.
The analytical accuracy and precision of the plant analyses were verified using National
Institute for Environmental Studies (NIES) No.9 Sargasso [23].

The significant differences among the sampling sites were determined using Stata 16.1
(StataCorp, College Station, TX, USA) and OriginLab v. 9.60 program for Windows.

3. Results and Discussion

The distribution of the population density of P. vittata in the study area (shown in
Figure 1) is shown in Figure 3. The densest overgrowth of P. vittata is observed along the
sunny slopes and valleys around the Motomboto ASGM site (Figure 4). The plant reaches
a maximum height of approximately 80 cm. The density of P. vittata decreases from the
Motomboto and Mohutango ASGM sites to Gorontalo City. It is rarely found in the western
Bone Bolango Regency. The plants form communities along rivers and on slopes in slightly
humid environments. The distributions, each more than 50 stocks/m2, are the highest
around the Motomboto and Mohutango ASGM sites (Figure 4). The distribution becomes
roughly lower toward the downstream side and becomes zero on the eastern side near
Gorontalo City.
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Figure 3. P. vittata distribution map and sampling point.

Figure 4. Mode of occurrence of Pteris vittaae around the Motomboto ASGM sites in Bone Bolango
Regency, Gorontalo Province. (a) P. vittata growing in mine trommels; (b) P. vittata growing at a site
contaminated with As–Pb at the Motomboto ASGM site.

3.1. As, Hg, and Pb Concentrations in Soil and P. vittata

The soil concentrations in this study and regulatory guidelines for As, Hg, and Pb as
per the US Environmental Protection Agency (EPA) (1993) [24] are listed in Tables 1 and 2.
Large differences were found in the As and Pb concentrations of the soil samples. These
differences indicate that soil samples of the study area were relatively heterogeneous in
terms of metal concentrations. The As and Pb concentrations were in the ranges of not
detected (ND)–36,500 and 8–11,400 mg kg−1, respectively. As and Pb concentrations exceed
the criteria set by the US EPA 1993 (Table 2). The overall tendency is that the concentration
of each metal decreases from the ASGM site toward the downstream side.
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Table 1. Concentrations of As, Hg, and Pb in the soil samples along the Bone River.

No.

Elements

Concentration (μg/g) Concentration (μg/g) Concentration (μg/g)

As Error Hg Error Pb Error

1 15.0 24.0 11.0 17.0 46.0 18.0
2 1.80 4.20 ND ND 70.0 16.0
3 ND ND ND ND 90.0 31.0
4 4060 149 ND ND 1700 178
5 92.0 8.80 10.3 17.0 60.0 32.0
6 40.0 29.0 ND ND 8.20 18.0
7 401 21.0 33.0 19.0 29.0 59.0
8 6.30 5.50 ND ND 92.0 21.0
9 199 14.0 ND ND 47.0 48.0

10 110 11.0 18.0 22.0 58.0 39.0
11 11.0 7.50 ND ND 74.0 29.0
12 3.20 11.0 ND ND 159 42.0
14 61.0 49.0 ND ND 25.0 33.0
15 6600 298 ND ND 75.0 340
16 25.0 7.42 ND ND 87.0 29.0
17 112 14.0 26.0 22.0 106 51.0
18 56.0 14.0 ND ND 69.0 51.0
19 1.30 4.20 16.0 15.0 63.0 16.0
20 295 13.0 ND ND 32.0 36.0
21 16.0 4.00 ND ND 40.0 15.0
22 12.0 11.0 ND ND 146 44.0
23 29.0 35.0 ND ND 130 26.0
24 6.90 6.60 36.0 21.0 86.0 25.0
25 6.90 8.20 ND ND 63.0 32.0
26 221 19.0 ND ND 31.0 64.0
27 36,500 1376 ND ND 11,400 735
28 49.0 29.0 ND ND 73.0 19.0
29 218 19.0 20.0 27.0 170 65.0

ND, not detected; error, analytical error. Investigations were performed three times at each location.

Table 2. As, Hg, and Pb concentrations in the soil samples taken along the Bone River in Gorontalo
Province and the regulatory guidelines for As, Hg, and Pb according to the US EPA (1993).

Metal/Metalloid
Soil Concentration Range

mg kg−1
Soil Regulatory Limits *

mg kg−1

As 0–36,500 20
Hg 0–36 270
Pb 8–11,400 600

* US EPA 1993.

The concentrations of As, Pb, and Hg in the samples of P. vittata and soil samples are
summarized in Tables 1 and 3, and their geographical variations are shown in Figure 5.
Table 1 shows that there were 17 sampling points that were over the regulatory limit
(Table 3) for the concentration of arsenic and two sampling points for the Pb concentration.
This result indicates that the soils in this area were naturally polluted by As and Pb
because of the weathering of the hydrothermally altered mother rocks. On the other hand,
the maximum Hg concentration in the soil was 36 mg kg−1, which was relatively low but
tended to increase toward the ASGM sites.
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Table 3. Concentrations of As, Hg, and Pb in the P. vittata samples taken from the Bone River area.

Sample As Hg Pb

Number
Concentrations

mg kg−1 RSD
Concentrations

mg kg−1 RSD
Concentrations

mg kg−1 RSD

1 15,600 1.30 3.20 3.00 39.0 4.20
2 17,700 1.20 5.20 7.70 14.0 3.30
3 220 1.10 0.20 20.0 2.20 3.80
4 2810 5.50 0.90 5.60 22.0 4.80
5 570 1.60 0.40 4.10 0.30 1.20
6 5800 2.60 0.20 5.10 0.60 7.80
7 220 1.70 0.04 12.0 0.002 3.10
8 5800 0.50 0.30 21.0 4.10 2.20
9 14.0 0.90 0.01 10.0 0.002 1.40

10 32.0 18.0 0.20 11.0 0.90 1.50
11 2.50 2.10 0.60 5.00 0.10 3.00
12 570 1.60 0.40 4.00 3.60 1.20
13 77.0 0.40 0.45 7.00 0.50 1.60
14 32.0 0.70 0.02 24.0 0.03 5.00
15 690 1.50 0.80 3.00 0.90 1.10
16 160 0.90 0.20 4.00 0.53 1.50
17 2.80 1.10 0.01 17.0 0.02 1.20
18 140 1.30 0.04 7.10 ND ND
19 39.0 0.90 0.14 19.0 0.90 1.70
20 69.0 0.80 ND ND 0.70 2.50
21 39.0 2.00 ND ND 0.04 1.10
22 71.0 3.10 0.10 8.20 0.30 2.40
23 3.10 0.70 0.01 7.20 0.004 3.10
24 8.30 2.00 0.01 6.50 ND ND
25 47.0 1.90 0.00 0.79 4.80 26.0
26 1.30 1.33 0.02 14.2 0.03 1.30
27 130 0.90 ND ND 0.70 0.90
28 95.0 3.10 0.20 5.89 3.80 1.80
29 8.80 0.80 0.10 6.87 0.20 8.00
30 5.40 0.90 0.01 15.5 ND 2.20
31 7.00 0.70 0.01 18.3 0.01 3.90
32 8.20 4.00 0.70 26.3 0.10 6.10
33 6.40 1.30 0.02 5.60 ND 2.40
34 95.0 0.90 0.20 3.90 3.82 2.00
35 34.0 1.20 ND ND 0.10 17.0
36 153 0.80 ND ND 0.90 1.40
37 2.10 1.20 0.01 15.0 ND 6.40

ND, not detected; RSD, relative standard deviation. Investigations were performed three times at each location.

The concentrations of As, Pb, and Hg in P. vittata were in the ranges of ND–17,700,
ND–39 mg kg−1, and ND–5.2, respectively. The ND data correspond to a situation in which
the concentration is lower than the detection limit of the analytical instrument.
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Figure 5. As, Hg, and Pb concentrations in P. vittata (left) and soil (right) samples were taken along
the Bone River (mg kg−1).

3.2. Relationship between the Distributions of the Population Density of P. vittata and the As
Concentration in Soil

There is generally a positive correlation between the density distribution of P. vittata
and the As concentration in soil. This correlation is also consistent with P. vittata being
found in As-contaminated areas [25]. P. vittata grows actively in a neutral or slightly
alkaline environment [11,25]. Although the pH of the soil samples was not measured in
this study, it is likely that the soil pH is neutral or weakly alkaline at many sampling points.

3.3. Metal Pollution and Uptake by P. vittata along the Bone River

We found that P. vittata absorbed large amounts of As, reaching a maximum concentra-
tion of 17,700 mg kg−1 (Table 3). The rocks around the ASGM sites in Gorontalo are Pliocene
altered andesites containing sulfide minerals, mainly pyrite. At present, most of the sulfide
minerals in the altered andesitic rocks on the ground surface have been decomposed by
weathering under tropical weather conditions. The As concentration in pyrite is not clearly
known, but since weathered soil contains a certain amount of As, it is presumed that pyrite
also contains a similar amount of As.

The results of this study show dispersion and no significant correlation between
P. vittata and As concentration in the rhizosphere soil (Figure 6). The results of previous
laboratory and field studies on P. vittata indicate that the removal efficiency of P. vittata
depends on the ratio of soluble As and the pH range of the soil [12,13,25]. The results of
our study suggest that the ratio of soluble As and pH of the soil in the study area may be
diverse.
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(a) Concentration of As and Hg in the P. vittata sample

(b) Concentration of As and Pb in the P. vittata sample

(c) Concentration of Hg and Pb in the P. vittata sample
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Figure 6. Scatter plots depicting the relationships between As, Hg, and Pb concentrations in P. vittata
samples.
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Generally, Hg accumulation in the soil is related to deposition caused by anthropogenic
activities through the biosphere or atmosphere [26]. The ASGM activity includes techniques,
such as crushing and mixing the raw materials with Hg, and the waste produced after
amalgamation also contains a large amount of Hg [27–30]. We found that the Hg uptake
by P. vittata in the mining areas was higher than that in the downstream area. The source
of the high concentration of Hg in the ASGM area was mainly Au extraction activities.
Hg could be transferred in forms such as methylmercury in the ecosystem [24] and was
then absorbed by P. vittata. Based on the ability to absorb Hg, P. vittata is considered to
have the potential for use as a bioindicator for Hg [31,32].

The maximum soil concentrations of Pb in this study area are higher than the limit pre-
scribed by the US EPA for agricultural soil [33]. P. vittata had a maximum Pb concentration
of 39 mg kg−1 that tended to be considerably higher around the ASGM sites. These results
indicate the possibility of using this plant as a bioindicator for Pb in contaminated areas.

The correlations among As, Hg, and Pb concentrations in P. vittata are shown in
Figure 6. Hg is of anthropogenic origin, whereas As and Pb are of natural origin. Despite
their different origins, they generally show a positive correlation. According to the results
of Spearman’s rank correlation tests, a positive and statistically significant relationship was
identified among As and Hg (10% level), As and Pb (1% level), and Hg and Pb (10% level).
This finding suggests that Hg is methylated over time and exposed to the ecosystem.

The correlation between As, Hg, and Pb in P. vittata and soil samples is shown in
Figure 7. With regard to the Hg concentration, the results of Spearman’s rank correlation
tests between the plant and soil samples indicate a negative and statistically significant
relationship at the 5% level. This result suggests that the locations where the Hg contam-
ination of soils is higher show lower accumulation in the plant samples. The results are
uncertain because of the limited number of samples, and further investigation is needed to
determine if Hg absorption saturation has been attained at the study sites.

Figure 7. As, Hg, and Pb uptake intensity from the soil to shoot of P. vittata; DW: dry weight.

The findings raise concern for biodiversity in the local environment. Since P. vittata
can adopt and survive in metal-contaminated soils, there is a concern that it could be an
invasive species, which thereby influences local biodiversity. Rathinasabapathi discusses
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the competitive ability and invasiveness of several ferns [34]. As there is no empirical
evidence about the invasive nature of P. vittata in the surveyed areas, further studies are
required to understand the influences of expanding P. vittata for other local species.

The study did not examine the mobile/bioavailable fraction of metals that could
potentially correlate with uptake by P. vittata. Examining the composition of mobile
fractions extracted from environmental solid samples may provide a clearer explanation
of the uptake. There are two reasons why the study did not examine the composition of
mobile/bioavailable fractions. First, the current study provides a relationship between
uptake and total metal contamination, even though mobile/bioavailable composition is
not fully investigated. More total metal contamination is identified, and more plant uptake
is empirically identified. Second, even mobile/bioavailable and solid fractions are mixed
in the field, providing evidence for total metal contamination and plant uptake yields
important implications for policy-makers, especially in developing countries, regarding
whether contamination is prevalent. At this point, the research is considered a preliminary
investigation, and further research is necessary. Examining the composition of mobile
fractions from environmental solid samples to show clear characteristics between metal
compositions and plant uptake is beneficial to elaborate on the findings of the research.

4. Conclusions

We conducted ecological and environmental investigations on P. vittata in the As–Pb–
Hg-polluted Bone River area, Gorontalo Province, Indonesia. The density distribution of
P. vittata decreases from around the ASGM sites to the lower reaches of the Bone River,
and the plant is rarely found near Gorontalo City. The maximum concentrations of As, Pb,
and Hg in P. vittata were 17,700, 5.2, and 39 mg kg−1, respectively. Around the ASGM sites,
the metal concentrations in P. vittata were the highest in the study area. These data suggest
that P. vittata, which is a hyperaccumulator of As, may also be useful as a bioindicator for
assessing the environmental pollution caused by Pb and Hg.

Since this research was limited to case studies in the ASGM regions of Gorontalo
Province, Indonesia, further research is pivotal for generalizing the results. For example,
a high level of mercury contamination has been reported in ASGM communities in various
provinces, such as in West Java [35], West Nusa Tenggara [36], South Sulawesi [37], and Buru
Island, Mollucas [38]. Further studies are necessary to determine whether P. vittata acts as
an indicator plant in other areas. Identifying the potential and limitations of P. vittata as an
indicator plant by extensive investigations will be helpful for policy-makers to assess the
environmental pollution of respective ASGM areas.
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Abstract: It is well known that atmospheric mercury (Hg) contaminates air, water, soil, and living
organisms, including trees. Therefore, tree bark can be used for the environmental assessment of
atmospheric contamination because it absorbs heavy metals. This study aimed to establish a new
biomonitoring for the assessment of atmospheric Hg pollution. Reporting on atmospheric Hg contam-
ination in an artisanal and small-scale gold mining (ASGM) area in North Gorontalo, Indonesia, we
calculated the total weight of Hg (THg) and quantitatively measured the concentrations of Hg in the
tree bark of Mangifera indica, Syzygium aromaticum, Terminalia catappa, and Lansium domesticum. The
THg of Hg in the M. indica tree bark samples ranged from not detected (ND) to 74.6 μg dry weight
(DW) per sample. The total Hg in the tree bark of S. aromaticum, T. catappa, and L. domesticum ranged
from ND to 156.8, ND to 180, and ND to 63.4 μg DW, respectively. We concluded that topography
significantly influences the accumulation of Hg together with local weather conditions. A mapped
distribution of the THg suggested that the distribution of THg in the tree bark was not affected by the
distance to the amalgamation site. Therefore, tree bark can be used as biomonitoring of atmospheric
Hg contamination for the assessment of ASGM areas.

Keywords: atmospheric; mercury; ASGM; amalgamation; accumulation; tree bark

1. Introduction

Artisanal and small-scale gold mining (ASGM), which provides income to many poor
communities in developing countries, such as Indonesia, uses several gold extraction
methods that use mercury (Hg). The International Labor Organization estimates that there
are currently around 13 million artisanal miners in 55 countries [1]. During the processes
of panning and amalgamation when amalgam is burned in a small charcoal fire, ASGM
releases Hg into the atmosphere [2,3]. ASGM is a widely recognized major source of Hg
contamination, and its activities cause serious Hg pollution.

Mercury is extremely dangerous and contaminates air, water, soil, and living organ-
isms. The health of miners and people living within or outside ASGM areas is affected
by the inhalation of atmospheric Hg [3]. Anthropogenic Hg emissions to the atmosphere
significantly interfere with the natural Hg cycle [4]; however, estimates of natural global
Hg emissions vary by orders of magnitude [4,5]. The increasing total weight of Hg (THg)
in the soil is likely due to the deposition of Hg released into the atmosphere [6].
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Plants are sensitive to their environmental conditions, and their elemental compo-
sitions actively reflect changes in these conditions [7–9]. Tree bark, in particular, can be
used to assess the status of the environment, especially the level of Hg contamination, and
sources of pollution can be traced by the enrichment of trace elements in tree bark [10]. Air-
borne particles, trapped within the structure of tree bark, accumulate over several years [11].
The uptake of trace elements by plants involves both root uptake and foliar absorption,
including from the deposition of particulate matter on leaves [12]. Different plant uptake
patterns are based on three factors: plant species, element species, and conditions at specific
sites [13]. Canopy crops act to trap gaseous and particulate Hg, which can then be trapped
by tree bark depending on its roughness and porosity [14].

Although the use of tree bark has been studied for environmental pollution assess-
ments, corresponding atmospheric contamination has not been comprehensively discussed
in relation to the distance from the source of the contamination and the transport of Hg in
the atmosphere. Consequently, the practical application of tree bark as a biomonitoring for
the atmosphere has not been previously proposed. Therefore, several tropical species, in-
cluding Mangifera indica, Syzygium aromaticum, Terminalia catappa, and Lansium domesticum,
were comprehensively studied to establish a new biomonitoring for the assessment of
atmospheric Hg pollution in an ASGM area in North Gorontalo Regency, Gorontalo
Province, Indonesia.

2. Materials and Methods

2.1. Sampling Plots

We performed a field survey and laboratory analyses to determine heavy metal con-
centrations (particularly Hg) in tree bark to assess the environmental contamination in
the study area. This study research was conducted during August and September 2016,
entering the rainy season in Indonesia, in an ASGM area of north Gorontalo Regency. In
this regency, there are three ASGM sites, which are located in different districts, shown
in Figure 1. The study area of this research was located in east Sumalata District, shown
in Figure 1. This study was obtained tree bark about 65 samples in total with details
21 samples of M. indica, 20 samples of S. aromaticum, 15 samples of T. catappa, and 9 samples
of L. domesticum from the study area, as shown in Figure 2, and sampled randomly selected
that were around settlements area. The mercury is very harmful to humans and, therefore,
the tree barks samples, mostly found in the inhabitant’s yard, were selected in this study
due to its capability as biomonitoring of atmospheric Hg contamination. These sampling
species were grown naturally in this area, which dominated in the lower topography of
this area.

The tree bark samples were collected from 1.3 m above the ground, being the diameter
at breast height standard height. The bark was collected as 10 × 10 cm fragments to ensure
homogeneous sampling. About 12–18 cm2 of 100 cm2 bark samples were analyzed to
indicate the Hg concentrations.

2.2. Analytical Methods

The tree bark samples were dried at ~80 °C for 2 days in a ventilated oven. About
12–18 cm2 of each sample was crushed to a fine powder with a powder mill (Varian PM-
2005 m, Osaka Chemical Co., Ltd., Osaka, Japan) to produce homogeneous samples for
particle-induced X-ray emission (PIXE) analysis. The tree bark powders (30 mg) were then
digested by a mixture of indium (In) and HNO3 in a ratio of 3:100 before the heavy metal
concentrations, such as Pb, Zn, Fe, Hg, and As, were determined by PIXE [15–17] at Iwate
Medical University (Iwate, Japan). The dimensions of the tree bark samples were calculated
by ImageJ, Version 1.48 software. The analytical conditions followed [15]. A small cyclotron
provided a 2.9 MeV-proton beam on the target after passing through a beam collimator
of graphite. The maximum beam intensity on the target was approximately 40 nA for a
beam spot diameter of 2 mm and 80 nA for a diameter of 6 mm. Elements from Na to
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U were detected by two ORTEC Si (Li) detectors. The elements heavier than Ca were
detected by the first detector, which had a 0.025 mm-thick Be window and a 6 mm active
diameter, with X-rays with an energy resolution of 154 eV at 5.9 keV and a 300 to 500 μm
thick Mylar absorber inserted between the target and the detector. The other low atomic
number elements were detected by the second detector, which had a 0.008 mm Be window
and a 4 mm active diameter, a resolution of 157 eV, and a small graphite aperture without
an absorber.

Figure 1. Artisanal and small-scale gold mining (ASGM) sites in North Gorontalo Regency, Gorontalo
Province, Indonesia.
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2.3. Calculation of THg

The bioaccumulation of Hg was estimated using the THg, defined as the dry weight of
the sample multiplied by the Hg concentration determined by the PIXE analysis in 100 cm2

of sample [17].
THg = (DW × CHg) × (FD/real square) (1)

where DW is the dry weight of the sample, CHg is the Hg concentration, FD is fragment
dimensions (100 cm2), and real square is the sample dimension, as measured by ImageJ.

Figure 2. Terminalia catappa, Mangifera indica, Lansium domesticum, and Syzygium aromaticum sampling
points in East Sumalata District, Gorontalo Province, Indonesia (N = 65). The sampling point
coordinates was measured using a GPS (Oregon 650 TCJ; Garmin), and the map contours were
created by ArcGIS 10.3 and Global Mapper 10 software.

2.4. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistic 21 for Microsoft Windows.
The Shapiro–Wilk test was used to check the normality of the Hg concentrations. The data
were log-normally distributed, so the Kruskal–Wallis ANOVA test was used to test for
significant differences, with p < 0.05 considered statistically significant.

3. Results

3.1. Estimation of THg

The THg in the M. indica bark samples ranged from not detected (ND) to 74.6 μg DW
(see Table 1). The ND results were probably attributable to the absorption of Hg due to
different weather conditions under different topographic conditions. The THg in the bark
samples of S. aromaticum, T. catappa, and L. domesticum ranged from ND to 156.8, ND to 180,
and ND to 63.4 μg DW, respectively (see Tables 2 to 4). The average results of THg showed
that the T. catappa has highest mean of THg about 66.2 μg DW. Then, it was followed by
S. aromaticum, M. indica, and L. domesticum with THg concentrations about 42.4, 26.1, and
15.4 μg DW, respectively. The highest THg was located in areas of lower topography, as
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shown in Figure 3. This suggested that atmospheric Hg contamination is most dominant in
estuaries. A plant is categorized as toxic if the concentration of Hg exceeds 1 ppm [9], so
based on this study results, the bark of M. indica, S. aromaticum, T. catappa and L. domesticum
could be used as a biomonitoring of atmospheric Hg contamination in the environmental
assessments of ASGM areas.

Table 1. Total weight of Hg (THg) in the bark and diameter of Mangifera indica.

No Sample T(Hg) (μg—DW) ± SD Diameter (cm)

1 M. indica 30 49.8 ± 27.7 42.7
2 M. indica 117 15.9 ± 15.3 40.1
3 M. indica 118 64.5 ± 20.1 46.8
4 M. indica 156 13.0 ± 14.3 25.5
5 M. indica 126 63.5 ± 49.1 30.3
6 M. indica 160 ND 19.1
7 M. indica 134 22.2 ± 31.4 27.4
8 M. indica 53 8.70 ± 16.4 20.7
9 M. indica 66 47.9 ± 31.1 69.7
10 M. indica 96 ND 23.9
11 M. indica 31 35.5 ± 34.6 72.6
12 M. indica 89 ND 36.3
13 M. indica 97 24.3 ± 12.3 89.2
14 M. indica 104 54.1 ± 27.3 47.8
15 M. indica 34 4.10 ± 7.10 41.4
16 M. indica 67 6.60 ± 13.7 11.8
17 M. indica 54 ND 29.9
18 M. indica 91 30.9 ± 15.0 24.2
19 M. indica 110 74.6 ± 27.6 43.9
20 M. indica 60 32.9 ± 23.4 58.3
21 M. indica 50 ND 41.1

Mean 26.1 ± 17.4 40.1
T: Total; DW: Dry Weight; SD: Standard Deviation; ND: Not Detected.

Table 2. Total weight of Hg (THg) in the bark and diameter of Syzygium aromaticum.

No Sample T(Hg) (μg—DW) ± SD Diameter (cm)

1 S. aromaticum 23 20.9 ± 28.9 11.1
2 S. aromaticum 79 9.10 ± 18.2 39.8
3 S. aromaticum 140 51.0 ± 33.7 19.1
4 S. aromaticum 68 24.2 ± 28.5 16.2
5 S. aromaticum 76 16.0 ± 20.6 33.4
6 S. aromaticum 69 31.2 ± 48.5 10.8
7 S. aromaticum 82 138 ± 68.7 18.5
8 S. aromaticum 112 156.8 ± 79.6 18.5
9 S. aromaticum 85 23.0 ± 17.7 13.7
10 S. aromaticum 20 58.8 ± 33.3 23.9
11 S. aromaticum 98 54.3 ± 26.5 25.5
12 S. aromaticum 10 ND 28.4
13 S. aromaticum 02 22.6 ± 10.2 29.8
14 S. aromaticum 83 39.5 ± 27.4 26.1
15 S. aromaticum 58 47.8 ± 19.6 10.5
16 S. aromaticum 78 ND 16.9
17 S. aromaticum 74 42.6 ± 16.3 17.2
18 S. aromaticum 37 41.3 ± 23.5 11.1
19 S. aromaticum 80 40.6 ± 24.4 30.6
20 S. aromaticum 131 29.6 ± 15.3 11.5

Mean 42.4 ± 27.0 20.3
T: Total; DW: Dry Weight; SD: Standard Deviation; ND: Not Detected.
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Table 3. Total weight of Hg (THg) in the bark and diameter of Terminalia catappa.

No Sample T(Hg) (μg—DW) ± SD Diameter (cm)

1 T. catappa 71 8.70 ± 22.0 17.5
2 T. catappa 120 35.9 ± 17.9 20.7
3 T. catappa 136 68.4 ± 26.3 55.1
4 T. catappa 144 ND 17.8
5 T. catappa 163 150 ± 42.4 43.6
6 T. catappa 73 35.4 ± 38.7 32.8
7 T. catappa 164 113 ± 69.7 50.3
8 T. catappa 59 180 ± 105 44.9
9 T. catappa 72 26.4 ± 43.5 41.7
10 T. catappa 70 92.7 ± 43.6 36.6
11 T. catappa 159 72.5 ± 56.4 58.9
12 T. catappa 119 40.1 ± 69.4 53.8
13 T. catappa 154 ND 89.5
14 T. catappa 161 16.8 ± 19.2 53.8
15 T. catappa 111 152 ± 63.3 31.5

Mean 66.2 ± 41.2 43.2
T: Total; DW: Dry Weight; SD: Standard Deviation; ND: Not Detected.

Table 4. Total weight of Hg (THg) in the bark and diameter of Lansium domesticum.

No Sample T(Hg) (μg—DW) ± SD Diameter (cm)

1 L. domesticum 26 25.0 ± 18.8 38.5
2 L. domesticum 57 ND 34.1
3 L. domesticum 64 10.7 ± 14.7 37.6
4 L. domesticum 38 2.50 ± 15.5 37.9
5 L. domesticum 45 14.1 ± 25.1 38.5
6 L. domesticum 15 ND 30.7
7 L. domesticum 47 63.4 ± 26.8 27.4
8 L. domesticum 21 13.0 ± 13.6 10.4
9 L. domesticum 46 9.50 ± 25.0 10.5

Mean 15.4 ± 15.5 29.5
T: Total; DW: Dry Weight; SD: Standard Deviation; ND: Not Detected.

Figure 3. Cont.
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Figure 3. Mapped distribution of total weight of Hg (THg) in the bark of Mangifera indica,
Syzygium aromaticum, Terminalia catappa, and Lansium domesticum (N = 65).
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4. Discussion

4.1. Mapping Distribution of THg in ASGM Area

The mapped distribution of THg in the bark of M. indica, S. aromaticum, T. catappa and L.
domesticum (Figure 3) suggested that topography significantly influences the accumulation
of Hg in the atmosphere together with local weather conditions. However, the distribution
was not affected by the distance to the amalgamation site, as shown in Figures 3 and 4.
This is probably attributable to the wind direction, which transports and deposits the
atmospheric Hg in the estuary area. The concentrations on the tree barks were affected by
atmospheric attachment to the barks, not from the root absorption in soil and/or water [17].

Figure 4. Total weight of Hg (THg) in the bark of various tree species.

Zang et al.’s [18] study showed that Hg transport and dispersion in the atmosphere
may not always be explained by so-called prevailing winds. In their study area, there
was no prevailing wind strong enough to control the direction of the Hg diffusion in
the atmosphere, so the evenly distributed Hg in their bark samples was attributed to
precipitation rather than dry deposition or contamination from a reservoir. Local influences
can diminish the relative importance of the general atmospheric transport of Hg [18].
According to Barnes et al. [19], tree bark accumulates metals as a function of its proximity
to the pollution source.

Elemental Hg is the predominant (95%) form in the atmosphere, with reactive and
particulate forms also being important [20]. Plants have been shown to accumulate atmo-
spheric elemental Hg (Hgo) in foliage over time as a function of exposure to concentrations
of Hg in the air and soil [21,22]. Elemental Hg is thought to be directly taken up via stomata
and/or cuticles and possibly transformed into a water-soluble Hg compound and absorbed
via leaves [23,24]. In addition to the concentration of atmospheric Hg, environmental
factors, such as solar irradiation, air temperature, altitude, and biological factors, such as
plant species, leaf age, and leaf placement, also significantly influence the uptake of Hg by
foliage [22,25–27].

In addition, climate change has the potential to alter the sequestration of Hg from forest
soils via direct pressures (meteorological) or indirect pressures (vegetation changes) [28].
This could have indirect consequences for forests that may also affect Hg cycling. According
to Richardson and Friedland [28], vegetation type can affect many aspects of Hg cycling
in forest soils. The variable foliar morphology and biomass characteristics of different
vegetation types can affect Hg levels in litterfall. The physical attributes of the canopy
structure of each species can also directly affect the accumulation of Hg in foliage [29,30].

4.2. Distribution of THg Based on Distance to Source and Elevation

The distance of the samples from the ASGM site did not influence the THg attachment;
however, the total weight of Hg in the bark taken from T. catappa was higher compared to S.
aromaticum, M. indica, and L. domesticum, as shown in Figure 4. In the study area, T. catappa
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and M. indica grow naturally, whereas S. aromaticum and L. domesticum are cultivated for
economic purposes.

Living at lower topographic levels along the coastline, T. catappa is mainly an estuary
plant, and some of the S. aromaticum sampled in this study was also cultivated at lower
topographic levels along the coastline. As shown in Section 3.1, the highest THg was found
in the S. aromaticum and T. catappa, located in the coastline area.

A wide range of total Hg concentrations in the air has been reported in the literature.
The latitudinal distribution of total gaseous Hg indicates a background level of about
2 ng m−3 in the lower troposphere of the northern hemisphere and just over 1 ng m−3 in
the southern hemisphere, at least in an oceanic environment [31]. In general, elemental Hg
seems to be the dominant form [31]. The Hg associated with aerosol particles normally
makes up only a small fraction of the total airborne Hg; however, the role of particulate Hg
in the atmospheric is important. The atmospheric cycle retains Hg in the atmosphere for
long periods, and, consequently, transports it over very long distances [32]. Mercury vapor,
which comprises 95–99% of total Hg in the atmosphere, has an atmospheric residence time
of 1 year [4], allowing for global dispersal and the contamination of ecosystems through
both wet and dry deposition [33,34].

4.3. Distribution of THg Based on Tree Species

A THg boxplot for the various tree species showed that the mean values for T. catappa,
S. aromaticum, M. indica, and L. domesticum were 66.2, 42.4, 26.1, and 15.4 μg-DW, respec-
tively, but there were no significant differences (p < 0.05), as shown in Figure 5. This
indicated that tree species significantly influenced the attachment of Hg to the bark. We
assumed that T. catappa bark has a high porosity, so it retains Hg better than the other species.

 

Figure 5. Boxplot of the total weight of Hg (THg) in the bark of the various species.

5. Conclusions

Our results showed that there was a high level of heterogeneity in the THg in the bark
of both the naturally grown and cultivated tropical tree species we studied. The sampled
M. indica and T. catappa were located in areas of lower topography on the coastline of
the study area. M. indica is a native plant mostly cultivated close to houses as a garden
plant. S. aromaticum and L. domesticum are native plants cultivated for economic purposes
in the study area. This variability suggested that topography significantly influenced
the accumulation of Hg together with local weather conditions, but was not affected by
distance from the amalgamation site. This study indicated that tree species significantly
influenced the attachment of Hg to the bark. We assumed that T. catappa bark has a high
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porosity, so it retains Hg better than the other species. We found that the tree bark of M.
indica, S. aromaticum, T. catappa and L. domesticum could be used as a biomonitoring of
atmospheric contamination assessment in the ASGM area.
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Abstract: (1) Background: Geomedical science focuses on the relationship between environmental
impact and human health. The abundance of elements in a geographic area is reflected accumulation
of these elements in humans. This study aims to describe the relationship between concentrations
of geologic elements and accumulations in the human body as well as element-related symptoms.
(2) Methods: Geogenic sampling was conducted in an Artisanal and Small-Scale Gold Mining
(ASGM) area and around residential areas in Indonesia, and samples were analyzed using particle-
induced X-ray Emission (PIXE). Head hair was sampled, and health assessments were performed to
determine heavy metal exposure, especially to copper and mercury. (3) Results: Results show that
potentially toxic elements’ accumulation in the human body follows the abundance of these elements
in the geographic area, which then affect health and manifest with specific signs and symptoms.
East Tulabolo is an area rich in copper (hazard quotient (HQ) in dust = 152.8), and most of the
population shows the sign of Kayser–Fleischer rings. Likewise, the Dunggilata area has the highest
concentration of mercury, especially in the dust (HQ = 11.1), related to ASGM activity in residential
areas. (4) Conclusions: This study concludes that the geogenic concentration of elements parallels
the accumulation of human tissue and manifests with element-related signs and symptoms.

Keywords: copper; mercury; geomedical science; Gorontalo

1. Introduction

1.1. Background

Human health is constantly influenced by exposure to potentially toxic elements in the
environment [1–8]. Since ancient times, human interaction with potentially toxic elements
has been quite close, through exposure to medicine, equipment, and other sources. Heavy
metal concentrations in the environment are quite high, with contaminants in food or
geogenic materials. In this industrial age, large-scale mining has caused occupational
diseases in the form of poisoning by various toxic metals [1]. Potentially toxic elements do
not undergo metabolism in the human body; instead, they accumulate there and combine
with ligands that are biochemical, resulting in toxic effects [1,9–11].

Heavy metal contamination can be viewed from the perspective of geomedical science
usually known as medical geology, a science that studies health problems related to
“location”, based on the abundance of potentially toxic elements in the area that affects
human health both directly and indirectly [2,12]. The journey of heavy metal elements
into the body’s metabolic system is a complex process, influenced by many heterogeneous
determinants. The essential threat of heavy metal exposure is access to the elements and
their fate after entering human cell system. The basic principle of exposure to an agent is
that it must enter the human body, which acts as a host, by first passing through a medium.
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The media of toxic elements in the geosphere and sociosphere are air, dust, food, water, and
soil. Exposure to potentially toxic elements in humans occurs through inhalation, ingestion,
and skin absorption [13–15].

The complexity of metabolic processes in the human body depends on many factors,
both internal and external. Toxicokinetics and toxicodynamics of potentially toxic elements
in the body vary depending on the character and history of human health. The elimination
process is through two routes, primarily excretion through urine or feces and through
short- or long-term accumulation pathways. Long-term retention manifests as signs of
heavy metal exposure; for example, Kayser–Fleischer rings are as a sign of copper accumu-
lation in the iris, and analysis of heavy metal concentrations in hair reveal it as a place of
accumulation.

Analysis of long-term heavy metal accumulation in the human body shows that it
manifests in specific signs and symptoms. Previous studies have focused on the analysis
of mercury as the main pollutant in gold mining. This study focuses on two elements
based on geologic character studies and sources of heavy metal pollution: copper (Cu) and
mercury (Hg). The overall aim of this study is to provide information that can prove the
predictability of exposure to these elements leading to accumulation in the human body.

1.2. Geologic Character of Gorontalo Province, Indonesia

Gorontalo Province consists of two geologic sheets: Tilamuta and Kotamobagu. The
north side of Sulawesi Island, where Gorontalo Province is located, is a volcano-plutonic
arc [16]. Outcrop observations show a malachite layer in the porphyry Cu oxidation zone.
In the process of dismantling Cu ore from sulfide minerals, the Cu is carried away by
rainwater, which is then deposited in the soil and water [16].

1.3. Artisanal and Small-Scale Gold Mining

Artisanal and Small-Scale Gold Mining (ASGM), as defined by the United Nations
Environment Program, is gold mining conducted by individual miners or small enterprises
with limited capital investment and production costs [3,17–19]. Processing of ore bearing
gold in the ASGM area uses mercury as a gold metal binder. Initially, the effects of mine
pollution affected workers and communities around the mine; however, the impact of Hg
contamination can extend to the communities who live far from the mine area, and Hg
contamination from mining is slowly but surely expanding.

Pateda et al., in their research on Gorontalo Province, reported a tendency for chronic
Hg accumulation in human hair samples, and the chronic effect of Hg vapor on respira-
tory health [20]. This detrimental effect is not only experienced by the miners, but also
by the people who live around the mining area even extending to a radius of a longer
distance [21–23].

Generally, ASGM activity usually comprises the following steps: (a) Extraction, miners
exploit alluvial deposits (river sediments) or hard rock deposits; (b) Processing, the gold
is liberated from other minerals. Trommels are widely used and added with mercury
in this process; (c) Concentration, in Gorontalo mining, the ore is then concentrated and
washed with the help of sluices and pans; (d) Amalgamation, elemental mercury is used to
obtain a mercury–gold alloy called an “amalgam”; (e) Burning, the amalgam is heated to
vaporize the mercury and separate the gold; and (f) Refining, sponge gold is further heated
to remove residual mercury and other impurities [24–27].

2. Materials and Methods

The research data for this study include geologic information and results of human
health collected from 2018 to 2019. The geologic data comprise two types of samples:
soil and dust. The health assessments were carried out on 192 respondents classified
into two groups based on residence in a polluted or a non-polluted (control) area. Of
the 192 participants, 108 were from polluted areas (villages of East Tulabolo, Dunggilata,
Hulawa, and Bumela) and 84 were from control areas (villages of Bongo and Longalo).
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The polluted area was defined as an area that is close to ASGM, whereas the control
area is an area where no mining activity is present. Geologic samples were taken from
several points, both in the mining area and around residential areas.

2.1. Soil and Dust Sample Analysis

Soil samples taken from 4 mining areas (East Tulabolo, Dunggilata, Hulawa, and
Bumela) and from 2 control areas (Bongo and Longalo). Ground soil was sampled from a
depth of 20–30 using a shovel and then placed into a plastic bag.

Dust sampling was conducting using a soft toothbrush, and the samples were stored
in a paper bag. Each dust sample taken at a point close to the location of the ground soil
sample. All soil and dust samples were analyzed using particle-induced X-ray emission
(PIXE) conducted at the Cyclotron Research Center, Iwate Medical University, Japan.
Sample preparation was required based on a standard method for PIXE. First, the soil and
dust samples were ground to powder using a ball mill powdering system. Furthermore,
the samples were mixed with the internal standard using the palladium on carbon powder
method [28]. The normal concentration range of the soil and dust samples were calculated
from the average values in the world [29]. The threshold value for Hg and Cu were 52 and
20 mg/kg, respectively.

2.2. Hair Sample Analysis

A grouping of scalp hair approximately 3 cm long was obtained from the root in the
occipital region of each respondent. This approach meant that long hairs were sampled
and then cut to 3 cm and only the 3 cm on the root side was analyzed. Hair samples
went through several processes before being ready to send for inductively coupled plasma
mass spectrometry (ICP-MS) analysis. This process was divided into three stages: stage (1)
pre-washing; stage (2) washing; and stage (3) post-washing. The washing process by the
ultrapure water (MilliQ®) aimed to remove contaminants from the hair, such as dust, dirt,
bacteria, and other possible elements.

The scalp hair samples were analyzed by ICP-MS in the Research Institute for Hu-
manity and Nature, Kyoto, Japan. Several steps for the sample and standard solution
preparation were carried out. Analytical accuracy and precision were verified using Cer-
tified Reference Material No.13 (PerkinElmer, Waltham, MA, USA). Rhodium solution
(Wako Pure Chemical Industries, Osaka, Japan) was used as internal standard solution.

2.3. Hazard Quotient Quantification

An appropriate assessment method depends on the known toxic effect of the chemicals
and comprises the chemical mixture, availability of toxicity data, and quality of available
exposure data [13]. The potential health hazard from exposure to each chemical is estimated
by calculating its individual hazard quotient (HQ) with the following formula [13]:

HQ =
Chemical Exposure
Standard exposure

2.4. Neurologic Assessment

Evaluation of the neurologic system was performed by examining several clinical signs,
for which the most dominant neurologic sign is tremor. A tremor is a rhythmic shaking
movement in one or more parts of the body. According to the Protocols for Environmental
and Health Assessment of Mercury Released by Artisanal and Small-Scale Gold Miners by
United Nations Industrial Development Organization, this study implemented the finger
to nose test. The procedure for this test is for the participant to stand still, with their legs
together, arms outstretched, and eyes closed, and then to touch their fingertip to their nose.
The rating scale score range is: 0, no tremor; 1, slight to moderate (amplitude 0.5–1 cm),
may be intermittent; 2, marked amplitude (1–2 cm); and 3, severe amplitude (>2 cm) [30].
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2.5. Eye Assessment

Examination of Cu accumulation used the presence of a sign called Kayser–Fleischer
rings, which are dark rings that appear to encircle the iris of the eye. Using a medical
flashlight, the research team checked the participants’ eyes and could see the rings with
the naked eye on the inner surface of the cornea in the Descemet membrane. The rings
typically appear as a golden, brown ring in the peripheral cornea.

3. Results

3.1. Element-Rich Area
3.1.1. Distribution of Elements per Area

Table 1 shows the ratio of the lowest and highest values of Cu and Hg concentrations
in soil and dust samples from four polluted areas and two control areas. Most of the highest
Cu and Hg concentrations were present in the dust samples with the maximum values of
3055 mg/kg in the East Tulabolo area and 577 mg/kg in the Dunggilata area. Compared
with the dust concentration, the ground soil sample showed a concentration of 50% of the
value of the dust sample.

Table 1. Ratio of Cu and Hg concentrations in soil and dust samples per area.

Heavy
Metal in

Soil

Limit
Regula-

tion
(mg/kg)

Range of Potentially Toxic Elements Concentration (mg/kg) per Area
(Min–Max)

East
Tulabolo

Dunggilata Hulawa Bumela Longalo Bongo

In Soil

Cu 20 86–1470 96–183 37–536 86–122 52–66 37–52
Hg 52 32–131 10–294 2–128 44.7 DL 33.3

In dust

Cu 20 399–3055 63–329 - - 1–24 39–50
Hg 52 15–91 63–577 - - 56–98 48–65

Cu = copper; Hg = mercury; and DL = detection limit; The bold number show the highest concentration of
element.

The distribution of Cu and Hg concentrations compared with the limit regulation
value is depicted in Figure 1 for polluted and control areas. Dust samples are unavailable
for two areas, Hulawa and Bumela. Most data show that the Cu concentration is above the
limit value of 20 mg/kg, except in the control region. Concentration variations were found
in the Hg samples, where the highest polluted area was the Dunggilata area, as one of the
active ASGMs in Gorontalo Province. A high Hg value in the control area was found in the
dust sample with a median value above the limit value.
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Figure 1. Distribution of copper (Cu) and mercury (Hg) concentrations per area based on polluted and control areas. The
mean concentration value uses a logarithmic scale as there is a large difference in the lowest and highest values. The red
dotted line indicates the threshold limit according to the regulation. The confidence interval of this study is 95%.

3.1.2. Hazard Quotient Quantification

Hazard quotient is a comparison parameter between the exposure value with the
standard allowable level. Table 2 describes the HQ of each metal element by area. The
concentration of Cu in the dust showed an extreme increase compared with the increase in
Hg, either in the dust or in the ground soil. In fact, the Cu concentration was markedly
increased in the control region. The Hg value in the control area was also quite high in the
dust sample.

Table 2. Hazard quotient of element based on area.

Area
Cu Hg

Soil Dust Soil Dust

East Tulabolo 73.5 152.8 2.5 1.8
Dunggilata 9.2 16.4 5.7 11.1

Hulawa 26.8 NS 2.5 NS
Bumela 6.1 NS 0.9 NS

Longalo (control) 3.3 1.2 - 1.9
Bongo (control) 2.6 2.5 0.6 1.3

Cu = copper; Hg = mercury; and NS = not sampled; The bold number show the highest HQ of element.
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3.1.3. Mapping of Elements

Mapping was used to show areas based on HQs parametrically due to the large
gap between the lowest and the highest values. The concentration of Cu is quite high
throughout the Gorontalo area, which is represented by the research sampling areas, both
in the polluted and control areas. The largest HQ for Cu is depicted in the East Tulabolo
area, whereas the largest Hg HQ is in the Dunggilata area, and the smallest is in the Bumela
area, an average of more than 5 of HQ. These are shown in Figure 2.

Figure 2. Mapping of copper (Cu) and mercury (Hg) hazard quotient per area. The scale in the left corner provides a
parametric picture of the magnitude of the hazard quotient. The size of the circle is adjusted according to the hazard
quotient ratio of each element, red for copper and yellow for mercury.

3.2. Sign and Symptom Distribution per Area

Public health assessments related to exposure to potentially toxic elements, especially
Cu and Hg, provide data for the sign and symptoms observed and reported from the
general health check-up. The presence of Kayser–Fleischer rings is a sign of chronic
accumulation of Cu exposure in humans, whereas exposure to Hg is indicated by tremor as
a symptom of neurologic disorders related to Hg contamination. Figure 3 describe it well.
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(a) (b) 

Figure 3. Graph depicting the relationship between the presence of health signs and symptoms related to heavy metal
exposure and the accumulation of these potentially toxic elements in scalp hair: (a) average accumulation of copper (Cu) in
human scalp hair per area shows a high number in the East Tulabolo area, and is almost as common in all areas; (b) average
accumulation of mercury (Hg) in scalp hair per area shows a high number in the Hulawa and Dunggilata areas.

4. Discussion

The uptake of elements is a process that may vary considerably depending on the
complexity of the living system. Moreover, the bioavailability of elements is the main
factor that influences the impact of an environmental chemical species in the human body.
The bioaccumulation of elements in geologic samples is used as a consideration in risk
assessment, whereas biological samples are used as bioindicators of exposure to an element
including potentially toxic elements such as Cu and Hg.

A potentially toxic element that has made its way into a human body has travelled
through an environmental medium [2]. The media are air, water, and soil/food, which
enter the human body through three pathways: inhalation, skin absorption, and digestion.
After undergoing the process of cellular metabolism, the element is then eliminated in
either of two ways: excreted or accumulated. The process of excretion is through urine
and feces, whereas the accumulation process occurs in several organs, including scalp
hair. This accumulation is used as a bioindicator to assess the effect of exposure to a heavy
metal. Once accumulated, potentially toxic elements will be trapped in organ tissues for a
long time.

In the context of environmental monitoring studies, bioindicators reflect organisms—
or parts of organisms or communities of organisms—that contain information on the quality
of the environment—or a part of the environment [31,32]. The abundance of an element
in a geographic area, be it the result of natural or anthropogenic processes, characterizes
the accumulation of elements in the tissues of the human body. In line with the research
conducted, the abundance of Cu levels in the Gorontalo area is due to its geologic character,
which is the porphyry Cu oxidation zone.

The high concentration of Hg in the environment is from ASGM activity in polluted
areas. The dust samples, representative of the presence of Hg in the air, provide evidence
that Hg can be carried by the wind to more distant locations. This effect is reflected in the
study results showing that the Hg concentration was also high in the control area where no
ASGM activity was present. The high levels of Hg in the environment in the Dunggilata
area are caused by mining work, especially mining practices that use Hg in production,
such as concentration and burning of amalgam, which is carried out in residential settings
that cover a wider area. Therefore, this exposure leads to quite a lot of neurologic disorder
effects in this area.
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The passage of elements from the environment into the human body and give effect,
through complex stages. There is an intermediate analysis that must be studied previously
to explain the relationship between the abundance of geological elements and their con-
centration in the human body. This is the limitation in this study that needs to be clarified
with other more in-depth studies.

5. Conclusions

Accumulated elements from geogenic activities in human biological tissue can result
from exposure from environmental sources. Humans take potentially toxic elements into
their bodies, both consciously and unconsciously, from both natural and anthropogenic
sources. This incorporation leads to the accumulation of potentially toxic elements in the
tissues of the human body which then manifest as the most likely signs and symptoms to
appear associated with the toxicity.
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Abstract: Artisanal and small-scale gold mining (ASGM) has a known negative effect on the commu-
nity’s health; therefore, assessment to monitor community health is essential to detect any issues and
enable early treatment. Because ASGM-related health issues are complex and cannot be addressed
effectively with a traditional one-time health assessment alone, both long-term and regular health
assessments using a transdisciplinary approach should be considered. In response to this need, we
designed an online health assessment tool as a reference for a future long-term health assessment
system. An online video interview was conducted with 54 respondents living in the ASGM area
of Chaung Gyi Village, Thabeikkyin Township, Mandalay Region, Myanmar, via a social network-
ing service application. The tool was used to evaluate community health during the coronavirus
2019 pandemic, including mercury intoxication symptoms, mining-related diseases, and other dis-
eases. Results show that persons working in mining versus non-mining occupations had a greater
prevalence of pulmonary diseases, such as pulmonary tuberculosis, silicosis, and bronchial asthma,
in addition to malaria. Based on these findings, online health assessment using a transdisciplinary
approach can be recommended as an effective tool for sustainable and long-term health assessment
of ASGM-related disease and should be performed regularly following physical health surveys.

Keywords: artisanal and small-scale gold mining; online health assessment; Myanmar; coronavirus
disease; mining community

1. Introduction

Artisanal and small-scale gold mining (ASGM) is a major livelihood of rural commu-
nities in developing countries; however, ASGM is also widely known as a major source of
atmospheric pollution by mercury (Hg) [1] and other heavy metals, as well as the cause
of serious health problems in mining communities. Elementary Hg is used in the ASGM
process to extract gold (Au) from ore, and the Au-Hg amalgam is further burned to obtain
Au, which releases Hg into the atmosphere. Because some ASGM activities take place
in residential communities without a proper containment system, the Hg vapor released
during the amalgam-burning phase is widely dispersed, leading to Hg infiltration into
the bodies of persons working in mining (hereafter, miners) and other local community
residents through inhalation.

Several countries are focusing on reducing the use of Hg in the ASGM process, but
Hg amalgamation remains a favored method to obtain Au because of its accessibility,
affordability, and applicability in local settings. According to previous studies in ASGM
areas internationally, Hg is a serious health hazard in ASGM workers, regardless of the
origin [2–11]. In addition to Hg-related health issues, ASGM can also cause infectious
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diseases, pulmonary diseases, and accidents resulting from dust inhalation [12]. All these
studies point out that regular health assessments of ASGM communities are essential in
monitoring their long-term health.

However, several major limitations exist for regular health assessment in ASGM com-
munities because of the nature of the industry. Typically, ASGM is performed in remote
areas situated far away from the medical facilities available, and thus, the communities
cannot easily receive critical health care. It is also challenging to conduct regular assess-
ments of ASGM community health. In addition, health surveys in ASGM areas are usually
performed either only once or in limited frequency, which cannot sufficiently contribute to
the understanding of the health status of the community, especially because of the severe
nature of the ASGM-related problems. Moreover, this dire situation has escalated during
the global pandemic of coronavirus disease (COVID-19) because onsite health surveys and
in-person interactions are not possible.

Therefore, it is essential to develop effective and long-term sustainable health as-
sessments of ASGM areas to monitor the community health status and solve related
issues with a transdisciplinary approach. In this study, an online health survey was con-
ducted in the ASGM community of Chaung Gyi Village, Thabeikkyin Township, Mandalay
Region, Myanmar, during the COVID-19 pandemic. A video health interview was con-
ducted using a transdisciplinary approach with collaboration among researchers, the local
physician, the government, and local stakeholders as a case study for designing a future,
long-term, sustainable health assessment. According to the findings of our previous pre-
liminary research in the study area, a small number of miners had the signs and symptoms
of chronic Hg intoxication [13]. This case study reports the health status of the ASGM com-
munity and discusses the effectiveness of the collaborative online health assessment tool.

2. Materials and Methods

2.1. Study Area

The location of the Chaung Gyi Village is depicted in Figure 1. According to the
March 2019 data of the administrative office, Chaung Gyi Village has 1772 households and
a population of 8375 people. The ASGM activity of Chaung Gyi Village can be classified
into formal and informal types [13].

Figure 1. Study area. Map of Chaung Gyi Village. (Map is provided by Network Activities Group
(NAG), a local NGO of Myanmar).
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2.2. Transdisciplinary Approach Research Design

Between December 2020 and February 2021, 54 individuals from Chaung Gyi Village,
Chaung Gyi Village Tract, Thabeikkyin Township, Mandalay Region, Myanmar, were re-
cruited for this study. The mean age of the participants was 36.8 ± 13.4 years; among them,
32 were male, and 22 were female. As shown in Figure 2, Myanmar government entities,
including the Environmental Conservation Department (ECD) of the Ministry of Natural
Resources and Environmental Conservation (MONREC), and the local stakeholders of
Chaung Gyi Village, researchers, and local physicians worked together and contributed
to the implementation of the online health assessment. The ECD and MONREC shared
ASGM information for the study area with researchers through collaboration with local
stakeholders, and the local stakeholders contributed their support to connect the ASGM
community of Chaung Gyi Village with the researchers and the local physician. Then, the
researchers and local physicians contributed to the design and development of the on-
line health assessment tool to make it suitable for the study area through collaboration
with the government and local stakeholders, including the mining community. Then, the
researchers and local physicians engaged the community (hereinafter referred to as
“respondents”) in a conversation by video interviews of the respondents’ social net-
working service application to explain and conduct the study. Verbal informed consent
was obtained from the respondents because the nature of the study made it impossible
to receive their written consent.

Figure 2. Transdisciplinary approach research design.

2.3. Interview Questions

Respondents used the questionnaire form to provide the following data: (1) general
information, including living status as a native to the study area or migrant, education, occupa-
tion, and income; (2) risk of exposure to Hg and other heavy metals, such as the distance of
their homes to ASGM sites, use of Hg and cyanide in the ASGM process, and use of personal
protection for miners; (3) health complaint; (4) present and past medical histories; (5) symptoms
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of Hg intoxication, such as metallic taste, excessive salivation, tremors, sleep disturbances,
tiring easily, feeling sleepy or drowsy, lack of energy, concentration problems, forgetfulness,
feeling nervous or sad, palpitations, headaches, nausea, loss of appetite, weight loss, numbness,
prickling, and aching sensations. Then, during the video interview, respondents were evalu-
ated for signs of Hg intoxication, gait ataxia, tremor on the finger-to-nose test, and alternate
movements on the twist-hand test. Based on their type of occupation at the time of health
assessment, respondents were divided into two groups: miners and non-miners.

2.4. Statistical Analysis

An unpaired t-test was employed for comparison of the mean values, and Fisher’s
exact test was performed for the analysis of comparison among the variables of miners and
non-miners, respectively. The level of significance was set at p < 0.05.

3. Results

3.1. Socioeconomic Assessment

Table 1 describes the results of the demographic and socioeconomic assessments.
The number of miners was 24 (male; 18 and female 6), and that of non-miners was 30 (male
14 and female 16). The percentage of male and female participants and age were equally
distributed. Most participants were aged 20–29 years. No difference was noted be-
tween the two groups in terms of living status as native or migrant and education status.
Most respondents had completed primary education. The income of the miners ranged
from $6–$31 USD/day, which was considered to meet the threshold of monthly family
expenses, whereas those in local non-mining occupations earn less (p = 0.01). Some of
the miners of this study work in the underground mines, 20–30 m below the surface of
the ground, whereas some work to retrieve gold using the sluicing methods in the rivers.
Miners who work for the excavation of ores underground mostly work long continuous
hours for one to two days at the mining site. The underground mining area is situated far
from the village, from where the excavated Au-containing ore is usually transported to
the village for further processing, such as crushing, screening, and refining at the homes
of miners, local gold shops, or in open spaces on the streets of the village. Crushing ore
is done using simple equipment in front of their houses, and then screening ore is made
in the reservoir dug by the miners in the yard. The Au-amalgam is prepared by mixing
the Au-containing ore with the Hg purchased from local convenience stores, after which
the amalgam is burned to evaporate the Hg into the atmosphere and retrieve the Au.
This process is known as refining.

The categories of occupants in the non-miner group were agriculture, bricklaying, ve-
hicle driving, buying and selling goods, miscellaneous jobs, and household jobs. Three men
from the non-miner groups worked previously at random in excavation sites and in crush-
ing ores of mining temporally, but not as the occupation. The respondents engaged in
agriculture were the owners, or the owners’ family members, of the lands where they were
working, and their working routine varied according to the seasons and types of crops and
vegetables they were growing. The agricultural products produced were consumed by the
producers as well as sold in the local wet markets and other distant cities. The bricklaying
category of occupation was irregular and dependent on the availability of the job offer.
The earnings from buying and selling of goods also depended on the demand of the con-
sumers, which is similar to the nature of miscellaneous jobs and household jobs in the
aspect of income being unstable. Compared with these non-mining jobs, mining work
contributed to a more stable income in the study area.
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Table 1. Demographic and socioeconomic assessments.

Variable Category 54 Respondents (%) Miners Non-Miners

Sex Male vs. Female 59.3 18 vs. 6 14 vs. 16
Age (years) Mean ± SD 37.3 ± 11.7 36.5 ± 14.2
Age (years) 20–29 38.9 9 (n) 12 (n)

30–39 24.1 4 (n) 9 (n)
40–49 16.7 6 (n) 3 (n)
50–69 20.3 5 (n) 6 (n)

Living status Native vs. migrant 59.3 13 vs. 11 19 vs. 11
Education status Monastic School Education 7.4 1 (n) 3 (n)

Primary School 51.9 8 (n) 20 (n)
Middle School 16.7 7 (n) 2 (n)

High School Completed 13 4 (n) 3 (n)
* Income per day (USD) Mean ± SD 14.7 ± 10.8 2.5 ± 1.5
Income per day (USD) Range (minimum–maximum) $6–$31 $1–$8

* Statistically significant (p = 0.01) in unpaired t-test. Monastic school education contributes to the basic education need of the people with
poverty who could not afford to attend regular schools and provide the curriculum education and ethics to the students.

3.2. Risk of Exposure to Hg and Other Heavy Metals

The factors influencing exposure to Hg and other heavy metals are detailed in Table 2. Of
the 54 respondents, 25.9% (n = 14) reported living at a distance less than 1 km from ASGM
activity. Most miners used Hg in their ASGM activities. Moreover, more than two-thirds of
the miner group did not use personal protection, such as gloves and masks. These factors
represent a high possibility of exposure to Hg and other heavy metals. Regarding the types
of mining activities, most miners worked in excavation and crushing ores. In addition,
most miners had worked in the ASGM occupation for 10–20 years.

Table 2. Risk of exposure to Hg and other heavy metals.

Risk Factor Numbers (n)

Living distance from ASGM activity of all
respondents

<1 km 14
1–5 km 17

5–10 km 23
>10 km 0

Miner-Specific Risk Factor of miners
Hg use 12

Cyanide use 3
Personal protection use during mining activity

of miners
Yes 9
No 15

Mining activities of miners
Working across all areas of mining 6

Excavation and crushing ores primarily 10
Panning and amalgamation only 4
Refining (burning amalgam) only 2

Carrying gold ores only 2
Mining experience of miners

<10 years 8
10–20 years 14
>20 years 2

3.3. Disease Prevalence by Occupation

Health complaints, including present and past medical histories of the respondents,
were summarized as the disease prevalence, as shown in Figure 3. According to the
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interview results of the respondents, disease prevalence was classified into “normal”
representing no health issues; “lung diseases” with pulmonary health issues; “malaria;”
“minor illness” with minor health complaints; “musculoskeletal diseases,” problems in
joints, bones, muscles, and spine; “cardiovascular diseases” having typical symptoms
of cardiovascular diseases including pain or pressure in the chest, pain or discomfort
in the arms, left shoulder, elbows, jaw, or back, shortness of breath, nausea and fatigue,
lightheadedness or dizziness and cold sweats; and “liver disease” which includes jaundice,
abdominal pain and swelling, nausea, vomiting, and melaena.

Figure 3. Disease prevalence in miners and non-miners.

On comparison of miners versus non-miners, 50% (n = 12) of miners, especially those
who engaged in excavation and crushing ores, had greater pulmonary issues, including
pulmonary tuberculosis, silicosis, and bronchial asthma, versus 13.3% (n = 4) of the non-
miner group, which had pulmonary tuberculosis and bronchial asthma (p = 0.01). Miners
with mining experience greater than 10 years had pulmonary disease, and they had to
reduce their workload due to their health problems. History of malaria infection was
also only detected in the miner group (n = 8, 33.3%). The prevalence of musculoskeletal
diseases was 12.5% (n = 3) for miners and 3.3% (n = 1) for non-miners. The prevalence of
cardiovascular diseases and liver diseases for miners were 4.2% for each category (n = 1)
and non-miners were 3.3% for each category (n = 1) respectively.

3.4. Chronic Hg Intoxication Signs and Symptoms

Of the miners, 19% reported symptoms of Hg intoxication, such as sleep disturbance,
loss of appetite and weight, depression, and numbness of the digits. Non-miners did not
have any symptoms. However, no abnormal findings on the examination for the signs of
Hg intoxication were noted for either group.

4. Discussion

4.1. Factors in the Choice of ASGM as the Main Livelihood in the Study Area

According to the nature of the socioeconomic characteristics, it can be clearly noted
that ASGM can contribute to a stable and higher income for individuals within the com-
munity who have the same educational background compared with those in the non-
mining occupations available in the study area, such as agriculture and other job options.
Because ASGM activities can be conducted within the study area at a close distance to the
community dwelling places, the accessibility to the ASGM areas is high. Therefore, ASGM
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may be the preferred occupation in the study area for the aforementioned factors, combined
with the context of regional poverty.

4.2. Community Health Status

The study area community had a significant incidence of pulmonary disease, includ-
ing pulmonary tuberculosis, silicosis, and bronchial asthma, in addition to malaria and
musculoskeletal, cardiovascular, and liver diseases. Compared with the non-miner group,
the miner group had an increased incidence of pulmonary diseases and malaria. Symptoms
of pulmonary diseases, such as silicosis and pulmonary tuberculosis, have been reported
by ASGM miners who worked in excavating and crushing ores as a major ASGM activity;
however, these symptoms have not been detected in miners who performed only panning,
amalgamation, or burning amalgam. The risk for silicosis is caused by inhalation of silica
crystalline, which is a common health hazard in mining and increases the risk for silicosis,
malignancy, and other diseases [14]. Silica exposure is related to the development of vari-
ous diseases, including pulmonary tuberculosis, chronic obstructive pulmonary disease,
and rheumatoid arthritis [15]. Therefore, the cause of the high incidence of pulmonary
tuberculosis in miners in this study may be due to the presence of silicosis, which can also
cause secondary infection in the non-mining community, such as in the families of miners.
Because Myanmar is a developing country with poverty in remote areas, pulmonary tuber-
culosis is common. Therefore, it is necessary to decrease the incidence of ASGM-related
silicosis to relieve the national burden of pulmonary tuberculosis. Malaria is prevalent
in the Thabeikkyin Township [16], and the miners’ nature of working in the mines and
sleeping without sleeping nets could have led to increased exposure to malaria, in the
present study, relative to that among the non-miners.

Regarding the health hazard of Hg exposure, only 19% of the miners had the symptoms
of chronic Hg intoxication, although most of the miners were exposed to Hg through the
ASGM process. Similarly, in our previous preliminary study, we detected the signs and
symptoms of chronic Hg intoxication in only a minority of the miners, ref. [13] and Hg
concentration in their hair was not high compared with that in ASGM areas of other nations.
Considering these factors together, it can be assumed that the major health problem in
the study area mining community is silicosis and its associated complications rather than
chronic Hg intoxication. The reason for the absence of chronic Hg intoxication in the present
study may be the lower Hg usage in the study area compared to that in other ASGM areas
worldwide, which may have caused the decreased formation of methylmercury in the
environment. However, it is difficult to draw conclusions only on this basis owing to the
small sample size; thus, the continuous assessment remains necessary to evaluate the status
of chronic Hg intoxication.

4.3. Effectiveness of Online Health Assessment in ASGM Context

To our knowledge, this study is the first to present an online health assessment
conducted for the ASGM community during the COVID-19 pandemic. The researchers,
local physicians, local government, and local stakeholders contributed equally to the study
design during this difficult time of COVID-19, which limited access to the respondents.
Being far from the health facilities, the unavailability of laboratory services to detect Hg
concentrations in hair as biomonitoring data, and the limited ability to install the remote
health monitoring systems in the study area results in the community remaining vulnerable
to mining-related health hazards to date. However, applying this remote health assessment
in the study area through video interviews using the individuals’ mobile phones enables
preliminary health assessment, which can help facilitate the diagnosis of diseases in the
mining community to decide on further necessary treatment and management.

When compared to the past onsite preliminary study of the study area conducted
during the non-COVID-19 pandemic period [13], the present study offers the following
merits (1) shorter processing time for the survey investigators, (2) ability to adjust the
interviewing time as per the availability of both the survey investigators and respondents,
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(3) ease of contacting the investigators by the researcher, local physician, and respondents,
(4) greater chance to learn the lifestyles of the mining community that is important in
disease prevalence, and (5) the ability to monitor the health of the mining community in a
consecutive manner, which is a challenging aspect for onsite surveys. Despite these ad-
vantages, there are some disadvantages, including the lack of clinical examination and the
lack of analysis of the biomarkers of Hg, such as in hair and blood Hg contents. Therefore,
it is recommended that onsite health assessment surveys be conducted to evaluate clinical
examinations and the biomarkers once every year, followed by regular multiple online
health assessments to effectively manage the health of the mining community.

Our study also had some limiting factors, such as the small sample size and the afore-
mentioned fact of being unable to conduct the physical examinations of the respondents
in person. However, the design of the present study allows the health assessment of the
study area through communication among the researchers, local physician, and community
by means of an individual online connection with community members, through which
we hope that we can also implement regular and long-term assessment of the ASGM
community in the future, conceived as an “online assessment system for the ASGM com-
munity.” Furthermore, because the ASGM context reflects the severity of the associated
health and environmental hazards, the traditional assessment using biomonitoring, such as
the evaluation of Hg content in hair, is solely insufficient for the ASGM community health
assessment. In the future, a trained local health assessment team, including the nurses and
local stakeholders, for physical monitoring of the health of the local ASGM community
should be formed with the support of physicians and researchers. As an adjunct to that
team, the “online assessment system for the ASGM community” by health professionals
and researchers in various fields is recommended for an effective management strategy to
address the health-related problems of ASGM.

5. Conclusions

We present a case study of the effectiveness of the first online health assessment in
an ASGM community in Myanmar, conducted with a transdisciplinary approach. The
main health problems of the community of the study area were pulmonary disease and
health-related complications due to the ASGM process. This assessment can be conducted
serially and regularly in the future to monitor the health status of the ASGM commu-
nity from various aspects in collaboration with local stakeholders, health professionals,
and researchers.
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Abstract: Mercury (Hg) is one of the most harmful metals and has been a public health concern
according to the World Health Organization (WHO). Artisanal and small-scale gold mining (ASGM)
is the world’s fastest-growing source of Hg and can release Hg into the atmosphere, hydrosphere,
and geosphere. Hg has been widely used in ASGM industries throughout Southeast Asia countries,
including Cambodia, Indonesia, Laos, Malaysia, Myanmar, the Philippines, and Thailand. Here,
16 relevant studies were systematically searched by performing the PRISMA flow, combining the
keywords of “Hg”, “ASGM”, and relevant study areas. Mercury concentrations exceeding the WHO
and United States Environmental Protection Agency guideline values were reported in environmental
(i.e., air, water, and soil) and biomonitoring samples (i.e., plants, fish, and human hair). ASGM-related
health risks to miners and nonminers, specifically in Indonesia, the Philippines, and Myanmar,
were also assessed. The findings indicated severe Hg contamination around the ASGM process,
specifically the gold-amalgamation stage, was significantly high. To one point, Hg atmospheric
concentrations from all observed studies was shown to be extremely high in the vicinity of gold
operating areas. Attentions should be given regarding the public health concern, specifically for the
vulnerable groups such as adults, pregnant women, and children who live near the ASGM activity.
This review summarizes the effects of Hg in Myanmar and other Southeast Asian countries. In
the future, more research and assessment will be required to investigate the current and evolving
situation in ASGM communities.

Keywords: Hg; artisanal and small-scale gold mining; air; water; soil; plant; fish; human hair; health
risk; Myanmar; Southeast Asia

1. Introduction

1.1. Mercury

Mercury (Hg) is listed among the top 10 most harmful metals by the World Health
Organization (WHO), and its chemical forms are considered a public health concern [1].
All its common forms, including elemental (metallic), inorganic, and organic are highly
toxic. In particular, methylmercury (MeHg) is the most dangerous form because it can
bioaccumulate in microorganisms and biomagnify or enhance the trophic levels in aquatic
food webs [2]. Meanwhile, elemental Hg can be converted to MeHg in aquatic sediments.
The use of elemental Hg in artisanal and small-scale gold-mining (ASGM) sector can be
hazardous because of the inhalation of Hg vapor, which easily penetrates the blood–brain
barrier and induces neurotoxicity [3]. A famous catastrophic Hg outbreak occurred in
Minamata Bay, Japan, in the 1950s, when factory wastewater containing MeHg from a
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factory was discharged into the Shiranui Sea, poisoning the people who ingested the
contaminated seafood [3]. This became one of the first and the most critical incidents of Hg
poisoning due to an industrial site.

Different forms of Hg can be released into the atmosphere, water, and across land as a
result of human activities such as burning of fossil fuels (e.g., coal and petroleum), indus-
trial effluents, product waste (e.g., electronic) from intentional use, dental amalgamation,
agricultural practices, and ASGM and natural processes, including volcanic eruptions, rock
weathering, and forest fires. Thus, Hg is discharged worldwide into the environments.
ASGM is the world’s fastest-growing source of Hg and can discharge Hg into both the
aquatic environment and the terrestrial ecosystem. The emission of Hg into the atmosphere
via ASGM account for 37.7% of global outputs among the other Hg emission sources, with
South America, Asia, and Sub-Saharan Africa as the primary sources [4]. Meanwhile,
ASGM occurs in more than 70 nations worldwide, with an estimated 16 million miners
who afford up to 20% of the annual global gold production [4]. According to the global
inventory of the United Nations Environmental Program (UNEP) in 2015 [4], 2220 tons of
Hg was emitted to the atmosphere from all anthropogenic sources. Notably, 38% (838 tons)
of Hg was emitted from the ASGM sources (Figure 1).

Figure 1. Regional results of global Hg emissions into air from the ASGM sources. Each value
represents tons/year [4].

1.2. Hg Use in ASGM Communities

The use of Hg is quite common in ASGM sectors worldwide, including Southeast Asian
countries such as Cambodia, Indonesia, Laos, Myanmar, the Philippines, and Thailand.
The earliest records of Hg use in alchemy and amalgamation were from Egypt and China
more than 3000 years ago [5]. Hg has been used in inexpensive, easy, and rapid approaches
for extracting gold from its ore and soil [6]. Notably, owing to weak legislation, poor
engagement, contribution of artisanal miners, and easily accessible of robust black market
for Hg usage in the ASGM will continue to persist [7–9].

Myanmar, a developing country in Southeast Asia, has various mineral and natural re-
sources, such as for jade, gold, ruby, and copper. Myanmar has been facing overexploitation
of natural resources for more than two decades because its people seek to extract its natural
resources illegally [10]. Additionally, 70% of the population of Myanmar is in rural areas
and rely on natural resources. Meanwhile, gold production in Myanmar has increased
slightly in recent years, reaching 1700 kg in 2016 [11]. ASGM activities in this country have
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been conducted throughout the states and regions of the country, namely Bago, Kachin,
Mandalay, Mon, Sagaing, Shan, and Tanintaryi (Figure 2) [12].

Kachin 

Mon Bago 

Mandalay 

Sagaing 

Shan 

Tanintaryi 

Nay Pyi Daw 

Yangon 

Figure 2. Distribution of artisanal and small-scale gold mining (ASGM) activities in the states and
regions of Myanmar by township.

Various ASGM processes can be categorized on the basis of region and depend on
the gold deposit types. ASGM can be classified using several methods such as panning,
river mining with bucket dredges, suction dredging, and hydraulic mining. Alluvial
deposits (river sediments) and hard-rock deposits (typically gold in quartz veins) have
been exploited the gold ore by local and migrant miners. In the most common method for
ASGM in Myanmar, gold ore is excavated via underground or open-pit mining, after which
it is dried and ground using a powdering machine. The resulting powder is placed in a pan
containing water to separate gold particles via gravity settling. Gold particles are collected
at the bottom of the pan together with sand. A piece of Hg (like a finger-tip) is added to the
pan to extract gold by forming a gold–Hg amalgam, which is squeezed by hand through a
fabric cloth. Subsequently, a mine operator vaporizes the Hg in the gold-amalgam using a
burner to obtain pure gold. Hg vapors are consequently released into the atmosphere and
deposited into aquatic and terrestrial ecosystems. The ASGM practices in the considered
study areas are summarized in Figures 3 and 4.
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Figure 3. Flow chart showing general ASGM processes.
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Figure 4. General ASGM processes involving (1) excavation, (2) grinding and sifting, (3) washing,
(4) panning, and (5) gold–Hg-amalgam burning.

1.3. Minamata Convention on Hg

The Minamata Convention on Hg became one of the first worldwide environmen-
tal agreements in the 21st century. The convention was adopted in 2013, and to date,
123 countries have signed the agreement. The convention aims “to protect human health
and the environment from anthropogenic emissions and releases of Hg and the compounds
and it sets out a range of measures to meet the objective” [13]. According to Article 7
of the Minamata Convention, each party from an ASGM shall develop a national action
plan regarding Annex C, which indicates implementing national objectives and reducing
targets and actions to eliminate the Hg and related compounds. In the national action plan
(NAP) for ASGM sectors, the informal ASGM sector must be regulated to accomplish the
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requirements for reducing the Hg in the country. Key to an NAP is the development of
Hg inventories and baselines in the ASGM sector to monitor improvements and establish
regulatory standards for Hg emission reduction. The pertinent parties must cooperate with
the relevant stakeholders from governments, industry, NGOs, and academia. Subsequently,
the parties need to build awareness regarding all Hg compounds in an ASGM process,
promote non-Hg alternative practices, and provide technical and financial support. The
countries that have not ratified the Minamata Convention in the Association of Southeast
Asian Nations (ASEAN) include Brunei, Laos, and Myanmar. However, in Myanmar, the
NAP for Minamata Initial Assessment, which is funded by a global environmental facility,
has started a national Hg inventory. The status of the Minamata Convention in ASEAN
countries is summarized in Table 1.

Table 1. Minamata Convention status in ASEAN countries [14].

Participants Signature Date Status
Date (Ratifica-
tion/Accession/Approval)

Indonesia 10/10/2013 Ratification 09/22/2017
The Philippines 10/10/2013 Ratification 8/7/2020
Cambodia 10/10/2013 Ratification 8/4/2021
Vietnam 11/10/2013 Approval 06/26/2017
Malaysia 24/09/2014 Signature
Laos Accession 09/21/2017
Thailand Accession 06/22/2017
Brunei N.A. N.A. N.A.
Myanmar N.A. N.A. N.A.

N.A.; not available.

1.4. Objective

Mercury pollution is a worldwide problem especially in ASGM countries. The number
of artisanal miners has increased over the years and now totals to ~45 million people [15],
with at least half of them engaged in gold mining, extracting up to 450 tons of gold per
year in at least 70 countries [16]. ASGM activities produce increasing amounts of gold from
countries in Africa (e.g., Ghana, Mali, Sudan, Tanzania, and Zimbabwe), Latin America
(e.g., Brazil, Colombia, and Peru), and Asia (e.g., China, Indonesia, Mongolia, Myanmar,
and the Philippines).

This study emphasized Myanmar and other ASEAN countries that are practicing
ASGM. Similar to other developing countries, environmental challenges in Myanmar
have been given strong consideration since natural resources have been extracted by
illegal measures. Achieving an environmental balance has become a crucial role for such
challenges. Unfortunately, Myanmar has insufficient professional labors with acquired
skills; an ineffective governing mechanism; no transparency for trading by-products of gold,
specifically Hg; and minimal research activities. Therefore, there are only six publications
on Hg pollution in Myanmar up to now [17–22].

This review has identified and assessed the critical Hg pollution issues in Myanmar
and other Southeast Asian countries. This study outlines the Hg problems that are of
crucial concern to the citizens of these nations. We evaluated the Hg contamination in
environmental media and the risks of Hg exposure on human health and propose a relevant
policy framework regarding Hg issues.

2. Materials and Methods

2.1. Study Selection

The study identified the relevant literature published between 2000 and 2021 using
databases including PubMed, Web of Science, Springer, Science Direct, and Google Scholar. The
keywords used during the search were “Hg”, “ASGM”, “Myanmar”, “Indonesia”, “the
Philippines”, and “Malaysia”. Research materials on international regulations, laws, and
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procedures related to Hg problems were also considered. The study focused on research
articles from Myanmar and other ASEAN countries. To conduct the screening study, two
reviewers (P.S.S. and T.A.) compared the titles and abstracts of the studies according to the
inclusion and exclusion criteria presented in Table 2.

Table 2. Criteria for inclusion and exclusion of a study.

Inclusion Exclusion

Studies related to ASGM communities. Studies in other industries, such as coal-fired power plant.
Studies on Hg compounds, total Hg, inorganic Hg, and MeHg. Unrelated compounds, such as ethylmercury.
Emphasis on Hg concentration in environmental media (e.g., air,
water, and soil)

Measurement of Hg in other environmental media.

Emphasis on Hg concentrations in biomonitors of plants, fish,
and human hair.

Measurement of Hg in other biological indicators.

Reports relating to human-health risk assessment in
ASGM communities.

Reports relating to human-health risk assessment in
other industries.

2.2. Quality Assessment

In selecting the literature, the study focused on the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statements [23] on identification, and
screening, and included research as shown in Figure 5. The search method considered
mainly published literature on Hg-related studies in environmental science, social science,
and public health. The study focused on original research articles and systematic reviews.
To ensure the quality of the evaluation, duplications were evaluated and checked rigorously.
In the exclusion criteria, we considered the publication year (2000–2021) the language used
in the research articles. Only research published in English from the study areas in Southeast
Asian countries were included. Third-party tools (e.g., Microsoft Excel and Mendeley) were
used for importing website data and data screening.

 

Id
en

tif
ic

at
io

n 
Sc

re
en

in
g 

In
cl

ud
ed

 

Literature search 

PudMed (n = 86) 
Web of Science (n = 102) 
Springer (n = 103) 
Science Direct (n = 197) 
Google Scholar (n = 823) 

Records Screened 

(n = 964) 

Reports sought for retrieval 

(n = 119) 

Identification of studies via databases and registers 

Records removed before screening: 

duplicate records marked  

as ineligible by automation tools  

(n = 347) 

Studies included in review 

(n = 16) 

Reports assessed for  

eligibility (n = 119) 

Reports excluded: 

No data of interest (n = 62) 

Out of period (n = 14) 

Not relevant (n = 24) 

Reports not retrieved 

(n = 0) 

Records excluded 

(n = 845 ) 

Figure 5. PRISMA flow diagram showing the search and selection process.
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3. Results

3.1. Hg Concentrations in Air

Hg in the atmosphere occurs primarily in three forms, namely the gaseous state of
elemental Hg (Hg(0)), reactive gaseous Hg (Hg(II)), and total particulate Hg (Hg(p)) [24].
Hg(0) emission from ASGM activities is the highest Hg emission source. Hg vapor, (mainly
in the chemical form of elemental Hg(0)) can travel vast distances in the air and be deposited
or captured in forest treetops and leaves [25]. According to the 2018 global Hg assessment
report, the global emission of Hg into the air in 2015 from ASGM sources was 838 tons,
with East and Southeast Asian countries accounting for ~214 tons [4]. Recent studies have
showed very high Hg concentrations in the atmosphere resulting from ASGM activities
in Central Sulawesi, Indonesia [26], Camarines Norte, the Philippines [27], and Mandalay
region, Myanmar [21]. The Hg concentrations in air from ASGM activities in Indonesia,
Myanmar, and the Philippines are summarized in Table 3.

Table 3. Summary of Hg concentrations in air from Indonesia, Myanmar, and the Philippines.

Location(s) Sample Sources n Hg Concentration (ng/m3) Reference

Palu city, Sulawesi, Indonesia Gold-processing area 21 9172 ± 16,422
(mean ± SD)

[26]

Northern area of city 514 ± 420 (mean ± SD)

Central area of city 141 ± 141 (mean ± SD)

Western area of city 22 ± 15 (mean ± SD)

Southern area of city 116 ± 135 (mean ± SD)

Mandalay region, Myanmar ASGM site 13 0–10,900 [21]

19 0.66–74,000

Province of Camarines Norte, The
Philippines

ASGM site 4 7.8–314,000 [27]

N.A.; not available, S.D.; standard deviation.

In Central Sulawesi, Indonesia, the highest average concentrations of 24 h ambient
Hg(0) of 9172 ng/m3 were found in the gold-processing areas that refined gold (including
the stages of Hg amalgam burning) [26]. This total value was nine times higher than
the WHO guideline limit of 1000 ng/m3 [28]. Further, this study also considered indoor
and outdoor air Hg(0) concentration in the Palu city area and the village of Mangkahui.
The highest indoor and outdoor air concentrations of Hg(0) in the Palu city were 450 and
2250 ng/m3, respectively. In the village of Mangkahui, the Hg(0) concentrations in the
indoor and outdoor air were 196 and 103 ng/m3, respectively, at site A. Meanwhile, the
values were 238 and 279 ng/m3, respectively, at site B.

A study investigated the atmospheric Hg concentration at an ASGM site in the Man-
dalay region of central Myanmar via two surveys [21]. In the first and second survey,
the highest Hg concentrations of 10,900 and 74,000 ng/m3, respectively, were noted in an
amalgamation-burning area of an ASGM site. These values were several times higher than
the Hg limit value in the WHO guidelines [28]. In addition, the study suggested that Hg
was dispersed not only in the ASGM areas but also in nearby residential areas.

Atmospheric Hg pollution has been identified in the Province of Camarines Norte, the
Philippines, by Murao et al. [27]. The authors focused on an area of a rod-mill station in the
ASGM that recently burned gold amalgamation. The highest Hg concentration in air was
314,000 ng/m3, which was considerably higher than WHO guideline (1000 ng/m3) [28]
at the rod-mill station in Benit, the Philippines. Meanwhile, the lowest concentration was
7.8 ng/m3 at the same place 4 weeks after the burning.

In comparison with other air constituents, gaseous Hg(0) is relatively inert. Hg(0)
from both anthropogenic and natural emissions can be transported over large distances
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by air and stay in the atmosphere for a year; therefore, Hg(0) can deposit in terrestrial
and aquatic ecosystems [29,30]. The studies from Indonesia, Myanmar, and the Philip-
pines have revealed that the atmospheric concentration of Hg were much higher in the
ASGM areas that burn gold amalgamation. The concentrations were also higher than
the WHO guidelines [28]. Therefore, a Hg recovery method should be considered in the
ASGM industries.

3.2. Hg Concentrations in Water Bodies

Water resources can be impacted by various ASGM operation steps, such as mined-ore
sifting and washing. An amalgamation process used in ASGM sectors typically discharges
wastewater into water bodies. Subsequently, aquatic organisms are exposed to elevated
Hg levels. Furthermore, inorganic Hg can be transformed into toxic MeHg [31]. MeHg
in aquatic organisms is biomagnified through the food chain. Notably, fish intake is the
primary source of Hg exposure in humans [32]. Mercury concentrations in waterbodies of
Indonesia, Malaysia, Myanmar, the Philippines, and Thailand are presented in Figure 6.

A study in the Cikaniki River, Bogor, Indonesia, reported Hg concentrations in the
river water ranging from 0.4 to 9.4 μg/L. The highest concentrations were found near an
ASGM village. In this study, significant correlations were observed between Hg(0) and
MeHg since MeHg concentration was considerably lower than Hg(0). The fact assumes
that mining wastes was not a direct source of MeHg in the Cikaniki River [33]. Otherwise,
Hg(0) deposited in river water can be subjected to methylation, suggesting that the change
in chemical forms of Hg in water systems should be conducted in the future. An earlier
study of the river conducted in 2009 reported Hg concentrations of 0.09–9.1 μg/L [34] and
showed similar results, indicating the continuous pollution of the Cikanaki River.

In a study conducted in the Mandalay region, Myanmar, two groundwater samples
were collected from five ASGM areas [21]. Irrawaddy River is one of the main rivers in
Myanmar, which is located near an ASGM area. Surface water samples from upstream and
downstream areas of this river were collected. Hg concentrations were also determined
in groundwater at the nearby residential areas. The Hg concentrations in the sampled
groundwater were in the range of 0–0.04 μg/L. The area closest to gold-mining activities
typically showed Hg contamination [35]. The samples obtained in the Irrawaddy River,
which was downstream from the ASGM area, showed a Hg concentration of 0.005 μg/L
Hg, and samples taken from the upper stream of the river contained 0.004 μg/L of Hg. The
reported Hg concentrations in the Irrawaddy river were slightly higher than the typical
concentrations of Hg in lakes and rivers (0.001–0.003) [36] but not exceptional.

Figure 6. Hg concentrations in waterbodies from Indonesia [33], Myanmar [21], the Philippines [37],
and Thailand [31]. Each piece of data represents a Hg concentration of range value, which was from
a single study.
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Interestingly, the Hijo River in the Philippines supports food security and is a means
of living for local people who participate in it for gold processing. Wastewater containing
Hg and cyanide from mine tailings is discharged into the river without treatment [36].
Additionally, the Naboc River in the Philippines receives effluent water from mining
operations. The Hg concentrations found in the Hijo, Naboc, and Kingking Rivers were
78.4, 72.8, and 75.2 μg/L, respectively [37]. These levels are much higher than the national
standard limit (i.e., 1 μg/L) of the Philippines [38,39].

A study in Phichit Province, Thailand, focused on the surface water of the Klong Dai
Nam Khun and Klong Sa Luang canals, which were connected with a mining area [31].
Thirteen locations with aquatic habitats, including upstream, downstream, reservoir, and
other water bodies near a gold-processing area and separatory ditch that were used for
gold-ore separation processes, were considered. The study emphasized evaluation of the
Hg concentrations level-related Hg-contaminated sites and their distances from ASGM sites,
showing Hg concentrations in the range of 0.6–5.4 μg/L. The workplace area showed a
higher Hg concentration than areas at greater distances upstream and downstream because
the amalgam processes were conducted near the sampling locations.

In the considered studies, the studied samples from Indonesia [33], the Philippines [37],
and Thailand [31] exceeded WHO guideline limit of 0.5 μg/L of Hg [40]. ASGM areas could
affect Hg concentrations in surface water because Hg can be derived from atmospheric
sources [41]. Further, Hg can transfer to the food chain in aquatic environments. Therefore,
the effluent from improperly treated wastewater can be detrimental to marine life and
people who consume seafood.

3.3. Hg Concentrations in Soil

Soil is a key indicator for monitoring environmental Hg concentration because Hg
entering the atmosphere from amalgamation burning can deposit in the top layers of soil.
It is necessary to understand the level of Hg concentration to prevent Hg pollution of
soil. For the topsoil profile, Hg concentrations have been found to decline from the top
soil to the deeper horizon [42,43]. In addition, Hg sorption from the air may contribute
to Hg accumulation in topsoil horizons through litter accumulation and decomposition.
The sources of Hg contamination of soil are fertilizers, lime, sludges, and manures [44]. A
summary of the Hg levels in soils from ASGM sites in Indonesia, Myanmar, the Philippines,
and Thailand is shown in Figure 7.
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Figure 7. Hg concentrations in soil from Indonesia [33], Myanmar [17], the Philippines [27], and
Thailand [31]. Each piece of data represents the Hg concentration of range value, which was from a
single study.
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An Indonesian study classified forest and paddy field soils impacted by ASGM ac-
tivities [33]. The Hg concentrations analyzed in forest soil and paddy field soils were
0.07–16.7 and 0.4–24.9 μg/g, respectively. Additionally, the concentrations of MeHg were
in the range of 0.07–2 μg/kg in forest soils and 0.07-56.3 μg/kg in paddy field soils. These
data demonstrated that paddy field soil is particularly affected by ASGM activities [33].

ASGM activities are widely performed in the upper part of Banmauk Township,
Sagaing Region, Myanmar. A study investigated soil samples from the placer gold-
deposition area and identified soil matrices based on ASGM operation processes, such
as ore processing, sluicing, panning, and amalgamation [17]. The soil matrix from the
amalgamation process exhibited the highest Hg concentration of 77.44 μg/g, whereas Hg
concentrations during soil ore processing, sluicing, and panning stages (gold-amalgamation
stage) were 0.68, 0.51, and 4.86 μg/g, respectively [17].

A study conducted in the Philippines determined Hg concentrations in soils obtained
from potentially contaminated hotspots and the areas distant from such spots. The highest
Hg concentrations observed were 71.75 μg/g in the sample from a rod-mill station in the
amalgamation-burning workplace. By contrast, the lowest concentration observed was
0.15 μg/g in the sample from a nonmining area, showing that the higher Hg concentrations
had contaminated the vicinity of the ASGM area [27].

A study of an ASGM operation in the Phichit region, Thailand, considered surface
soil (0–5 cm depth) from mining and remote areas. The Hg concentrations in the mining
and remote areas were in the range of 0.14–10.56 and 0.038–0.632 μg/g, respectively. The
higher Hg concentration observed in the mining area indicated that Hg vapor emitted into
the atmosphere was likely deposited on soil surfaces near the burning stoves. This was
because of the 7.8 h/day amalgamation process takes place for extraction of 60–150 g of
gold [31].

A study reported that Hg concentrations in soil do not typically exceed 0.1 μg/g,
and normal levels in soil were reported. Moreover, the normal Hg levels in soil were
0.05–0.08 μg/g [36]. The data from Myanmar, the Philippines, and Thailand showed higher
Hg levels than United States Environmental Protection Agency (US EPA) generic soil
guidelines value (0–0.2 μg/g) [45].The study found that amalgamation process in ASGM
areas contributed considerably to the Hg concentrations found. Therefore, people residing
near the ASGM area could be impacted by Hg exposure during the amalgamation process.

3.4. Hg Concentrations in Plants

Plants are widely used as biomonitors for monitoring environmental Hg [46]. Ras-
mussen et al. found that among vegetative structures, the leaves contained the highest Hg
concentrations [47]. In plants that absorb Hg primarily from the soil, Hg contents were
found to be higher in the roots. Conversely, for the plants that adsorb Hg primarily from
the air, Hg contents were found to be higher in the shoots and leaf tissues [48]. Some studies
have reported that crops such as vegetables are the sources of Hg exposure for people
living in Hg-mining areas [49]. The Hg contents found in plant samples from Indonesia,
Myanmar, the Philippines, and Thailand are presented in Figure 8.

Some recent studies from Indonesia have reported high Hg concentrations of 1.4 μg/g
dry weight (d.w.) in leaves from plants that grew near ASGM locations [50]. Similarly,
contaminated forage plants (an edible animal feedstock) were found at a gold-mining
site in Southeast Sulawesi Province, Indonesia [51]. Fresh forage plant samples from the
Rarowatu and North Rarowatu Districts of Bombana were studied [51]. The sampling
locations were divided into reference, mining commercial, and ASGM. The highest Hg
content of 9.9 ± 14 μg/g d.w. was found in the ASGM area. The values in the commercial
mining and reference areas were 3.20 ± 3.50 and 2.70 ± 2.80 μg/g d.w., respectively.
According to the critical limits for Hg related to ecotoxicological effects on plants, the Hg
levels in forage plants can be divided into three categories: high (>3 μg/g), low–moderate
(0.1–3.0 μg/g), and low (0.1 μg/g) [51].
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Figure 8. Hg concentrations in plants from Indonesia [51], Myanmar [18], the Philippines [27], and
Thailand [31]. Each datum represents Hg concentration of range value, which was from a single
study. *. minimum value of “0”.

A study from the Mandalay region, Myanmar, included a preliminary survey that
assessed the Hg air pollution in advance of future studies by examining tree bark, leaves,
and blades of grass from Typha latifolia L. (leaf) species, Azadirachta indica (bark), Terminalia
catappa L. (bark), Manifera indica L. (leaf), and Naringi crenulata (Thanaka (leaf)) [18]. Hg
from the atmosphere and the soil can be deposited in plants [52]. The highest Hg concen-
tration found was 4.17 μg/g d.w. in a Thanaka leaf near a gold shop, whereas the lowest
concentration found was 0.02 μg/g d.w. in Typha latifolia L. leaf sample obtained some
distance away from ASGM areas. The highest Hg concentrations found were in samples
obtained near the gold refinery area.

Plants can serve as an indicator to regulate the uptake and transport of pollutants
to the air because their internal pollutant concentrations are generally identical to the
pollutant concentrations detected in the parent soil [53]. A study from the Philippines
considered Hg concentrations in plant species including Dadvalia sp., Alugbatging puti,
Citrus sp., cacao, and Dilang aso [27]. The study analyzed plant samples from an ASGM
area and a few meters away from it. The Hg concentration in plants ranged between 0.04
and 34 μg/g d.w. [27]. The highest Hg concentrations was found in Dadvalia, which grew
near a rod-mill station in the ASGM area [27].

In a study from Thailand, neem leaves and flowers from aquatic and terrestrial envi-
ronments in the ASGM workplace in Phichit Province were investigated [31]. Neem flowers
from aquatic sites showed Hg levels of 0.62–2.151 μg/g d.w. [31]. Similarly, neem leaves
from terrestrial sites exhibited Hg levels in the range of 0.967 and 1.30 μg/g d.w.. The
neem flowers were purposely collected from the aquatic tract, and the results showed that
the highest Hg concentrations was found near the Hg emission source. Further, the study
suggested that Hg concentration in neem flowers growing along the aquatic sampling site
was related to the concentration of Hg in sediment at the same location [31]. The Hg levels
were higher than the maximum permissible limit of Hg content (0.5 μg/g w.w.) for biota
tissue [30]. Moreover, a study highlighted that the concentration of Hg can be deposited in
legume species, such as Indigofera enneaphylla and Desmodium triflorum [31]. Therefore, the
study suggested avoiding eating the plants near potentially Hg-contaminated areas.

167



Int. J. Environ. Res. Public Health 2022, 19, 6290

Plants obtained in Indonesia, Myanmar, the Philippines, and Thailand have been
found to contain Hg concentrations that were above the FAO/WHO guideline values
(0.5 μg/g w.w.) [54,55].

3.5. Hg Concentration in Fish

Fish consumption is one of the most important factors contributing to Hg uptake in
humans. Hg concentrations in fish tissues can be affected by the age, length, and weight of
the fish [56]. Freshwater biota accumulate Hg from both natural and anthropogenic sources.
Most fish have natural Hg levels of 0.02–0.3 μg/g wet weight (w.w.); however, small and
short-lived herbivorous fish species have been found with a Hg level of 0.01 μg/g w.w. [57].
According to the recommendation of the FAO/WHO, the Hg content in a fish should not be
more than 0.5 μg/g w.w. [58]. Hg concentration in fish from Indonesia and the Philippines
based on w.w. are presented in Figure 9.
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Figure 9. Hg concentrations in fish from Indonesia [59] and the Philippines [37]. Each datum
represents Hg concentration of range value, which was from a single study. *; minimum value of “0”,
**; MeHg concentration.

A study in Cambodia involved the collection of 82 fish species from local fisher-
men/fisherwomen in Kampi pool near Kraite, which is located near the O Tron gold-mining
area [60]. The Hg concentration in the collected fish samples (n = 160) ranged between
0.008 and 0.64 μg/g. Additionally, the study grouped the size of fish as “small size” and
“big size.” The big-sized fish showed an average Hg content of 0.128 μg/g, which was con-
siderably higher than the average Hg of 0.086 μg/g in the small-sized fish [60]. However,
the considered study had not determined the wet weight or dry weight for fish sample
analysis. According to Baran et al. [61], Cambodians consume an average of 1.26 kg of fish
each week; thus, Cambodians who consume more fish than the normal quantity intake
higher Hg levels and are at a higher health risk [60].
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Recent studies from Indonesia conducted fish sampling during 2007 to 2011 in Ratato-
tok Subdistrict, North Sulawesi, Indonesia, which was near the Mesel gold-mining area [59].
Local people from the studied area, which has an active fishing economy, have faced health
issues during the period of active mining. The study involved the collection of fish samples
from fishermen/fisherwomen and local market [59]. The fish samples from a Buyat Pantai
fisherman showed Hg levels of 0.00–1.13 μg/g w.w. The samples from Buyat, Ratatotok,
and Manado fish markets showed levels of 0.00–1.03, 0.00–0.53, and 0.00–0.17 μg/g w.w.,
respectively [59]. Thus, except for the Manado fish market, the fish samples from other
sources exceeded the WHO standard guideline [58]. Nonetheless, the reported mean Hg
concentrations in fish were within the standard limit for consumption.

Surveys were conducted to determine Hg concentration in marine samples in Davao
del Norte, south of Manila, the Philippines, and near a gold-processing area. At the local
market of Apokon, Tagum, seventeen specimens of fish and one seaweed sample were
examined to determine the Hg and MeHg concentrations, which ranged between 0.001 and
0.44 μg/g w.w. and 0.007 and 0.38 μg/g w.w., respectively [37].

The considered studies revealed that the maximum concentration of Hg found in
fish from Cambodia, Indonesia, and the Philippines were 1.13 μg/g, 0.44 μg/g w.w., and
0.64 μg/g w.w., respectively. Compared with the studies from Latin America, such as Brazil
(1.04–2.84 μg/g w.w.), Colombia (1.60–4.50 μg/g w.w.), Bolivia (1.08–2.86 μg/g w.w.), and
Ecuador (1.39–1.6 μg/g w.w.) [62], the reported Hg concentrations in Southeast Asia were
relatively lower.

3.6. Hg Concentrations in Human Hair

Hair is a common biomarker for characterizing MeHg exposures [63]. Low Hg con-
centrations have been considered risks for neurosis (50 μg/g) and health issues (11 μg/g)
in unborn fetuses [64]. Moreover, a low Hg level in hair has also been associated with a
low susceptibility of hair for Hg vapor. Hg concentrations measured in human hair from
Cambodia, Indonesia, Myanmar, the Philippines, and Thailand are summarized in Table 4.

A study in Cambodia study involved the collection of human hair samples around
the Mekong River, which is one of the world’s major rivers [60]. Hair samples were taken
from people including mine workers living in the area of the O Tron gold mines and
upstream and downstream along the Mekong River. These results revealed that the mean
Hg concentration (5.21 μg/g) in the hair samples from men (n = 32) was higher than that of
women (3.08 μg/g) (n = 46). When the female hair samples were sorted by sample area, the
women from Ratanakiri province, near mine-affected areas, had a substantially higher Hg
concentration of (3.47 μg/g) (n = 23) than a control group (2.7 μg/g) (n = 23) [60]. Hg levels
in the Cambodian hair sample exceeded those observed near gold mines in the Philippines,
where association of impaired human health with Hg concentration was observed [37].

A study involved the collection of human hair samples from an active ASGM area
operating for more than 20 years in Lebaksitu, Indonesia [65]. The Hg hotspot village
(Lebak-1) and downstream village (Lebak-2) were considered as high and low-risk areas, re-
spectively. Human hair samples from both villages showed a mean Hg content of 3.2 μg/g,
with a range of 0.847 to 9.015 μg/g [65]. The samples from Lebak-1 residents showed a
considerably higher mean MeHg value (2.12 μg/g) than other residents, indicating that
Lebak-1 residents were more exposed to MeHg than Lebak-2 residents. After comparison
with other research on Hg-affected areas in Colombia [66], MeHg accumulation in hair from
Indonesia was primarily caused due to consumption of food, such as fish and rice [65].

In the Mandalay region of Myanmar, human hair surveys were conducted of miners
and nonminers living around the ASGM areas. The maximum Hg concentration in the
hair samples of miners and nonminers were 5.7 and 2.9 μg/g, respectively [21]. The fact
indicates that Hg concentration in human hair from the considered study was not at a
level that would adversely affect human health because the approximate lowest levels of
Hg that can cause neurosis and health problems in unborn fetuses are 50 and 11 μg/g,
respectively [64,67].
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Table 4. Summary of Hg concentrations in human hair from Cambodia, Indonesia, Myanmar, the
Philippines, and Thailand.

Location Sample Source
Number of

Samples

THg
Concentration

(μg/g)

MeHg
Concentration

(μg/g)
Reference

Mekong River, Cambodia
(near O Tron gold mine)

Tonle Srepok 25 4.54 * N.A. [60]
Tonle Kong 17 4.22 *
Mekong N. Stung Treng 16 3.36 *
Mekong Kratie 20 3.47 *
All males 32 5.21 *
All females 46 3.08 *
All adults 59 4.01 *
All children (aged < 13 y) 19 3.38 *
Women Ratanakirri (mine
impacted)

23 3.47 *

Women Mekong 23 2.7 *

Lebaksitu, Lebak regency
Java Island, Indonesia

ASGM area 41 0.847–9.015 0.37–4.33 [65]

Mandalay
Region,
Myanmar

ASGM area (miners and
nonminers)

50 0.4–5.7 N.A. [21]

Acupan region, Benguet, the
Philippines

ASGM area 70 0–26.6 N.A. [68]

Nong Pra subdistrict, Wang
Sai Poon district, Phichit
Province,
Thailand

Gold miners 79 1.17 ± 0.05 (mean
± SD) N.A. [69]

School children 59 0.93 ± 0.01 (mean
± SD)

N.A.; not analyzed, S.D; standard deviation, *; mean concentration.

Human hair samples from 70 inhabitants of Acupan, Benguet, in the northern regions
of the Philippines, were obtained [68]. In the large studied ASGM community, the age of the
participants was in the range of 8–66 years. The results showed that the average Hg content
in the inhabitants was 3.47 μg/g. Hg concentrations in nine interviewees were higher than
the human biomonitor limit of 5 μg/g [68]. Additionally, the highest Hg concentration was
26.6 μg/g, which was found in a 46-year-old male participant who was involved actively
in amalgamation burning and lived only 5 m away from the ASGM location.

Hair samples were obtained from miners, schoolchildren, and a control group from
the Phanom Pha gold-mining area located in Nong Pra subdistrict, Wang Sai Poon District,
Phichit Province, Thailand [69]. The study considered the miners involved in the amal-
gamation process and working the ore-preparation area as groups I and II, respectively.
The schoolchildren belonged to the group involved in gold-mining activities. The hair
samples from miners showed an average Hg concentration of 1.17 (μg/g), which was
within the reference group’s Hg concentration range [69]. The average Hg content in hair
samples from schoolchildren in group I and II were 0.95 μg/g and 0.90 μg/g, respectively.
Both schoolchildren groups showed Hg concentrations that were within the range of the
control [69]. The fact suggests that lower Hg concentrations are expected in the hair because
exposure to Hg is primarily due to inorganic Hg (i.e., Hg vapor) [69].

3.7. Health Risk Assessment of ASGM Communities

A study in Central Sulawesi, Indonesia, examined the health risks Hg exposure
caused by the Poboya ASGM sites at the residential areas of Palu city [26]. The study
focused on miners and other residents to estimate their health risk exposure. In each of
the five locations studied, the frequencies of each hazard quotient (HQ) ratio (HQ ratio
≥ 1) from gaseous Hg (0) inhalation risk were determined [26]. Based on daytime Hg (0)
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concentrations, only 1.5% in the gold-processing area showed HQ ratios of <1, suggesting
no risk. However, 93% of the sample population was found to be at risk. There are high
chances of inhaling Hg released via ASGM activities in studied area. The human health risk
from Hg exposure is particularly high in the Poboya gold-processing area and the areas
close to Palu city. Moreover, 93% of the sample population in the Poboya area exceeded
the no-risk values with HQ ratio > 1. These findings suggest that people who work in the
gold-processing industry and nonminers in Palu city are at risk of adverse health impacts
due to inhalation of Hg vapor.

A preliminary health survey conducted in ASGM area of Thabeikkyhin Township,
Mandalay region, Myanmar, involved the health inspection of men (n = 18) and women
(n = 11) [19] to determine the health of the neurological system and respiratory functions.
Based on the neurological assessment, three female miners who participated in ASGM
panning and amalgamation processes for more than 5 years were diagnosed with mild
tremors and ataxia. The respiratory assessment by spirometry on miners showed 38.9% nor-
mal, 27.8% mild, 27.8% moderate, and 5.6 % severe conditions. Meanwhile, the nonminer
group exhibited 27.3% normal, 27.3% mild, and 45.5% moderate influence conditions [19].
Furthermore, the study found that with an increased duration of mining activities, the
FEC and FEV1 values declined, indicating a chronic damage of the respiratory function in
the enrolled miners. Therefore, health inspections of the ASGM community in Myanmar
should be conducted intensively.

The health impacts of Hg on miners and children in the vicinity of ASGM mining in
Apokon, Tagum, Davao del Norte, the Philippines, were studied [37]. The neurological
effects found were mainly located on the cranial nerves (17.1%), reflexes (5.1%), sensory
(5.1%), cerebellar (3.89%), and motor nerves (1.2%). The neurological effects were charac-
terized as follows: cranial nerve VIII abnormalities (6.87%), distally decreased vibratory
sense (2.69%), palmomental reflex deficiency (2.4%), cranial nerve I (2.40%), visual acuity
(2.10%), and Babinski (1.50%). Based on physical examination, abnormalities were found in
all 163 children enrolled in the study with the following five predominant abnormalities:
below-average height, gingival discoloration, below-average weight, adenopathy, and
dermatologic irregularities (Figure 10).

Figure 10. Predominant abnormalities found in schoolchildren of Apokon, Tagum, Davao del Norte,
the Philippines [36].
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A study was conducted in the Phanom Pha gold-mining area of Thailand [69]. Two groups
of miners and schoolchildren were divided into groups I (involvement in mining activities)
and II (no involvement in mining activities) to estimate individual health risks. According to
the U.S. EPA, the reference dosage is 0.0003 mg/kg/day [70], and the HQ ratio represents the
estimated exposure intake. Low exposure to Hg vapor in the group of miners was evidenced
by the range of Hg in the air of 0.005–0.021 mg/m3. The HQ ratios of group II indicated no
risk [69]. However, the HQ ratios ranged from 16 to 218 in group I, which were much higher
than in the HQ values of group II. Regarding the group of schoolchildren, group I exhibited a
low HQ value of 0.02–0.23, while group II showed an even lower HQ value of 0.01–0.02 [69].
The higher HQ values of group I could be attributed to the Hg exposure from gold mining in
the vicinity of amalgamation open burning. This suggests that the miners who work in the
amalgamation process are at the greatest risk of inhaling Hg vapor. Therefore, miners who
work in the amalgamation process are at the greatest risk of Hg vapor inhalation. Mitigation
strategies to lower Hg contamination in the workplace must be considered.

4. Discussion

This paper reviewed the Hg pollution from ASGM areas in Myanmar and other South-
east Asian countries. Environmental indicators (e.g., air, water, and soil) and biomonitors
(e.g., plants, fish, and human hair) were used in the considered studies. The concentrations
of Hg in the air found at various areas in Indonesia, Myanmar, and the Philippines were
higher than the standard limit values indicated in WHO guidelines [28]. The high Hg
concentrations in the air were mainly due to the burning of gold amalgamation in the
studies areas. By contrast, the reported concentrations of Hg in the air around ASGM
areas in Idrija, Slovenia (<10 ng/m3) [71], and Guizhou, China (17.8 ng/m3) [72], were low.
Moreover, in Almadén, Spain, where cinnabar was melted to produce Hg, the Hg levels
reported were in the range of 100–14,000 ng/m3 [73], which were lower than the Hg levels
in the ASGM areas in Myanmar and the Philippines.

In ASGM areas, water is essential for drinking and the domestic purposes of local peo-
ple. Additionally, water purification is critical in the ASGM area because mine wastewater
can be discharged directly into water bodies. Thus, the reviewed studies considered Hg
concentrations in river water and groundwater around the ASGM areas. Hg concentrations
in the water samples from Indonesia, the Philippines, and Thailand exceeded the WHO
standard (0.5 μg/L) [40]. Hg concentrations in water samples from Myanmar was relatively
lower compared with those from Indonesia, the Philippines, and Thailand.

Atmospheric deposition is the primary source of Hg in remote environments. Ad-
ditionally, soil is another primary receiver of atmospheric Hg deposition in terrestrial
ecosystems. Moreover, Hg can be retained by soil over long periods because of its ele-
mental impurities [17]. Hg contents found in samples from Myanmar and the Philippines
exceeded the standard limits of 1 μg/g in the U.S. (California), 6.6 μg/g in Canada, and
0.83 μg/g in the European Union (the Netherlands) [74].

Plants use their radicle system to absorb organic and inorganic Hg forms, which are
then delivered to the leaves [75]. Temmerman et al. [76] found that Hg absorption also
occurs through plant roots depending on soil exposure levels to Hg. Another theory is that
Hg from the atmosphere can accumulate in most plants [77]. In this considered studies,
Hg content in plants sampled from the Philippines showed the highest values. This was
followed by Indonesia, Myanmar, and Thailand. Based on the findings of this review, the
Hg levels found in the studied areas were higher than those reported in the Lanmuchang
Hg-mining area, Guizhou Province, China (0.175 μg/g w.w.) [78]. Meanwhile, the reported
Hg concentrations in vegetable samples collected at the Idrija Hg-mining area in Solvenia
were <0.215 μg/g w.w. [71]. Compared with a study in the Alacran mine, Colombia [79],
where the maximum value of Hg found in a leaf was 2.78 μg/g d.w., the values reported in
the reviewed studies were higher. In addition, the Hg levels found in plant samples from
the Almadén mining district, Spain, showed extremely high values in leaves, in the range
of 0.16–1278 μg/g [80].
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Fish in polluted water bodies are potentially contaminated by Hg. The reviewed
studies investigated fish species obtained from local markets and fishermen within ASGM
areas. Although the levels of Hg in some fish samples were below the WHO standard
limits (0.5 μg/g w.w.) [58], the Hg levels in fish from fishermen sources in Indonesia and
Cambodia were very high. Meanwhile, fish samples from the Philippines exceeded the
U.S. EPA standard in fish tissue of 0.3 μg/g [62]. Generally, more than 75% of the Hg
accumulated in the muscle tissues of freshwater fish is in the organic form of MeHg [81].
Moreover, seasonal variation such as precipitation should be considered, as there is a wide
variety of aquatic habitats in the studied regions, which are affected by seasonal variations.
For example, floods can temporarily modify the biogeochemical components (e.g., oxygen
content, pH, and prey availability) of a system. Thus, the fish-sampling condition with
respect to season (e.g., during dry or wet season) is important [82,83]. We therefore suggest
that people living near ASGM areas should practice caution when consuming fish.

Mercury concentrations in human hair have been associated with both the endogenous
Hg contamination through consumption of food that were contaminated by Hg species and
the Hg concentrations in the air because elemental Hg can adhere to human hair [71,84].
The Hg concentrations in human hair samples from the studied ASGM areas in Cambodia,
Myanmar, and Thailand were lower than those of residents of the Wuchuan Hg-mining area,
China, (mean value and range of 34 and 7.6–93.1 μg/g, respectively) [78]. The lower Hg
level may be attributed to lower susceptibility of human hair for Hg vapor [21]. In addition,
Hg-mining areas in Guizhou Province and valley in the southern part of Shaanxi Province
in central China showed Hg levels with mean values of 4.3 μg/g (1.6–12.6 μg/g) [85]. How-
ever, the Hg content found in the hair samples from the ASGM area in Lebaksitu, Indonesia,
and the Acupan region, the Philippines, showed concentrations of 0.84–9.015 μg/g, and
0–26.6 μg/g, respectively [65,68]. Those value were above the allowable limit as per the
WHO guidelines [67]. Meanwhile, the Hg concentrations found in Cambodia, Myanmar,
and Thailand were within the recommended limit. In addition, a study reported links
between high fish consumption and burning gold-amalgam exposure to high levels of Hg
in human hair [86].

In an ASGM process, the final stage is the most critical in Hg inhalation because miners
are exposed to Hg vapors during amalgamation burning. The average Hg concentration in
the air of Palu city, Indonesia, was 12,782 ng/m3 [26]. The study indicated that 93% of the
population was above the no-risk HQ ratio Therefore, both miners and nearby residents
were at the risk of adverse health effects resulting from inhalation Hg vapor [26].

A study in Myanmar conducted a health inspection around an ASGM area in the
Mandalay region. Based on the Human Biomonitoring Commission Standard, seven miners
were in the range of warning status. Furthermore, the study highlighted that 16% of miners
showed signs of Hg poisoning, such as nervous system damage, whereas nonminers did
not demonstrate aberrant symptoms [19].

A study in the Philippines conducted physical examinations on 163 children [37]. All
children showed the following common abnormalities: lower-than-average height, gingival
discoloration, lower-than-average weight, adenopathy, and dermatologic abnormalities.
According to the WHO, an adult who had an intake of 200 mg/day of Hg (e.g., from fish)
has a 0.3% and 8% chance of experiencing paresthesia symptoms, respectively [87].

In the Phanom Pha gold-mining area, Thailand, the Hg exposure of miners and
schoolchildren after ASGM activities was investigated. The HQ to a reference dosage
(0.0003 mg/kg/day) was below the level at which unfavorable health effects on miners
should be predicted [69]. The high-exposure miner group and schoolchildren showed the
HQ ratios of 16–218 and 0.02–0.23, respectively. Inhalation of gold-amalgamation vapor can
accumulate in the brain and kidneys [69]. Indeed, a study reported that miners in Brazil
who used the open-burning method without using a Hg retort showed Hg levels that were
higher than the normal Hg concentration in urine with using a Hg retort [69].
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5. Conclusions

This review assessed and identified the Hg pollution in the ASGM areas of Myanmar
and some other relevant Southeast Asian countries. Research should continue to focus
on the current situation of ASGM activities in the studied countries and other parts of
the world that allow ASGM activities because Hg is released by ASGM areas, which is a
persistent and toxic global pollutant that can be transported through the atmosphere and
deposited in terrestrial and aquatic ecosystems. The study aims to contribute to further
research activities, such as health inspection and Hg management from ASGM areas
because Hg is still used in ASGM activities. For example, Myanmar has not recognized the
national Hg inventory, and its research activities are still limited. Additionally, Myanmar
is still not a part of the Minamata Convention. Because gold prices remain high, despite
countries such as Indonesia ratifying the Minamata Convention, Hg demand is still high in
ASGM activities.

According to these reviewed studies, it is evident that Hg continues to cause con-
tamination in the vicinity of ASGM areas, including nearby residential areas. Human
epidemiological assessments on Hg-related diseases should be undertaken on a regular
basis in the ASGM areas. Hg-contaminated areas should be controlled using reasonable
regulations, policies, and frameworks. In addition, innovative Hg-free processing technolo-
gies and alternative economies should be introduced to support ASGM communities to
reduce Hg emissions. Consequently, awareness of Hg problems can effectively reduce Hg
pollution in ASGM communities.

Author Contributions: K.A. and Y.I. supervised the research. T.A. supervised and edited the
manuscript. W.T.K., supported and funded the manuscript. P.S.S., wrote this manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Institute for Humanity and Nature (RIHN; a
constituent member of NIHU), Project No. RIHN 14200102.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author would like to sincerely thank Tetsuro Agusa, who gave kind support,
comments, and suggestions to complete this manuscript. This research was supported by Research
Institute for Humanity and Nature (RIHN: a constituent member of NIHU) Project No. RIHN
14200102 and by the Bilateral Partnership Joint Research Project (JPJSBP 120209934) of Japan Society
for the Promotion of Science (JSPS).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McNutt, M. Mercury and Health. Science 2013, 341, 14–30. Available online: https://www.who.int/news-room/fact-sheets/
detail/mercury-and-health (accessed on 30 March 2022). [CrossRef] [PubMed]

2. Moreno-Brush, M.; McLagan, D.S.; Biester, H. Fate of mercury from artisanal and small-scale gold mining in tropical rivers:
Hydrological and biogeochemical controls. A critical review. Crit. Rev. Environ. Sci. Technol. 2020, 50, 437–475. [CrossRef]

3. Harada, M. Minamata disease: Methylmercury poisoning in Japan caused by environmental pollution. Crit. Rev. Toxicol. 1995, 25,
1–24. [CrossRef] [PubMed]

4. United Nations Environment Programme (UNEP). Global Mercury Assessment 2018; United Nations: New York, NY, USA, 2019.
5. Hylander, L.D.; Meili, M. 500 Years of mercury production: Global annual inventory by region until 2000 and associated emissions.

Sci. Total Environ. 2003, 304, 13–27. [CrossRef]
6. UNEP. Reducing Mercury Use in Artisanal and Small-Scale; United Nations Environment Programme, United Nations: New York,

NY, USA, 2012; p. 76.
7. Hilson, G. Abatement of mercury pollution in the small-scale gold mining industry: Restructuring the policy and research

agendas. Sci. Total Environ. 2006, 362, 1–14. [CrossRef]
8. Clifford, M.J. Future strategies for tackling mercury pollution in the artisanal gold mining sector: Making the Minamata

Convention work. Futures 2014, 62, 106–112. [CrossRef]

174



Int. J. Environ. Res. Public Health 2022, 19, 6290

9. Sousa, R.; Veiga, M.; van Zyl, D.; Telmer, K.; Spiegel, S.; Selder, J. Policies and regulations for Brazil’s artisanal gold mining sector:
Analysis and recommendations. J. Clean. Prod. 2011, 19, 742–750. [CrossRef]

10. Htun, K. Sustainable Mining in Myanmar. Appl. Environ. Res. 2014, 36, 25–35. [CrossRef]
11. McFarlane, D.; Villalobos, R. The State of Artisanal Mining in Myanmar. 2019. Available online: https://delvedatabase.org/

uploads/resources/The-State-of-Artisanal-Mining-in-Myanmar-Report.-PACT.-May28.2019.pdf (accessed on 4 November 2021).
12. Environmental Conservation Department (ECD), Ministry of Natural Resources and Environmental Conservation—MONREC.

Distribution of ASGM Activities in Myanmar; MONREC: Naypyidaw, Myanmar, 2018.
13. United Nations Environnent Programme (UNEP). Minamata Convention on Mercury. Available online: www.unep.org; www.

mercuryconvention.org (accessed on 1 September 2019).
14. UNEP. Status of Signature, and Ratification, Acceptance, Approval or Accession in Minamata Convention. Available online:

https://www.mercuryconvention.org/en/parties (accessed on 30 March 2022).
15. Delve. A Global Platform for Artisanal and Small Scale Mining Data. 2020. Available online: https://stateofthesector.

delvedatabase.org (accessed on 30 March 2022).
16. Seccatore, J.; Veiga, M.; Origliasso, C.; Marin, T.; de Tomi, G. An estimation of the artisanal small-scale production of gold in the

world. Sci. Total Environ. 2014, 496, 662–667. [CrossRef]
17. Tun, A.Z.; Wongsasuluk, P.; Siriwong, W. Heavy Metals in the Soils of Placer Small-Scale Gold Mining Sites in Myanmar. Available

online: https://meridian.allenpress.com/jhp/article-abstract/10/27/200911/445447 (accessed on 1 November 2021).
18. Kuang, X.; Kyaw, W.T.; Soe, P.S.; Thandar, A.M.; Khin, H.E. A Preliminary Study on Mercury Contamination in Artisanal and

Small-Scale Gold Mining Area in Mandalay Region, Myanmar by using Plant Samples. Pollution 2022, 8, 225–238. [CrossRef]
19. Kyaw, W.T.; Kuang, X.; Sakakibara, M. Health impact assessment of artisanal and smallscale gold mining area in Myanmar,

Mandalay Region: Preliminary research. Int. J. Environ. Res. Public Health 2020, 17, 6757. [CrossRef] [PubMed]
20. Osawa, T.; Hatsukawa, Y. Artisanal and small-scale gold mining in Myanmar: Preliminary research for environmental mercury

contamination. Int. J. Hum. Cult. Stud. 2015, 25, 221–230. [CrossRef]
21. Kawakami, T.; Konishi, M.; Imai, Y.; Soe, P.S. Diffusion of mercury from artisanal small-scale gold mining (ASGM) sites in

Myanmar. Int. J. GEOMATE 2019, 17, 228–235. [CrossRef]
22. Wongsasuluk, P.; Tun, A.Z.; Chotpantarat, S.; Siriwong, W. Related health risk assessment of exposure to arsenic and some heavy

metals in gold mines in Banmauk Township, Myanmar. Sci. Rep. 2021, 11, 22843. [CrossRef] [PubMed]
23. Yepes-Nuñez, J.J.; Urrútia, G.; Romero-García, M.; Alonso-Fernández, S. The PRISMA 2020 statement: An updated guideline for

reporting systematic reviews. Rev. Esp. Cardiol. 2021, 74, 790–799. [CrossRef]
24. Munthe, J.; Wängberg, I.; Pirrone, N.; Iverfeldt, A.; Ferrera, R.; Ebinghaus, R.; Feng, X.; Gardfeldt, K.; Keeler, G.; Lanzillotta, E.;

et al. Intercomparison of methods for sampling and analysis of atmospheric mercury species. Atmos. Environ. 2001, 35, 3007–3017.
[CrossRef]

25. Crespo-Lopez, M.E.; Augusto-Oliveira, M.; Lopez-Araujo, A.; Santos-Sacramento, L.; Takeda, P.Y.; Macchi, B.d.M.; Martins do
Nascimento, J.L.; Maia, C.S.F.; Lima, R.R.; Arrifano, G.P. Mercury: What can we learn from the Amazon? Environ. Int. 2021, 146,
106223. [CrossRef]

26. Nakazawa, K.; Nagafuchi, O.; Kawakami, T.; Inoue, T.; Yokota, K.; Serikawa, Y.; Cyio, B.; Elvince, R. Human health risk assessment
of mercury vapor around artisanal small-scale gold mining area, Palu city, Central Sulawesi, Indonesia. Ecotoxicol. Environ. Saf.
2016, 124, 155–162. [CrossRef]

27. Murao, S.; Tomiyasu, T.; Ono, K.; Shibata, H.; Narisawa, N.; Takenaka, C. Mercury Distribution in Artisanal and Small-Scale Gold
Mining Area: A Case Study of Hot Spots in Camarines Norte, Philippines. Available online: http://www.ijesd.org/vol10/1160
-L0008.pdf (accessed on 2 November 2021).

28. WHO/Europe, Chapter 6.9 Mercury, 2000. Available online: http://www.euro.who.int/_data/assests/pdf_file/0004/123079/
AQG2ndEd_6_9Mercury.PDF (accessed on 2 November 2021).

29. Schroeder, H. Atmospheric Mercury-an Overview. Atmos. Environ. 1998, 32, 809–822. [CrossRef]
30. Sommar, J.; Osterwalder, S.; Zhu, W. Recent advances in understanding and measurement of Hg in the environment: Surface-

atmosphere exchange of gaseous elemental mercury (Hg0). Sci. Total Environ. 2020, 721, 137648. [CrossRef]
31. Pataranawat, P.; Parkpian, P.; Polprasert, C.; Delaune, R.D.; Jugsujinda, A. Mercury emission and distribution: Potential

environmental risks at a small-scale gold mining operation, Phichit Province, Thailand. J. Environ. Sci. Health Part A Toxic Hazard.
Subst. Environ. Eng. 2007, 42, 1081–1093. [CrossRef] [PubMed]

32. Nevado, J.J.B.; Bermejo, L.F.G.; Martín-Doimeadios, R.C.R. Distribution of mercury in the aquatic environment at Almadén, Spain.
Environ. Pollut. 2003, 122, 261–271. [CrossRef]

33. Tomiyasu, T.; Kodamatani, H.; Hamada, Y.K.; Matsuyama, A.; Imura, R.; Taniguchi, Y.; Hidayati, N.; Rahajoe, J.S. Distribution of
total mercury and methylmercury around the small-scale gold mining area along the Cikaniki River, Bogor, Indonesia. Environ.
Sci. Pollut. Res. 2017, 24, 2643–2652. [CrossRef]

34. Tomiyasu, T.; Kono, Y.; Kodamatani, H.; Hidayati, N.; Rahajoe, J.S. The distribution of mercury around the small-scale gold
mining area along the Cikaniki river, Bogor, Indonesia. Environ. Res. 2013, 125, 12–19. [CrossRef] [PubMed]

35. Elvince, R.; Inoue, T.; Tsushima, K.; Takayanagi, R. Assessment of Mercury Contamination in the Kahayan River, Central
Kalimantan, Indonesia. J. Water Environ. Technol. 2008, 6, 103–112. [CrossRef]

175



Int. J. Environ. Res. Public Health 2022, 19, 6290

36. World Bank Group. Sources and Uses. In Pollution Preventon and Abatement Handbook; World Bank Group: Washington, DC, USA,
1998; pp. 219–222.

37. Akagi, H.; Castillo, E.S.; Cortes-Maramba, N.; Francisco-Rivera, A.T.; Timbang, T.D. Health assessment for mercury exposure
among schoolchildren residing near a gold processing and refining plant in Apokon, Tagum, Davao del Norte, Philippines. Sci.
Total Environ. 2000, 259, 31–43. [CrossRef]

38. Department of Environment and Natural Resources. Philippine National Standard for Drinking-Water. 1993. Available online:
http://www.wepa-db.net/policies/law/philippines/1993std_drinking.htm (accessed on 2 November 2021).

39. Department of Environment and Natural Resources. DENR Administrative Order No. 2016-08: Water Quality Guidelines and
General Effluent Standards. 2016. Available online: https://server2.denr.gov.ph/uploads/rmdd/dao-2019-12.pdf (accessed on 2
November 2021).

40. WHO. Guidelines for Drinking-Water Quality, 4th ed.; WHO: Geneva, Switzerland; Available online: https://www.who.int/
publications/i/item/9789241549950 (accessed on 2 November 2021).

41. Vandal, G.M.; Mason, R.P.; Fitzgerald, W.F. Cycling of Volatile Mercury in Temperate Lakes. Water Air Soil Pollut. 1991, 56,
791–803. [CrossRef]

42. Wang, S.; Zhong, T.; Chen, D.; Zhang, X. Spatial Distribution of Mercury (Hg) Concentration in Agricultural Soil and Its Risk
Assessment on Food Safety in China. Sustainability 2016, 8, 795. [CrossRef]

43. Santos-Francés, F.; García-Sánchez, A.; Alonso-Rojo, P.; Contreras, F.; Adams, M. Distribution and mobility of mercury in soils of
a gold mining region, Cuyuni river basin, Venezuela. J. Environ. Manag. 2011, 92, 1268–1276. [CrossRef]

44. Azevedo, R.; Rodriguez, E. Phytotoxicity of Mercury in Plants: A Review. J. Bot. 2012, 2012, 848614. [CrossRef]
45. EPA. Soil Screening Guidance: Technical Background Document Soil; EPA: Frankfurt, Germany, 1996.
46. Lodenius, M. Use of plants for biomonitoring of airborne mercury in contaminated areas. Environ. Res. 2013, 125, 113–123.

[CrossRef] [PubMed]
47. Rasmussen, P.E.; Mierle, G.; Nriagu, J.O. The analysis of vegetation for total mercury. Water Air Soil Pollut. 1991, 56, 379–390.

[CrossRef]
48. Li, R.; Wu, H.; Ing, J.D.; Fu, W.; Gan, L.; Li, Y. Mercury pollution in vegetables, grains and soils from areas surrounding coal-fired

power plants. Sci. Rep. 2017, 7, 46545. [CrossRef] [PubMed]
49. Zhang, H.; Feng, X.; Larssen, T.; Qiu, G.; Vogt, R.D. In inland China, rice, rather than fish, is the major pathway for methylmercury

exposure. Environ. Health Perspect. 2010, 118, 1183–1188. [CrossRef]
50. Mahmud, M.; Lihawa, F.; Saleh, Y.; Desei, F.; Banteng, B. Study of mercury concentration in plants in Traditional Buladu Gold

Mining. IOP Conf. Ser. Earth Environ. Sci. 2019, 314, 12018. [CrossRef]
51. Sakakibara, M.; Sera, K. Mercury in soil and forage plants from artisanal and small-scale gold mining in the bombana area,

Indonesia. Toxics 2020, 8, 15. [CrossRef]
52. Browne, C.L.; Fang, S.C. Uptake of Mercury Vapor by Wheat. Plant Physiol. 1978, 61, 430–433. [CrossRef]
53. Peralta-Videa, J.R.; Lopez, M.L.; Narayan, M.; Saupe, G.; Gardea-Torresdey, J. The biochemistry of environmental heavy metal

uptake by plants: Implications for the food chain. Int. J. Biochem. Cell Biol. 2009, 41, 1665–1677. [CrossRef]
54. Rajaee, M.; Obiri, S.; Green, A.; Long, R.; Cobbina, S.J.; Nartey, V.; Buck, D.; Antwi, E.; Basu, N. Integrated Assessment of Artisanal

and Small-Scale Gold Mining in Ghana—Part 2: Natural Sciences Review. Int. J. Environ. Res. Public Health 2015, 12, 8971–9011.
[CrossRef]

55. FAO; WHO. Codex General Standard for Contaminants and Toxins in Food and Feed; WHO: Geneva, Switzerland, 2013; pp. 1–48.
56. Castilhos, Z.C.; Rodriguez-Filho, S.; Rodriguez, A.P.C.; Villas-Boas, R.C.; Siegel, S.; Veiga, M.M.; Beinhoff, C. Mercury contam-

ination in fish from gold mining areas in Indonesia and human health risk assessment. Sci. Total Environ. 2006, 368, 320–325.
[CrossRef]

57. Suckcharoen, S.; Nuorteva, P.; Hasanen, E. Alarming signs of mercury pollution in a freshwater area of Thailand. Ambio 1978, 7,
113–116.

58. FAO. Report of the Joint FAO/WHO Expert Consultation on the Risks and Benefits of Fish Consumption; FAO: Rome, Italy, 2015; pp.
25–29. Available online: http://www.fao.org/docrep/014/ba0136e/ba0136e00.pdf (accessed on 2 November 2021).

59. Bentley, K.; Soebandrio, A. Arsenic and mercury concentrations in marine fish sourced from local fishermen and fish markets in
mine-impacted communities in Ratatotok Sub-district, North Sulawesi, Indonesia. Mar. Pollut. Bull. 2017, 120, 75–81. [CrossRef]
[PubMed]

60. Murphy, T.P.; Irvine, K.N.; Sampson, M.; Guo, J.; Parr, T. Mercury Contamination along the Mekong River, Cambodia. Asian J.
Water Environ. Pollut. 2008, 6, 1–9.

61. Baran, E.; Jantunen, T.; Kieok, C.C. Values of Inland Fisheries in the Mekong River Basin; WorldFish Center: Phnom Penh, Cambodia,
2007; p. 76. Available online: https://digitalarchive.worldfishcenter.org/bitstream/handle/20.500.12348/1671/WF_895.pdf?
sequence=1&isAllowed=y (accessed on 2 November 2021).

62. Canham, R.; González-Prieto, A.M.; Elliott, J.E. Mercury Exposure and Toxicological Consequences in Fish and Fish-Eating
Wildlife from Anthropogenic Activity in Latin America. Integr. Environ. Assess. Manag. 2021, 17, 13–26. [CrossRef]

63. Environmental Health Perspectives. Guidance for Identifying Populations at Risk from Mercury Exposure. Exposure 2008, 113,
1381–1385. [CrossRef]

176



Int. J. Environ. Res. Public Health 2022, 19, 6290

64. Loi, V.D.; Gian, T.; Anh, L.; Duc, T.; Huy, T.; Mon, P.; Ha, T.; Mineshi, S. NIMD Forum 2006 II-Current Issue on Mercury Pollution
in the Asia-Pacific Region—Mercury Exposure to Workers at Gold Mining and Battery Plants in Vietnam. 2006. Available online:
http://nimd.env.go.jp/english/kenkyu/nimd_forum/nimd_forum_2006_II.html (accessed on 4 November 2021).

65. Novirsa, R.; Dinh, Q.P.; Jeong, H.; Addai-Arhin, S.; Nugraha, W.C.; Hirota, N.; Wispriyono, B.; Ishibashi, Y.; Arizono, K. The
Dietary Intake of Mercury from Rice and Human Health Risk in Artisanal Small-Scale Gold Mining Area, Indonesia. Available
online: https://www.jstage.jst.go.jp/article/fts/7/5/7_215/_article/-char/ja/ (accessed on 4 November 2021).

66. Salazar-Camacho, C.; Salas-Moreno, M.; Marrugo-Madrid, S.; Marrugo-Negrete, J.; Díez, S. Dietary human exposure to mercury
in two artisanal small-scale gold mining communities of northwestern Colombia. Environ. Int. 2017, 107, 47–54. [CrossRef]

67. National Institute for Minamata Disease (NMID), Ministry of Environment, Japan. Mercury and Health; 2013. Available online:
http://nimd.env.go.jp/english/kenkyu/docs/Mercury_and_health.pdf (accessed on 2 November 2021).

68. Clemente, E.; Sera, K.; Futatsugawa, S.; Murao, S. PIXE analysis of hair samples from artisanal mining communities in the
Acupan region, Benguet, Philippines. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 2004, 219–220, 161–165.
[CrossRef]

69. Umbangtalad, S.; Parkpian, P.; Visvanathan, C.; Delaune, R.D.; Jugsujinda, A. Assessment of Hg contamination and exposure
to miners and schoolchildren at a small-scale gold mining and recovery operation in Thailand. J. Environ. Sci. Health Part A
Toxic/Hazard. Subst. Environ. Eng. 2007, 42, 2071–2079. [CrossRef]

70. United States Environmental Protection Agency. Integrated Risk Information System (IRIS); National Center for Environmental
Assessment, Office of Research and Development: Washington, DC, USA, 1999.

71. Kobal, A.B.; Tratnik, J.S.; Mazej, D.; Fajon, V.; Gibicar, D.; Miklavcic, A.; Kocman, D.; Kotnik, J.; Briski, A.S.; Osredkar, J.; et al.
Exposure to mercury in susceptible population groups living in the former mercury mining town of Idrija, Slovenia. Environ. Res.
2017, 152, 434–445. [CrossRef]

72. Wang, S.; Feng, X.; Qiu, G.; Fu, X.; Wei, Z. Characteristics of mercury exchange flux between soil and air in the heavily air-polluted
area, eastern Guizhou, China. Atmos. Environ. 2007, 41, 5584–5594. [CrossRef]

73. Higueras, P.; Oyarzun, R.; Kotnik, J.; Esbri, J.M.; Martinez-Coronado, A.; Horvat, M.; Lopez-Berdonces, M.A.; Llanos, W.; Vaselli,
O.; Nisi, B.; et al. A compilation of field surveys on gaseous elemental mercury (GEM) from contrasting environmental settings in
Europe, South America, South Africa and China. Int. J. Environ. Res. Public Health 2016, 13, 160. [CrossRef]

74. Guney, M.; Akimzhanova, Z.; Kumisbek, A.; Beisova, K.; Kismelyeva, S.; Satayeva, A.; Inglezakis, V.; Karaca, F. Mercury (HG)
contaminated sites in kazakhstan: Review of current cases and site remediation responses. Int. J. Environ. Res. Public Health 2020,
17, 8936. [CrossRef] [PubMed]

75. Hanson, P.J.; Lindberg, S.E.; Tabberer, T.A.; Owens, J.G.; Kim, K.H. Foliar exchange of mercury vapor: Evidence for a compensation
point. Water Air Soil Pollut. 1995, 1, 373–382. [CrossRef]

76. De Temmerman, L.; Waegeneers, N.; Claeys, N.; Roekens, E. Comparison of concentrations of mercury in ambient air to its
accumulation by leafy vegetables: An important step in terrestrial food chain analysis. Environ. Pollut. 2009, 157, 1337–1341.
[CrossRef] [PubMed]

77. Patra, M.; Sharma, A. Mercury toxicity in plants. Bot. Rev. 2000, 66, 379–422. [CrossRef]
78. Feng, X.; Qiu, G. Mercury pollution in Guizhou, Southwestern China—An overview. Sci. Total Environ. 2008, 400, 227–237.

[CrossRef]
79. Marrugo-Negrete, J.; Marrugo-Madrid, S.; Pinedo-Hernández, J.; Durango-Hernández, J.; Díez, S. Screening of native plant

species for phytoremediation potential at a Hg-contaminated mining site. Sci. Total Environ. 2016, 542, 809–816. [CrossRef]
80. Molina, J.A.; Oyarzun, R.; Esbrí, J.M.; Higueras, P. Mercury accumulation in soils and plants in the Almadén mining district,

Spain: One of the most contaminated sites on Earth. Environ. Geochem. Health 2006, 28, 487–498. [CrossRef]
81. Zhang, L.; Wong, M.H. Environmental mercury contamination in China: Sources and impacts. Environ. Int. 2007, 33, 108–121.

[CrossRef]
82. Guédron, S.; Point, D.; Acha, D.; Bouchet, S.; Baya, P.A.; Tessier, E.; Monperrus, M.; Molina, C.I.; Groleau, A.; Chauvaud, L.; et al.

Mercury contamination level and speciation inventory in Lakes Titicaca & Uru-Uru (Bolivia): Current status and future trends.
Environ. Pollut. 2017, 231, 262–270. [CrossRef]

83. Obrist, D.; Kirk, J.L.; Zhang, L.; Sunderland, E.M.; Jiskra, M.; Selin, N.E. A review of global environmental mercury processes in
response to human and natural perturbations: Changes of emissions, climate, and land use. Ambio 2018, 47, 116–140. [CrossRef]
[PubMed]

84. Li, P.; Feng, X.; Qiu, G.; Shang, L.; Wang, S. Mercury exposure in the population from Wuchuan mercury mining area, Guizhou,
China. Sci. Total Environ. 2008, 395, 72–79. [CrossRef] [PubMed]

85. Jia, Q.; Zhu, X.; Hao, Y.; Yang, Z.; Wang, Q.; Fu, H.; Yu, H. Mercury in soil, vegetable and human hair in a typical mining area in
China: Implication for human exposure. J. Environ. Sci. 2017, 8, 73–82. [CrossRef] [PubMed]

86. Langeland, A.L.; Hardin, R.D.; Neitzel, R.L. Mercury levels in human hair and farmed fish near artisanal and small-scale gold
mining communities in the madre de dios River Basin, Peru. Int. J. Environ. Res. Public Health 2017, 14, 302. [CrossRef] [PubMed]

87. WHO. Inorganic Mercury (Environmental Health Criteria), International Program on Chemistry Safety, Vol. 118. WHO. 1991.
Available online: https://apps.who.int/iris/handle/10665/40626 (accessed on 4 November 2021).

177





Citation: Kyaw, W.T.; Sakakibara, M.

Transdisciplinary Communities of

Practice to Resolve Health Problems

in Southeast Asian Artisanal and

Small-Scale Gold Mining

Communities. Int. J. Environ. Res.

Public Health 2022, 19, 5422. https://

doi.org/10.3390/ijerph19095422

Academic Editor: Paul B.

Tchounwou

Received: 26 March 2022

Accepted: 27 April 2022

Published: 29 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Review

Transdisciplinary Communities of Practice to Resolve Health
Problems in Southeast Asian Artisanal and Small-Scale Gold
Mining Communities

Win Thiri Kyaw 1,* and Masayuki Sakakibara 1,2

1 Research Institute for Humanity and Nature, Kyoto 603-8047, Japan; sakaki@chikyu.ac.jp
2 Graduate School of Science and Engineering, Ehime University, Matsuyama 790-8577, Japan
* Correspondence: thiri@chikyu.ac.jp; Tel.: +81-075-707-2443

Abstract: Artisanal and small-scale gold mining (ASGM) has been a major part of people’s livelihood
in the rural areas of many developing countries, including those in Southeast Asia (SEA). Nevertheless,
because of the use of mercury, ASGM activities have significant local and global adverse impacts on
the environment and ASGM community health. Although there have been many monodisciplinary
projects by academic researchers and governments to solve the environmental and health problems
in SEA ASGM communities, they have not been sufficient to solve the complex socioeconomic
problems. This review first outlines the nature of the SEA ASGM activities and the consequent
environmental, community health, and socioeconomic problems and then introduces an approach
using transdisciplinary communities of practice that involves both academic and nonacademic
participants to relieve these wicked ASGM problems and to improve the environmental governance
and community health in ASGM communities in SEA.

Keywords: artisanal and small-scale gold mining; ASGM; TDCoPs; transdisciplinary; mercury;
Southeast Asia

1. Introduction

Artisanal and small-scale gold mining (ASGM) is an informal occupational sector in
many rural parts of developing nations. It relies on unskilled labor to mine and process
gold, particularly in areas where agricultural income alone is unable to support community
livelihoods. The International Labor Organization (ILO) reported that ASGM activities are
labor-intensive, involve a small number of people, and rely on basic equipment. Globally,
over 100 million people are directly or indirectly involved in ASGM for their livelihoods.
Although ASGM contributes to poverty alleviation and generates national income, it has
also been negatively associated with social, environmental, and health issues [1,2]. On a
social level, catastrophic devastation, gender inequality, and child labor issues occur as
a result of the discovery of deposits and the consequent influx of small-scale miners into
formerly native or rural communities [2]. Nevertheless, the social issues differ between
continents; for example, the primary challenges in Africa are AIDS and sustainable com-
munity development; in Asia/Pacific, the challenges are related to intercultural elements
and cultural rights; and in Latin American/Caribbean, the most important issues are the
environment, indigenous peoples, and legal aspects [2].

Many developing countries in Southeast Asia (SEA) practice ASGM because of poverty
and tradition. Most ASGM is practiced in Indonesia, the Philippines, and Myanmar, with a
significantly smaller percentage of people working in ASGM in Thailand, Cambodia, and
Laos. The more specific ASGM profiles in these countries are discussed later in this paper.

Similar to other countries involved in ASGM activities, mercury (Hg) is commonly
applied as a cheap, rapid method for extracting gold, although it is highly toxic and can have
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serious health consequences for miners, their families, and the neighboring communities.
ASGM sectors in over 70 countries have been found to have the largest global Hg emissions
at 640 to 1350 tons annually, and a recent United Nations Environment Program (UNEP)
global mercury assessment found that global ASGM activities were increasing [3]. Although
Hg is illegal in some countries, as it is affordable and easy to use, it continues to be widely
used. The Hg used in SEA is directly sourced from Spain and China or from less transparent
transit routes through Singapore [4]. In Indonesia, approximately 280 tons of illegal Hg
was imported in 2010 [5]; however, UN Comtrade (2020), an international UN branch that
reports goods that were officially exported and imported by countries [6], reported that
Indonesia had shifted from importing to exporting Hg in 2015 because of its development
of national cinnabar (HgS) mines [7]. A previous report in 2002 on the estimation of annual
Hg emissions from ASGM activities found that Indonesia emitted the most of all SEA
countries at 145 tons, followed by the Philippines with 25.0 tons, Cambodia and Vietnam
with 7.5 tons each, Myanmar with 6.5 tons, Malaysia with 3.5 tons, Thailand with 1.5 tons,
and Laos with 1.3 tons [8].

While Hg is useful for extracting gold, it causes significant environmental pollution
and is a health hazard for the miners and the community. Hg (elemental Hg) is used to
bind the gold in the ore, which is then known as a gold–Hg amalgam. The amalgam is
then smelted to extract the gold [9], which emits an Hg vapor into the atmosphere, where it
can be oxidized into ionic Hg. It can either fall into water bodies directly or be deposited
on the land’s surface and washed into an aquatic system by run off. When ionic mercury
enters water, it undergoes three main transformations. First, it may be volatilized back
into elemental Hg. The second channel involves adsorption into sediments in lakes, rivers,
and reservoirs. Finally, in anaerobic conditions at the bottom of the water bodies and
the sediment–water interface, the sulfate-reducing bacteria may methylate ionic Hg to
become methylmercury (MeHg), the most toxic form of Hg, which can be ingested by
planktons, after which it enters the food chain through bioaccumulation in long-lived
predatory species such as sharks and shellfish [10]. Thus, fish can collect significant levels
of MeHg, which can be consumed by humans or wildlife. MeHg is found in fish protein
and is not degraded by cooking or washing [11]. Aquatic changes in Hg occur in both
directions. In certain cases, these processes can be reversed; thus, several types of Hg can
be found in aquatic systems. However, increased Hg contents were discovered not only in
marine food but also in rice samples of ASGM areas in Indonesia [12,13], which may occur
through the absorption of MeHg by the paddy roots, and where it is stored in the rice grain
until it reaches ripening [14]. This may also occur in other agricultural lands due to the
waste discharged from the process of ASGM.

In addition, Hg vapor can be inhaled by miners during the smelting process, which is
their main Hg exposure route [15]. Thus, regardless of whether they are directly engaging
in ASGM activities, ASGM community health is doubly affected by the direct inhalation of
Hg vapor and by the consumption of contaminated fish and shellfish. Children are more
susceptible to the adverse health impacts of Hg, and even before they are born, they can
suffer neurological disorders from prenatal Hg dietary exposure from the consumption of
marine fish by their mothers.

Despite these serious issues, continuing poverty in SEA means that ASGM activities
are expected to increase, which will escalate these “wicked problems”; therefore, a sound,
sustainable solution is needed. It is hypothesized that the major contributors to these
wicked problems are (1) the lack or insufficient awareness in SEA ASGM communities
because of poor information and (2) ineffective approaches by academic researchers, local
experts, governments, and other stakeholders in tackling these problems. Thus, solutions to
these wicked ASGM problems in SEA are needed in order to address the ASGM contribut-
ing factors, the causative ASGM hazards, and the health hazards in mining communities.
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2. Methods

To identify relevant studies, we conducted searches related to information on the
ASGM of SEA countries and their socioeconomic and community health hazards in search
engines such as PubMed, Google Scholar and Scopus. Terms such as “mercury”, “ASGM”,
“socio-economic”, “health”, “health impact”, “health assessment”, and “mercury intoxi-
cation” were included in the search. The reports were then filtered by the name of SEA
countries, reports with the clinical findings, and the usage of English. The reports with
clinical assessments were considered relevant for the summary of health assessments.

3. ASGM Profiles in SEA Countries

3.1. General Overview of Hg Usage in ASGM

Although Hg has serious environmental and health impacts, it is widely used as part
of the ASGM process because it is cheap, easily available, and easy to handle. Developing
countries such as those in SEA use Hg in both whole-ore-amalgamation and concentration
methods. The whole-ore-amalgamation method results in higher Hg emissions from the
tailings than the concentration method [16]. With the whole-ore-amalgamation method,
the Hg come into contact with 100% of the ore, with four parts of Hg being used for every
one part of gold; that is, the gold-to-Hg ratio is 4:1, and it can be even higher, such as 20:1
or 50:1 [16]. However, with the concentration method, the gold is initially reduced to a
smaller quantity before the amalgamation is performed, which is commonly done using
gravity. Then, only the concentrations that have the heaviest minerals and gold are treated
with the Hg, which means that the Hg-to-gold ratio is substantially lower than in the whole
ore amalgamation method (usually 1:1 vs. 1.3:1), and significantly smaller quantities of Hg
remain in the tailings [16]. Thus, the nature and the degree of environmental destruction
and damage to human health depend on the type of minerals in the local areas and the
type of ASGM processes being used.

3.2. Indonesia

ASGM activity in Indonesia is illegal, and Indonesian health and environmental
regulations have banned ASGM. Nonetheless, Indonesia is well known for having the most
ASGM activities in SEA, with more than 850 mining sites and 200,000 miners [12,17,18].
ASGM involves panning, dredging, or using high-pressure pumps on river banks, open
pits, or vertical excavations to expose the secondary or tertiary alluvial ores or to physically
extract the ore from the neighboring hills or mountains using traditional instruments, such
as wide hoes, bars, and basic pulleys. Hammers and other similar tools are used to hand-
smash the ore, and homemade mechanical crushers are used in some processing industries.
The ore is then physically loaded into sacks and hauled to the processing facilities, where
the crushed ore (30–40 kg) is put into a trommel, a steel mill grinder, where the gold is
extracted from the ore using water and decimeter-sized boulders and milled for 3–4 h
until the material is fine enough to release the gold. Then, roughly 500 g of Hg is fed into
the rotating trommel for approximately 30 min to complete the amalgamation [19], after
which the material is discharged, separated, and washed with bare hands to separate the
gold from the nonbinding Hg while keeping the sediment aside for a second use. The
resulting amalgam is burned inside or outside dwellings and gold shops, which emits
Hg vapor into the surrounding area. Approximately 20–30% of gold is obtained from the
amalgamation method.

In Indonesia, similar to many other nations in Latin America and Africa, the processing
facilities in Indonesia offer free or low-cost ore amalgamation to miners in exchange for
the tailings [20]. The processing facility keeps the Hg-contaminated tailings to recover
the residual gold using cyanide (CN), which is significantly more effective than Hg at
extracting fine gold particles. Usually, 80–90% of the gold in the tailings is retrieved in
this way. Nevertheless, CN dissolves the remaining Hg in the tailings, which generates
the mercury cyanide complexes, Hg(CN)(2+N)

(-N) (aq) compound, and causes significantly
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greater aquatic biota pollution than the elemental Hg [21]. In rivers, the sediment is washed
and panned by women and children, and the gold is extracted from the sediment using
Hg [19]. In some areas, the muddy water that is tainted by Hg-contaminated tailings is
released directly into the local waterways, which then drains into the rice paddy fields and
fish ponds [12]. Thus, Hg contaminates the soil, the sediment, the water and biota, the
plants, the tree bark, and even cattle [20,22–25]. As gold mining activities involve materials
extraction, other heavy metals are also exposed, such as arsenic (As), cadmium (Cd), lead
(Pb), cobalt (Co), manganese (Mn), and zinc (Zn) [26,27]. High levels of As and Pb that
exceed the safe drinking water limit defined by the WHO have been detected in water
samples from the Bone River, which is close to an ASGM site [28].

Soil remediation solutions for Hg-polluted soils have been developed, such as phytore-
mediation using green plants and their microbiome, to remediate polluted areas [29]. How-
ever, the expense of traditional phytoremediation increases each year, and the owners of
polluted lands lose money throughout the cleanup process, limiting its practical implemen-
tation. Therefore, recently, high-biomass crops such as Indian mustard, maize, sunflower,
and sweet sorghum have been grown to be able to remediate heavy metals for practical and
economic reasons [30]. A field study in Indonesia suggested that KCS105 sweet sorghum
might be a promising energy crop for phytoremediation of mercury-polluted soil because
it grew well on mercury-contaminated soil and accumulated mercury in its root and shoot.
Furthermore, Agrobacterium tumefaciens inoculation increased the phytoremediation
efficacy of Hg to 934 mg/ha [31].

3.3. The Philippines

The Philippines ranks 20th in global gold production, with 70% of this coming directly
from the estimated 500,000 ASGM sites operating in over 40 of its 81 provinces. The ILO
estimated that around 19,000 children work in ASGM in the Philippines [32]; however,
after the Philippines committed to legalizing ASGM activities, several measures were
introduced between 2016 and 2020 to end ASGM child labor, such as the CARING Gold
Mining Project in the Philippines operated by the ILO and executed with support from
BanToxics and the United States Department of Labor [33]. Gold ore is mined mostly
around Diwalwal in Mindanao, which is one of the Philippines’ major islands. Dominated
by Mount Diwata, Diwalwal is a prominent gold town of 15,000 inhabitants, in which
gold mining has been conducted for over a century [25]. The Mount Diwata ASGM
area comprises small industrial complexes, such as ball mill and cyanidation facilities, as
well as stores and housing, all of which are scattered around the site, with their wastes,
including human waste, being thrown into the rivers or discarded. Small communities in
the Diwalwal community living area crush the mining ore into powder, and Hg is added
to make the gold–Hg amalgam, which is later burned by small local companies or in the
miners’ homes. Thus, Hg tailings are found throughout the region [34]. Tuberculosis is
the leading cause of death in Diwalwal, and the local health clinic, which has had only
midwives and “helots” and no doctor for years, is therefore underequipped and unable to
diagnose or treat Hg toxicity.

3.4. Myanmar

ASGM is mainly practiced in 300 officially recorded areas in Kachin State, Sagaing Re-
gion, Mandalay Region, and Bago Region, in which an estimated 730,000 people work [35].
The main ASGM activities are panning, river mining with bucket dredges, suction dredging,
hydraulic mining, open-pit mining for alluvial and colluvial gold deposits [36], and under-
ground mining for hard rock deposits [37–39]. CN is often used in underground mining to
crush rocks and dissolve gold [35]. The final gold is recovered using Hg, which is either
collected for a second use or discharged into the waterways. Similar to the ASGM activities
in Indonesia, to retrieve the gold, the Hg amalgam is burned in local gold shops, inside the
houses, or in the open air [37]. The Hg emitted from the ASGM activities has polluted the
environment [36,37] and has contaminated groundwater and the atmosphere [39]. High
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concentrations of heavy metals, such as As, Cd, Pb, and Hg, have also been found in ASGM
site soil samples [40].

3.5. Other SEA Countries

Vietnam has approximately 63,000 ASGM workers, Cambodia has approximately 6000,
and Laos has approximately 3000 [8]. The ASGM activities in the Lao PDR are relatively
unknown; however, the Department of Gold Mining has claimed that there are ASM sites
in Borikhamxay, Saravanh, Vientiane, and Luang Prabang provinces, although the extent
and usage of Hg are unclear. A baseline study by Earth Systems Lao in Luan Prabang
Province, Lao PDR, found that the ASGM activities were primarily conducted by families,
with the ore/alluvium extraction normally performed by men using shovels and chisels,
with the women and children carrying the ore to bowls and sluice boards, panning the ore,
and extracting the gold at home by applying the Hg at the panning stage [41]. Similarly,
ASGM in Cambodia is practiced at the family level, with most gold extraction activities
occurring in the northeast part of the country. The estimated annual usage of Hg is from
34.5 to 1182 kg [42], and CN is also used [43].

4. Socioeconomic Hazards and Community Health Hazards Due to ASGM Activities

4.1. Socioeconomic Hazards Due to ASGM Activities

Due to the lack of infrastructure, mining communities have many socioeconomic
problems, such as (1) conflicts between the native miners and the migrant miners; (2) gender
inequality, which means that females have less income and less opportunity; and (3) poor
or no educational support for children or the adults [44].

4.2. Health Hazards from Exposure to Hg and Other Heavy Metals

As discussed above, ASGM workers are exposed to elemental Hg mainly by inhaling
the Hg vapor during the amalgamation and amalgam-burning processes. There are two
ways in which elemental Hg in the atmosphere can be changed into two other forms of Hg:
oxidizing into inorganic mercury salts (Hg+ and Hg2+) and methylating into methylmercury
(MeHg), which has been found in fish [34]. The burning of the amalgam in homes or in
open air exposes ASGM workers, their families, and their neighbors to the Hg vapor, which
passes through the alveolar membrane, is absorbed into the blood, and travels to tissues,
primarily affecting the respiratory system [45]. The major elemental Hg absorption takes
place in the lungs (80%), after which it rapidly travels into the blood and other organs [46].
The inhaled Hg vapor can also cross the blood–brain barrier and blood–placenta barrier
and accumulates in the central nervous system. Elemental Hg is primarily deposited in the
brain and kidneys in its oxidized form, with the kidney being the organ that can be most
damaged from repeated exposure [46].

Thus, ASGM communities can be exposed to Hg and other heavy metals, such as
Pb, Cd, Co, and Mn. The International Agency for Research on Cancer has classified
As as a Category 1 carcinogen that can cause bladder, skin, and lung cancers. Previous
ecological research has linked high As concentrations in the soil to an increased risk of
cancer. Lead is also a carcinogen that can cause kidney damage, hypertension, and a
decrease in mental abilities. Furthermore, chronic low-level Mn exposure has been linked
to an increase in Parkinsonism in exposed populations, and cobalt exposure can cause lung
cancer, cardiomyopathy, and hearing and vision loss [47].

4.2.1. Acute Effects from Exposure to Elemental Hg

Dermatitis can result from acute Hg exposure. After inhaling elemental Hg vapors,
people may suffer from coughs, chills, fevers, shortness of breath, and gastrointestinal
symptoms such as nausea, vomiting, and diarrhea, which can be followed by a metallic
taste, dysphagia, salivation, weakness, headaches, and visual disorders [48]. Lungs can
also be severely damaged from acute high-level exposure, and in severe cases, the resulting
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hypoxia can result in death. Reportedly, two children died, and their parents suffered from
severe respiratory distress because of gold processing in a kitchen with poor ventilation [49].

4.2.2. Chronic Effects from Exposure to Elemental Hg through Inhalation and MeHg
through the Food Chain

When elemental Hg accumulates in the central nervous and renal systems, people
are mainly affected by chronic intoxication, the major clinical presentations for which
are unintentional or intentional tremors, psychological disturbances or erethism, protein-
uria, and gingivitis [50]. Erethism can cause behavioral changes, such as irritability, low
self-confidence, depression, apathy and shyness, and proteinuria resulting in tubular
damage [46]. Other disorders include allergies or autoimmunity because of the reduced
resistance to infection and cancers [51]. Children are particularly sensitive to exposure
from eating MeHg-contaminated seafood. During pregnancy, MeHg bioaccumulates in
fish, causing neurodevelopmental issues in the unborn child. The fetal brain is particularly
vulnerable to transplacental exposure. Mental retardation, seizures, visual and hearing loss,
developmental delays, language difficulties, and memory loss are all neurological signs.
Chronic Hg exposure in children causes acrodynia, a condition marked by red and aching
limbs [52,53].

4.3. Other Health Hazards

Most studies have focused on Hg-related health impacts in ASGM miners and com-
munities; however, there are also other community health hazards [54], such as respiratory
damage from the silica dust from drilling the ores (silicosis) [55], which increases the risk
of tuberculosis from silicosis, and malaria, noise exposure, and injury, all of which are
aggravated by the lack of infrastructure and the crowded living conditions.

4.4. ASGM Health Assessments in SEA Countries

There is no universal diagnosis for chronic Hg intoxication. Many of the health
surveys in ASGM communities in Indonesia, the Philippines, and the Laos PDR have been
conducted with the support of the United Nations Industrial Development Organization
(UNIDO) Global Mercury Project. Clinical examinations and biomonitoring of Hg levels in
the hair, blood, and urine have found instances of chronic elemental Hg intoxication and
chronic MeHg intoxication from the food chain that has caused the loss of peripheral vision;
ataxia; pins and needles in the hands, feet, and around the mouth; speech and hearing
impairments; and muscle weakness. Because they are easily accessible, hair Hg levels are
commonly analyzed to assess the Hg exposure in ASGM miners and communities; however,
hair and blood Hg levels generally indicate the presence of MeHg through contamination
of the food chain, and urine Hg levels indicate the occupational elemental Hg exposure
from the ASGM activities.

Table 1 summarizes the findings of surveys conducted in SEA countries, which include
clinical chronic Hg intoxication analyses in miners and ASGM communities and, as sug-
gested by the German Human Biomonitoring Commission, the collection of biomonitoring
samples that assessed the Hg content in hair (μg/g). Normal levels are below 1.0 μg/g,
alert levels are 1.0–5.0 μg/g, and levels over 5.0 μg/g indicate a substantial health risk [56].
Most studies have found that the miner and community participants were suffering from
Hg health impacts.

Overall, however, there have been few ASGM health impact evaluation projects in
SEA. To the best of our knowledge, there was only one preliminary health survey conducted
in Myanmar in 2020, which included clinical examinations and hair sample analyses [57]
and only one online health survey [58] of the ASGM communities in the Mandalay Region,
Thabeikkyin Township, Chaung Gyi Village. However, no clinical health assessments
have been conducted in ASGM communities in Vietnam or Cambodia, and the one survey
conducted in Thailand only included biomonitoring of human samples but no clinical
examinations. The survey was conducted in the Phanom Pha gold mining area of Thailand,
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and it found that the environmental Hg contamination and open amalgam burning were
the likely sources of the miners’ health problems, the Hg exposure at work surpassed
permissible values, and the urine Hg levels indicated that the miners were being exposed
to inorganic Hg [59]. Although no health assessments have been conducted in Cambodia,
miners there have reported skin rashes, and animal deaths have been reported near the
mining operations [43]. The atmospheric Hg level of these countries are also mentioned in
Table 1 in terms of the level of Hg contamination. The gold-production region in central
Sulawesi, Indonesia has the highest average 24-h ambient Hg values at 9172 ng/m3, which
was nine times the WHO’s limit of 1000 ng/m3. The amalgam burning sites of both the
Philippines and Myanmar also showed the high atmospheric Hg values at 314,000 ng/m3

and 74,000 ng/m3, respectively.

Table 1. Health assessment findings in SEA countries and Hg contamination levels.

Country Year Sample Size Health Assessment Findings References

Atmospheric
Hg Level

by Countries

(ng/m3)

Indonesia
(Galangan in Central Kalimantan

and Talawaan in Northern
Sulawesi)

2010 281

Ataxia, tremor, dysdiadochokinesia, etc.
-Mean value of Hg-blood (μg/L); control group (A) (4.92), only living

group in Kalimantan (B) (12.86) and Sulawesi (C) (7.05), panning workers
in Kalimantan (D) (20.35) and Sulawesi (E) (15.18), smelting workers in

Kalimantan (F) (38.92) and Sulawesi (G) (27.43).
-Mean value of Hg-urine (μg/L); A (0.90), B (21.47), C (4.48), D (37.45), E

(13.37), F (177.69), G (54.46).
-Mean value of Hg-urine (μg/g creatinine); A (0.43), B (10.44), C (2.70), D

(15.65), E (5.58), F (69.35), G (31.89).
-Mean value of Hg-hair (μg/g); A (1.64), B (7.14), C (2.30), D (42.56), E

(5.73), F (17.09), G (13.14)

Bose-O’Reilly, S. et al., 2010a [60]

9172 ± 16,422
(mean ± SD)

[61]

Indonesia
(Banten/Cisitu Village) 2015 28 children

Tremors in adults, and neurological deficits in children and teenagers
such as developmental delays, hydrocephalus, deafness, vision disorders,

and other congenital deformities
Ismawati, Y., 2015 [17]

Indonesia
(Banten/Cisitu Village) 2016 18

Typical signs and symptoms of chronic Hg intoxication (excessive
salivation, sleep disturbances, tremors, ataxia, dysdiadochokinesia,

pathological coordination tests, gray to bluish discoloration of the oral
cavities, and proteinuria).

The mean values of Hg-urine (μg/L) were increased in eight patients (>7
μg). All 18 people had increased hair levels (>1 μg Hg/g hair)

Bose-O’Reilly, S. et al., 2016
[12]

Indonesia
(Gorontalo) 2015 44

Bluish gums, Babinski reflex, labia reflex, tremor, rigidity, ataxia,
alternating movements, and nystagmus in ASGM miners and inhabitants

of Angrrek and Sumalata. -Hg-hair (μg/g); 14.2 μg
Arifin Y. I. et al., 2015 [62]

Indonesia
(Sulawesi, Makassar) 2016

40 gold workers and
17 residents as

control

Tremors in the tongue, eyelid, finger, nose, pouring, posture holding, and
Romberg test, unbalanced rigidity and ataxia, pathology reflex, sensory

disturbance, constricted field of vision, and slow knee jerk and bicep
reflexes. Hg-hair (μg/g); directly exposed group (10.8), indirectly

exposed group (6.5), and control group (2.8)

Abbas H.H. et al., 2017 [63]

Philippines
(Mindanao/ Monkayo and

Diwalwal) Davao as Control area
2000

323
(workers from

Diwalwal, local
families from

Monkayo including
children and a

control group in
Davao)

Fatigue, tremor, memory problems, restlessness, loss of weight, metallic
taste, sleeping disturbances (reported symptoms), and intentional

tremors, mainly fine tremors of the eyelids, lips, and fingers, ataxia,
hyperreflexia, sensory disturbances, and bluish discoloration of the gums
(symptoms) were observed in approximately 65% of the population in the
Mt. Diwata area, and 85% in the ball mill and amalgam smelter workers.

To a lesser but still not acceptable extent (approximately 33%) Hg
intoxication (headache, vision problems, and nausea) was found in the
nonoccupationally exposed population at Mt. Diwata and downstream

in the Monkayo plain (38%). No Hg intoxication was found in the control
area of Davao.

-Hg-blood (μg/L); span < 0.25–107.6, median 8.2, arithmetic mean 11.48
-Hg-urine (μg/L); span < 0.25–294, median 2.5, arithmetic mean 11.08
-Hg-urine (μg/g creatinine); span < 0.1–196.3, median 2.4, arithmetic

mean 8.40
-Hg-hair (μg/g); span 0.03–37.76, median 2.72, arithmetic mean 4. 14

Bose-O’Reilly, S. et al., 2000 [25]

314,000
[64]

Philippines
(Apokon, Tagum, Davao del

Norte)
2000

162
(school children
aged 5–17 years)

Under-height, gingival discoloration, adenopathy, underweight and
dermatologic abnormalities.

-Total Hg-blood (μg/L); 0.757–56.88
-MeHg-blood (μg/L); 1.36–46.73

-Total Hg-hair (μg/g); 0.278–20.393
-MeHg-hair (μg/g); 1.36–46.73

Akagi, H. et al., 2000 [65]

Myanmar
(Mandalay Region/Chaung Gyi

Village)
2020 29

Tremor, Ataxia, decreased lung function in miners.
-Hg-hair (μg/g); miners 0.93 (0.72–1.44) (median–interquartile range)

Nonminers 0.63 (0.53–0.67) (median–interquartile range)
Kyaw WT, 2020 [57] 74,000

[39]

Thailand
(Phanom Pha) 2007 79 miners

59 school children

No clinical assessments were included.
Hg-urine level; miners (μg/g creatinine) (22.85 ± 0.04 μg/g),

School children (μg/g creatinine) (13.93 ± 0.33).
Hg-hair level; miners (1.17 ± 0.05 μg/g), School children (0.93 ± 0.01)

UMBANGTALAD S, 2007 [59]

Laos PDR
-District of Chomphet (Houay
Gno Village and Houay Koh),
-District of Pak Ou (Latthahai
Village and Pak Ou Village)

2004 191

The study observed neurological abnormalities in 56% of men (47 out of
83) and 41% of women (44 out of 107); however, only 16 % of men and
71% of women were using Hg. The author suggested considering other
environmental and genetic factors as possible causes of the neurological

abnormalities.
Maximum level; Hg-blood level μg/L (12.2), Hg-urine level μg/L (15),

and Hg-hair level μg/g (18.6)

Bose-O’Reilly, S. et al., 2004 [66]
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5. ASGM Problems in SEA Countries and a Sustainable Solution

As discussed above, ASGM community health assessments have generally been
conducted by global projects and institutional researchers. The “Minamata Convention
on Mercury” was adopted in 2013 at a diplomatic conference of the UNEP to resolve the
problems resulting from anthropogenic Hg exposure. As of 2022, there were 128 signatories
to the treaty out of 137 parties, including most SEA countries [67]. Projects such as the
UNIDO global mercury project, which is focused on Hg environmental and health impact
assessments in ASGM areas, are also being conducted. Nevertheless, despite these projects,
the ASGM communities are still being exposed to these health hazards primarily because of
poverty, a lack of information, and the ineffective monodisciplinary approach of academic
researchers and governments. For example, researchers only conduct bottom-up ASGM
community evaluations, whereas governments only focus on top-down ASGM rules and
regulations, neither of which tackle the wicked nature of these issues. Furthermore, local
medical professionals and health care service personnel are often unaware of chronic
Hg intoxication symptoms or the other ASGM-related health issues, which results in
misdiagnoses and a failure to provide prevention measures or early treatment.

Thus, the key to the sustainable resolution of these problems is to encourage transdis-
ciplinary collaboration and active community participation to effectively share information,
increase awareness, and add value to ASGM-related issues, which we refer to as trans-
disciplinary communities of practice (TDCoPs). The authors’ project, which is known as
the Sustainable Regional Innovations for Reducing Environmental Pollution project, is a
five-year project funded by the Institute for Humanity and Nature that runs from 2019 and
2023 to elucidate pathways to alleviate ASGM-related Hg contamination in Indonesia using
a transdisciplinary approach. In collaboration with local stakeholders, several TDCoPs
groups have been successfully formed in the study area to encourage sustainable commu-
nity livelihoods and establish new industries to reduce the reliance on ASGM, promote
environmental conservation, stop Hg vapor emissions into the atmosphere from amalgam
burning, and promote community health [68]. Based on our experiences and following a
review on the role of transdisciplinary research (TDR) and communities of practice (CoPs)
in public health, TDCoPs are introduced in this article to demonstrate the environmental
governance and health improvement possibilities for ASGM communities in SEA countries.

6. Environmental Governance and Community Health Improvements

6.1. General View of TDR and Its Role in Public Health

As the activities in the context of ASGM in SEA countries are similar to those in Ghana,
Figure 1 summarizes the ASGM community health hazards in SEA countries based on
previously published human health issues in Ghana [69] and proposes an environmental
governance process to solve these hazards and improve community health. As summarized
in Figure 1, the ASGM communities in SEA countries are affected by both socioeconomic
hazards and community health hazards due to the nature of ASGM activities. These
problems are defined as wicked problems due to the multifaceted, complicated, and inter-
related nature of the challenges; thus, transdisciplinary (TD) rather than monodisciplinary
approaches are needed that involve TDR for which interdisciplinary researchers work to-
gether with stakeholders to develop new knowledge to tackle the above-mentioned ASGM
issues. Recent research has emphasized the value of interdisciplinary and transdisciplinary
methods to advance scientific knowledge and solve important societal issues [70–73].
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Figure 1. Transdisciplinary communities of practice (TDCoPs): a process to solve the wicked ASGM
problems in SEA. Reproduced with permission from [69]. 2015, Basu N et al. The credit for the
summary on the community health hazards goes to Basu N et al., 2015 “Integrated Assessment of
Artisanal and Small-Scale Gold Mining in Ghana—Part 1: Human health Review”.

The term TDR initially appeared in the 1970s [74,75] and has various definitions. TDR
is a research concept that involves a paradigm shift in research practice to solve complex
societal challenges [76]. Although the TDR approach is similar to interdisciplinary and
multidisciplinary approaches, it differs in the way the information is used and shared.
In multidisciplinary approaches, everyone works on the same subject inside their own
discipline’s limits, makes their own assumptions, and develops their own methodologies
and frames of reference. In interdisciplinary approaches, the disciplinary boundaries are
merged so that the assumptions, limitations, and ideologies are blended. Nevertheless, TDR
emphasizes the integration of academic and nonacademic information to coproduce knowl-
edge that transcends disciplinary and sectoral borders, which is achieved by increasing
the participative cooperation between the various academic and experiential stakeholders,
that is, the people with lay or “lived” knowledge [77–79]. For TDR activities to be effective,
team members must be open to new ideas and must respect the views of other disciplines,
and they must be willing to engage in the exchange of ideas, mutual debates, problem
solving, and conflict resolution when there are opposing opinions or ideals [71,80]. A
major advantage of TDR approaches is that they allow for the integration of concepts from
multiple disciplines into a new, common, conceptual framework [81] and therefore can
help establish new conceptual models that better elucidate the complex processes involved
in producing and sustaining public health challenges and provide evidence for formulating
solutions and public policy [80].

A recent review on the TD approach in public health stated that there had been trans-
disciplinary initiatives by scholars in the field of environmental health [82] and provided
evidence that despite the obstacles and demands on researchers, the collaborations be-
tween social science and environmental health had the greatest potential to improve public
and environmental health [83]. Another study introduced an approach that supported
science-based dialog among stakeholders in cumulative burden assessments (CuBA) and
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conducted two workshops focused on this approach to examine its utility and feasibility.
The results revealed that the stakeholders were able to conduct joint discourse on the
cumulative burdens, learn about the technical and social issues related to CuBA, and copro-
duce knowledge. The study also suggested exploring ways the CuBA methodology could
promote or hinder social learning and knowledge coproduction in diverse institutional,
social, and political multiple environmental hazard situations [84].

Despite these efforts, however, TDR has several barriers of implementation between
academic researchers and the nonacademic participants [85], the most challenging of which
are encouraging collaboration between the community residents and the other nonaca-
demic participants [86] and dealing with trust issues between the participants and the
community. An evaluation of the members of a Canadian aging and technology research
network was conducted to assess their perceptions and experiences with TDR, and its
results found that TDR was effective in encouraging mutual learning and understanding
and in attempting to address the complicated challenges in the targeted sector. Never-
theless, individual, systemic, and cultural impediments to the implementation of TDR
were also found. The primary individual impediments were related to technology-based
communication, the unfamiliar terminologies and goals, and the conflicting priorities when
the business-oriented goals and the demands of the industrial partners did not line up with
other priorities of academics and people from other fields. Many also found it hard to work
with researchers who were more traditional and focused on a single discipline because
this research approach tends to have a top-down decision-making structure, which does
not work well with TDR collaborative team approach. Participants also said that a major
systemic problem was that there was not enough time to meet the needs and interests of
all stakeholders and to complete the research in a way that met the deadlines set by the
funding agencies [77].

As TDR expects people from different backgrounds and interests to work together
to solve problems and produce new ideas, there has been a significant interest in social
theories on how people learn, such as CoPs, which could assist TDR participants and better
facilitate their work [87].

6.2. CoPs in Public Health

Jean Lave and Etienne Wenger were the first to use the term CoPs in 1991 as part of
their theory of situated learning to explain how knowledge and learning occurred in specific
places, showing that the social relationships in these settings were more important for pro-
fessional development than in the classroom. Within a group of CoPs, contextual learning
occurs spontaneously as individuals become more proficient in the area of knowledge [88].
CoPs, which are defined as groups of people who learn together to resolve mutual concerns
and make improvements through regular interactions, have three fundamental elements:
domain, community, and practice [89]. In a CoPs learning community, there is a more equal
relationship between the experts and the students; that is, the teachers and students work
together. Although CoPs were initially formed to tackle specific problems using a team
approach, this does not necessarily mean that CoPs can be artificially created [87]. Although
CoPs can overcome barriers, foster new knowledge, and facilitate the coming together
of normally segregated experts and individuals concerned about issues [89], participants
remain within their formal organizations as they participate in CoPs. As they come and go
from the CoPs, they learn about the local work practices.

CoPs have been used for TDR and have had great results. CoPs have been used in
Canada to share and learn about climate change and health issues [90] and to develop
professional and organizational public-health-development strategies in context. They
have also been used as knowledge-to-action mobilizers for health practitioners in the Senior
Health Research Transfer Network (later Seniors Health Knowledge Network (SHKN)) to
improve the health of Ontario seniors [91]. However, although there have been significant
benefits found from CoPs, some barriers have also been observed. A study that analyzed an
SHKN case to examine the value of CoPs in facilitating system change found that the CoPs

188



Int. J. Environ. Res. Public Health 2022, 19, 5422

successfully served as an initiator to focus on best practice, research, and experience by
providing a reflective learning cycle that motivated participants to work together; however,
organizational and sector-level cultural norms that were driven by structural goals impeded
the CoPs’ initiatives to modify behaviors in the long-term-care system [92]. Thus, it was
concluded that unless provincial CoPs are properly supported in their attempts to transform
systems, any improvements in elder health care would be lost. The authors also stated that
the literature on CoPs lacked recommendations on how to utilize CoPs to encourage system
change and suggested that more primary research on the CoPs’ functions and effects on
system-level transformations was needed [92].

6.3. TDCoPs and Their Role in Securing Environmental Governance and Resolving ASGM
Socioeconomic and Community Health Hazards in SEA Countries
6.3.1. The Importance of TDCoPs

Matsumoto et al. (2022) claimed that there were three barriers faced by CoPs to over-
come in TDR: “barriers of indifference”, where stakeholders abstain from participating due
to disinterest in the problems; “barriers of position”, where stakeholders do not collaborate
within the CoPs due to internal differences in position; and “barriers of continuity”, where
the activities cease once researchers leave the CoPs [93]. Barriers of indifference occur when
the stakeholder participation in CoPs is not enthusiastic; however, collaboration and knowl-
edge development with stakeholders such as community inhabitants are critical when
seeking to resolve environmental and sustainability issues [94]. Barriers of position occur
when social class inequalities contribute to power imbalances [95] and negatively impact
participation [86]. Although it is challenging to bring diverse stakeholders together because
of their differing perspectives and attitudes [96,97], even if there is successful stakeholder
collaboration, it is necessary to address the issue of sustainability, and it is here that the final
barriers of continuity arise. Academic participants often leave when they have finished
their research tasks [33]; thus, academic participants must commit themselves to being the
CoPs’ coordinators in the early stages so that they can stabilize the CoPs before handing
over the management to the local stakeholders [33]. If the academic scholars always lead
the cooperation and knowledge generation and the stakeholders only “cooperate,” the
activities would be more likely to cease when the researchers leave, leaving the challenges
unaddressed [33].

These barriers to CoPs can be overcome when the CoPs take a transdisciplinary ap-
proach, as TDCoPs use transformative boundary objects (TBOs). Compared with CoPs,
TDCoPs have more diversified stakeholder groups, which may also include “indifferent”
participants, and they encourage boundary crossing and engagement between the members
and the others around them. The stakeholder engagement then evolves into a collaboration,
which then evolves into autonomy via learning and practice [33]. The TDCoP approach
has been used to examine health, the environment, and socioeconomic and cultural aspects.
Our ongoing TDCoPs experience of collaborating with ASGM workers, the community,
and stakeholders has made the ASGM workers and their communities aware of the health
impacts of their ASGM activities, which has made them more willing to explore and im-
plement alternative sustainable livelihoods by adding value to their existing local and
traditional knowledge, which they were made aware of through discussions with the
stakeholders and researchers. One of the ongoing focuses of TDCoPs has been the Healthy
and Resilient Village, which seeks to improve the socioeconomic condition and community
health in the ASGM area in East Suwawa, Bone Bolango Regency in Gorontalo Province,
Indonesia. The local government figures, such as heads of the villages, actively partici-
pate and collaborate with local researchers, local medical professionals, the local mining
community, and academic researchers [68].
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6.3.2. The Process and Role of TDCoPs in Securing Environmental Governance and
Resolving Socioeconomic and Community Health Hazards

The TDCoPs that will work towards resolving SEA’s ASGM issues could comprise
(1) academic researchers from host countries and joint academic institutes with scientific
knowledge who would be supported by local communicators; (2) medical teams, such
as physicians, nurses, social workers, staff from local health centers, and specialists to
deal with the long-term ASGM health problems; (3) local community members; (4) pri-
vate mining sector members; (5) local miners to share their issues and livelihood goals;
(6) public associations; and (7) authorities such as local governments and central govern-
ments (Figure 1). The transdisciplinary approach has been broadly applied to a range of
long-term health care services in the community, with most published works being focused
on rehabilitation [98,99], dementia care [100], the oral health care of stroke patients [100],
palliative care in acute care settings [101], bladder health, and preventing lower urinary
tract symptoms in women [102].

The starting point for the TDCoPs would be the local government, such as the village,
district, or provincial departments concerned with ASGM-related environmental and health
issues in the area, who would then initiate the development of a collaborative network of
professionals to be responsible for taking practical actions. TDCoPs go through five stages:
potential, coalescing, maturing, activity, and transformation [89]. During the potential
stage, the participants share the purpose of the TDCoPs, collect the basic information from
the diverse disciplines and build trust through dialog [93], which requires researchers to
initially take the leading role and then gradually take a supporting role as the TDCoPs
move into the transformation stage [93]. For instance, in the TDCoPs formed to deal with
the ASGM issues, through dialog, (1) the miners and local community can discuss the
health and socioeconomic problems they are facing and the traditional, cultural, and local
knowledge unique to their living area; (2) the medical teams can share basic lay information
on the general health of the community, the kind of support they can offer, the barriers they
are facing, and knowledge on Hg-related health issues; (3) the private mining sectors can
provide information on the issues between the ASGM miners and government officials, and
especially those related to local laws, such as disputes over legislation and the permissions
needed by government officials, miners, and mining companies; and (4) government
officials can share knowledge about the official processes important to the ASGM profile.
Several TDCoPs can be formed across multiple layers depending on the situation and
the cultures, which are known as multilayer TDCoPs. The TDCoPs’ members determine
the problems during this stage, and TBOs are identified, which leads to the formation
of TDCoPs in the “coalescing” stage. Examples of TBOs are chronic Hg intoxication and
respiratory health.

After the formation of TDCoPs, basic research is conducted. The local government
take the roles of planning and action by collaborating with the upper and central govern-
ments; the local medical teams conduct surveys; and the researchers contribute research
techniques, such as the methodologies for the environmental, health, and socioeconomic
surveys in the study area. The local communicators and medical teams perform the surveys
and work in collaboration with the community under the guidance of the local government.
The key stakeholders oversee the surveys and research execution and support these activi-
ties by offering contact points for resident collaboration and information sharing. During
the “maturing” and “activity” stages, the TDCoPs members achieve transformation by
reflecting on the basic research findings and solving their own problems, at which time the
researchers move into supportive roles by sharing their knowledge. Finally, the communi-
ties transform and make plans for practical activities that can evolve independently of the
TDCoPs. The instigation of TDCoPs can reduce and/or solve sustainability problems and
improve ASGM community livelihoods by reducing environmental pollution, resolving the
social and health problems of both the miners and the mining community, and providing
the community with an autonomous community-based team.
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6.3.3. A Brief Report of the Current TDCoPs Developed in Authors’ Project

Among several ongoing TDCoPs of the authors’ project, an example of a TDCoPs for
securing environmental governance and resolving ASGM socioeconomic and health issues,
called “Healthy and Resilient Village” (comprising several TDCoPs), by ASGM miners
and owners, was formed in 2021 in East Suwawa, Bone Bolango Regency in Gorontalo
Province, Indonesia by local and central stakeholders, the local medical team, and academic
researchers after discussions since 2018. Healthy and Resilient Village is attempting to
promote the public understanding of proper mining operations, the consequences of using
Hg in ASGM, environmental issues, and community safety and health, and in the future,
it will be transformed into an independent community that will tackle the sustainable
environmental problems and improve the community livelihood [103].

7. Conclusions

This study presented a country-specific ASGM profile for SEA countries and outlined
the community health hazards experienced because of the wicked problems in the areas
of ASGM. Most monodisciplinary studies have focused on Hg-related health problem
assessments, in which academic researchers have taken on the main roles. Although these
studies were able to identify Hg-related issues in the ASGM communities, they have been
unable to resolve the community health problems because of their monodisciplinary focus.
Governments have also been trying to tackle the problems through the implementation
of rules and regulations; however, the problems remain unsolved because there is no
community involvement.

TD healthcare approaches have been found to have a positive effect on community
health management in the long-run; moreover, the authors’ project in ASGM areas in terms
of developing TDCoPs, which addresses ASGM-induced, complex, socioeconomical and
health problems, have made significant progress in making the community sustainable.
Therefore, based on these data, a TDCoPs in ASGM areas in SEA countries was proposed
and would involve active participation by researchers, the medical profession, the local
community, and other invested stakeholders to resolve the wicked ASGM problems and
to provide environmental governance and community health improvement guidance in
ASGM communities in SEA countries.
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Abstract: Mining and petroleum production are the source of many elements and base materials
fundamental for our modern way of life. The flip side of these keystone industries is the envi-
ronmental degradation they can cause if not properly managed. Metallic mining and petroleum
production can contaminate the local ecosystem with sediments, chemicals used in the industrial
processes and heavy metals, part of the metallic ore or oil reservoir. The objective of this project
was to analyze the spatial distribution of the presence of different potentially hazardous elements
that make up the metallic deposits and oil reservoirs in Ecuador, focused mainly on artisanal and
small-scale gold mining (ASGM) districts. Additionally, we were interested in analyzing this in-
formation under the local political and administrative contexts which are key to determining how
likely it is that mismanagement of the local mineral deposits and petroleum exploitation projects
will end up causing environmental degradation. An extensive and intensive literature search was
conducted for information on the presence and concentration of 19 potentially harmful elements. We
analyzed data on 11 metallic deposits throughout Ecuador and a major oilfield in the Ecuadorian
Amazon basin. We used geographic information systems to analyze the spatial distribution of these
reservoirs and their mineral compositions. The results indicated a widespread distribution and high
concentration of elements potentially harmful for human health, such as mercury, cadmium and
arsenic, throughout the metallic deposits in Ecuador. This is particularly true for long-exploited
ASGM districts, such as Ponce-Enríquez, Portovelo-Zaruma and Nambija. This study highlights
the importance of understanding geological diversity and its potential risks to better protect the
biological diversity and public health of its inhabitants. Furthermore, we consider our work not
as a call to stop ASGM mining nor petroleum production, but on the contrary as a strong call to
plan every mining and petroleum production project considering these risks. Moreover, our work
is a call to action by the local government and authorities to stop corruption and fulfill their duties
overseeing the activities of mining and petroleum companies, stopping illegal mining, helping ASGM
communities to improve their environmental standards, finding alternative income sources and
protecting the local environment.

Keywords: artisanal and small gold mining; contaminant movement; Ecuador; environmental risks;
extractive industries

1. Introduction

Mining and petroleum production provide the basic resources that sustain a diverse
array of industries which are keystones of our modern way of life. Precious metals such as
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gold or platinum are fundamental for electronics [1] and even for cutting edge medical ther-
apies such as gene editing [2]. The same applies for the products derived from petroleum
and the petrochemical industry, which create ubiquitous plastics and base materials for
countless industries. The flip side of mining and petroleum production lies in the envi-
ronmental impacts they can generate, such as water contamination, people displacement
and large-scale disasters such as tailings dam breakage or large oil spills, e.g., [3–9]. Cases
such as the Brumadinho dam collapse, which occurred in 2019, are extreme examples of
the impacts large-scale mining can cause [10]. In the petroleum industry, oil spills such as
Exxon Valdez [11] or Deepwater Horizon [12] are well-known cases of major environmental
disasters which affected kilometers of coastline and countless species at sea. Even when
examples like these are the ones that come to mind when thinking about environmental
impacts from mining and petroleum production, usually, the environmental impacts are
more discrete. Usually, small-scale impacts contaminate local rivers and ravines that are
later used by local communities and contaminate local ecosystems. These impacts have two
main origins: problems handling the different chemicals and petrous material products of
mining and petroleum production [13], and risks directly related to the chemistry of the
exploited deposits and reservoirs and its surrounding rock, including the formation water
that lies in the oil reservoirs [14].

The geochemistry of the mineral deposit itself and its associated surrounding forma-
tion can be the primary predictor of potential environmental contamination [15]. Metallic
deposits besides gold, silver or copper have other metals that can have the potential to af-
fect human health [16]. Is not uncommon that gold deposits are rich in arsenic or cadmium,
two elements with extensive evidence of toxicity to human beings [17]. Oil reservoirs
as well can have different geochemical compositions, particularly in its formation water.
Produced water or formation water is usually rich in salt and can have heavy metals such
as cadmium or lithium in its composition [18]. Thus, understanding the spatial distribution
and relative concentration of potentially toxic elements in precious metal and oil deposits is
paramount for predicting potential risks when mining the ore or producing petroleum. Fur-
thermore, this information should be a keystone for developing adequate environmental
management plans.

Another natural factor, beyond human control, relevant to understanding the envi-
ronmental risks of different mining operations is the amount of rain (precipitation) a site
receives [19]. Once the rocks are extracted from the underground, the chemical composition
and state of oxidation can release to the environment potentially harmful heavy metals and
produce acid rock drainage [20]. Therefore, areas with high precipitation or humidity have
an increased risk of acid rock drainage and mobilization of heavy metals from the reservoir
rock or surrounding sterile material, in the case where there is no proper management of
tailing ponds and dumps.

Heavy metals such as cadmium, lead or mercury are found in the produced water
fraction of the overall petroleum production [18]. Water, as the universal solvent, in the case
where it is spilled, will carry all the chemicals and metals that are dissolved and readily
transport them, infiltrating the soil and contaminating nearby water bodies [21]. In this case,
local precipitation and other local ecosystem characteristics such as soil cover, topography
and soil composition determine the likely destiny of any heavy metals that escape the
petroleum facilities. Oil spills are the most visible environmental impacts, but formation
water spills or mishandling can reach further and have longer term impacts. Produced
water, due to its salt content, can directly and immediately affect plants and fresh water
organisms. The heavy metal content of produced water can persist in the environment and
enter the food chain of the local human population and the local ecosystem [22]. In the
case of the petroleum industry, we focused our analysis on a single major oilfield in the
Ecuadorian Amazon basin, the Auca oilfield. This particular oilfield is responsible for 18%
of Ecuadorian oil production and produces an average of 468,000 daily barrels of produced
water per day.
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Mining, particularly artisanal and small-scale gold mining (ASGM) also has a special
heavy metal contamination risk associated with the chemical handling needed for the
ore processing. This is particularly true for gold mining, where extensive Hg is used
to extract gold through an amalgamation process. Mercury is a known teratogen and
carcinogenic, and if effluents are not properly treated, these chemicals end up in rivers
and ravines and through bio-accumulation enter the food chain affecting the health of the
local community [23,24]. The use of mercury for gold amalgamation has been prohibited
in Ecuador, but the reality is that its use is still widespread [25].

Ecuador has several very rich metallic deposits. Some have been exploited for many
decades or even centuries by ASGM. Well-known ASGM areas in Ecuador are Nambija,
Zaruma-Portovelo and Ponce-Enríquez [26–31]. Other major deposits have been recently
discovered and due to their characteristics need more industrialized exploitation techniques.
Deposits such as Mirador or Fruta del Norte are in the early steps of producing copper and
gold, respectively, and are being managed by large multinational mining companies.

The geological and mineralogical richness of Ecuador can be explained by the diversity
of geological environments and the geological processes involved, such as volcanism, which
is the origin of mineral deposits [32]. Thus, most mineral deposits are located in the slopes
of the Andes.

Bioaccumulation of heavy metals through food chains is a very well-documented
process, where heavy metals such as Hg and Cd enter the environment [33]. Once exposed
to sun, humidity and other effects, they transform into bioavailable chemical species
that can be absorbed by living organisms. In each step of the food chain their absolute
concentration increases, until they reach a point where they can have toxic effects, either
to animals themselves or to human beings that consume contaminated products, such
as fish from rivers or crops grown on contaminated soil or irrigated with contaminated
water [33]. Toxicity effects of heavy metals depend on the chemical compound, element
concentration, exposure route and time. Acute or chronic effects can vary from dermal
lesions, neurological problems to different type of cancers [34–47]. Drinking water is one
of the major recognized sources for chronic effects of heavy metals [48,49].

A key piece of information for land use planning and risk analysis from these ex-
tractive industries is to know the contamination’s potential and its spatial distribution.
Understanding the risks associated with the natural composition of soil, rocks and under-
ground geological formations allows local authorities to better plan the distribution of
productive activities in their territories [50]. Moreover, it also helps to establish adequate
environmental guidelines and better practice requirements for local industries. This is
particularly relevant for ASGM communities, that usually are in need of technical train-
ing to improve safety and environmental standards and have a suite of associated social
problems that need to be addressed by the local authorities.

Thus, the objective of this study was to determine the most likely composition and
potential distribution of heavy metal contamination in various metallic deposits, mainly
from ASGM districts, throughout Ecuador and a major oilfield in the Ecuadorian Amazon
basin. More specifically, the interest was in: (1) analyzing the specific composition of the
deposits that contain precious metals in the major ASGM areas in Ecuador; (2) the spatial
distributions of the different deposits and reservoirs and their variation when analyzed
element by element; (3) determination of the presence and distribution of heavy metals
and metalloids with potential to harm living beings in some of the major mineral deposits
and reservoirs of oil fields in Ecuador; and (4) analyzing this information under the local
political and administrative contexts, which are key to determining how likely it is that
mismanagement of the local mines and petroleum exploitation projects will end up causing
environmental degradation.

Ecuador has several large deposits of precious metals and oil reservoirs [51]. Even
though there is interest from the government in developing the mining industry, there
is resistance from the local communities because of fear of contamination of their water
sources and agricultural lands [52]. This concern comes in part due to previous expe-
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rience with Ecuadorian oil production that started in the 1960s, which has a history of
environmental impacts [53]. This paper attempts to determine the potential distribution of
heavy metal contamination in different habitats due to these large-impact industries. This
information may be key for better environmental planning, better informed community
positions and even better community relationship programs. We decided to include oil
production in the analysis because this industry represents a major source of income for
the Ecuadorian government and is an interesting contrast between an obligated industri-
alized, regulated and legal activity, and ASGM which lacks regulations, control and law
enforcement. It is performed by individuals or small companies instead of major national
or international companies.

2. Materials and Methods

2.1. Study Areas

We analyzed 11 mineral deposits in Ecuador; some are new prospective medium-
to large-scale mining projects and others are long-term artisanal and small-scale mining
(ASGM) areas. The studied areas of medium- to large-scale mining projects were: Chi-
cal, Junin-Llurimagua, Agroindustrial el Corazón, Fruta del Norte, San Carlos Panantza,
Quimsacocha-Loma Larga, Río Blanco and Curipamba sur (Figure 1). On the ASGM ar-
eas, we analyzed the mineral reservoirs of Chinapintza, Bella Rica and Portovelo-Zaruma
(Figure 1). These reservoirs have a long history of exploitation and a known track record
of environmental problems [26–31]. In the case of the petroleum industry, we analyzed
samples from 4 different points located throughout the Auca oilfield (Figure 1).

Figure 1. Map of study area. Location of the studied metallic reservoirs and studied oil field.
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2.2. Data Collection

The collected data come from different sources including published research papers
as primary sources, technical reports from government repositories, such as environmental
impact assessments approved by the Ecuadorian Ministry of Environment, and online
databases. The intent was to find specific concentrations of the different elements in the
deposits, but in several cases, qualitative presence/absence information was found. Table 1
summarizes the sources where the information was obtained. An extensive and intensive
search of information was conducted and compiled in a database that included information
from a total of 19 elements (Table 2).

Table 1. Sources of information for the different metallic reservoirs and location coordinates (WGS84).

Reservoir Name Latitude Longitude Main Metal Current State Reference

Agroindustrial el Corazón 0.249 −78.811 gold, copper, silver ASGM [54–56]

Bella Rica 3.076 −74.741 gold, silver ASGM [57]

Chical 0.935 −78.190 gold, copper, silver ASGM [58]

Chinapintza −4.022 −78.572 gold ASGM [59]

Curipamba-sur −1.356 −79.202 gold Exploration for large scale mining [60]

Fruta del Norte −3.836 −78.471 gold, silver Early large scale mining [61]

Junin-Llurimagua 0.269 −78.623 copper, gold Exploration for large scale mining [62,63]

Portovelo-Zaruma −3.698 −79.612 gold, silver ASGM [64]

Quimsacocha-Loma larga −3.043 −79.220 gold Exploration for large scale mining [65]

San Carlos Panantza −3.189 −78.419 copper, gold Exploration for large scale mining [66,67]

Nambija 0.103 −78.789 gold ASGM [68,69]

Rio Blanco −2.806 −79.366 gold Early medium scale mining [70]

2.3. Spatial Distribution

To better represent the distribution of the different elements, the deposits and reser-
voirs were georeferenced for each mining area and points within the Auca oilfield, and
projected using ArcGIS ver 10.7 [71], using a WGS 84 coordinate system. Maps for each
element in the analysis were developed, classifying the concentration in relative ranges, and
also comparing the concentration with the World Health Organization recommendations
for water consumption. We chose each element to be studied by analyzing and classifying
the elements and their risk according to Williams et al. [72]. We decided to compare the in-
formation of concentration of the different elements in the deposit with the WHO drinking
water standards [73] only as a proxy for safety. We decided to perform this comparison
with the logic that if the rocks were once mined from the deposit and the precious metals
extracted, the leftovers or residues will be left in tailing dams or dumps. Therefore, these
elements in contact with water might mobilize and end up in the local hydric system.
The WHO standards were used as a general reference [73] for the safety of the elements
themselves and the safety threshold for concentration. However, processes like oxidation,
bioavailability of the element and bioaugmentation need to be further explored to assess in
detail the potential effects and risks of heavy metal contamination in different areas. In
the case of produced water, it was considered that there is a chance of spills and also if the
water is injected it might end up in superficial aquifers and the superficial hydric system,
due to cracks in the well’s cement seal or connectivity between underground formations.
Furthermore, the specific management of the different mining areas can be the main factor
to determine if there will be major environmental impacts or not.

Table 2 summarizes the known information regarding the effects of the studied ele-
ments and their potential for bioaccumulation. This information is fundamental to under-
standing the potential risks the local environment may face.
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Table 2. Potential health effects of the studied elements, maximum recommended concentration by the WHO [73] and
potential for bioaccumulation.

Component
Maximum Recommended

Concentration [mg/L]
(WHO, 2017)

Health Effects (WHO, 2017)
Bioaccumulation

Potential

Aluminum [Al] 0.1–0.2 Acceleration Alzheimer’s disease onset Medium [34]

Arsenic [As] 0.01

Dermal lesions (hyperpigmentation and
hypopigmentation), peripheral neuropathy, skin,
bladder and lung cancers and peripheral vascular

disease

High [35]

Cadmium [Cd] 0.003 Kidney cancer High [36,37]

Chromium [Cr(VI)] 0.05 Lung cancer, other types of cancer Medium [37,38]

Cobalt [Co] —– Lung diseases and respiratory effects
(Kim et al., 2006) Medium [37]

Copper [Cu] 2
Gastrointestinal bleeding, hematuria, intravascular
hemolysis, methaemoglobinaemia, hepatocellular

toxicity, acute renal failure and oliguria
High [39]

Fluoride [F-] 1.5 Skeletal fluorosis Medium [40]

Iron [Fe] 0.3 Turbidity, color and bad taste to water Low [41]

Lead 0.01
Neurodevelopmental effects, cardiovascular diseases,

impaired renal function, hypertension, impaired
fertility and adverse pregnancy outcomes

High [42]

Manganese [Mn] 0.1–0.5 Adverse neurological effects
(WHO, 2004) Medium [38]

Mercury [Hg] 0.006
Severe disruption of any tissue with which it comes
into contact in sufficient concentration, neurological

and renal disturbances
High [43]

Molybdenum 0.07 None Low [44]

Nickel [Ni] 0.02 Carcinogenic Medium [59]

Selenium [Se] 0.04 Gastrointestinal disturbances, discoloration of skin,
decayed teeth, hair and nail loss Medium [37]

Silver [Ag] 0.1 Argyria Medium [37]

Vanadium [V] —- Lung diseases and respiratory effects Medium [37]

Zinc 3 Pulmonary distress and gastroenteritis Medium [39]

Antimony [Sb] 0.02 Gastrointestinal mucosa irritated, abdominal cramps,
diarrhea and cardiac toxicity High [46]

Tin [Sn] —— Acute gastric irritation High [47]

3. Results and Discussion

3.1. General Description of Studied Metallic Reservoirs

Information from 11 metallic deposits in Ecuador was found. This will be analyzed
case by case for the main mineralogical and geochemical composition.

3.1.1. Agroindustrial El Corazón

This deposit is found surrounded by andesitic lava and tuff. The most abundant
precious metal is gold, which is located in siliceous hydrothermal breccia with quartz veins.
There are known anomalies of iron, mercury and copper in this deposit and it is rich in
sulphur. Moreover, silver is also prevalent in this deposit.

This deposit also has very high concentrations of arsenic, chrome, copper, lead, mer-
cury, molybdenum, nickel, silver, vanadium, zinc and antimony. Moreover, the most
common mineral species are: cassiterite {SnO2}, wolframite {CaSiO3-Ca3}, molybdenite
{MoS2}, sphalerite {ZnS}, chalcopyrite {CuFeS2}, magnetite {Fe2+Fe3+

2O4}, argentite {Ag2S},
enargite {Cu3AsS4}, galena {PbS}, pyrite {FeS2}, marcasite {FeS2} [54–56].
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3.1.2. Bella Rica

The rocks in the Bella Rica are surrounded mainly by volcanic rocks, andesite, basalt,
breccia and diabase. Free gold is common in the deposit, as well as multiphase veins of
gold associated with quartz and carbonates. The deposit is quite rich in sulphide and
arsenic.

The most common minerals found in the deposit are: pyrrhotite (Fe(1−x)S), arsenopy-
rite {FeAsS}, chalcopyrite {CuFeS2}, epidote {Ca2Fe3+Al2O(OH)}, wurtsite {ZnS}, galena
{PbS}, hematite {Fe2O3}, molybdenite {MoS2}, magnetite {Fe2+Fe3+

2O4}, cuprite {Cu2O},
chalcocite {Cu2S}, covellite {CuS}, malachite {Cu2CO3(OH)2} [57].

3.1.3. Chical

Volcanic rocks surround the deposit. The deposit has quartz veins in the shape of
roots embedded in the volcanic rocks. There are evident deposits of precious metals in the
quartz veins, with sulphide, zinc and copper evident as well.

The most common minerals found in this reservoir are chlorite, epidote {Ca2Fe3+Al2O(OH)},
calcite {CaCO3} and traces of pyrite {FeS2}. Specifically, in the quartz veins there is up to 2% of
pyrite, up to 1% chalcopyrite and less than 1% of galena and sphalerite [58].

3.1.4. Chinapintza

The mineralization occurs within an intrusive felsic volcanic complex from the late
Cretaceous period. The deposit is mostly formed by epithermal deposition on quartz
veins. It is very rich in sulphur associated with metals, mainly: pyrite, sphalerite, galena,
arsenopyrite, pyrrhotite, chalcopyrite, bornite, tetrahedrite and malachite [59].

3.1.5. Curipamba Sur

It is located within an important hydrothermal alteration zone. It includes massive
sulphur deposits. The precious metals are associated with sulphurs. The most common
mineral species are: tennantite {Cu12As4S13}, pyrite {FeS2}, tetrahedrite {(Cu,Fe)12Sb4S13},
galena {PbS}, chalcopyrite {CuFeS2}, sphalerite {ZnS}, covellite {CuS}, bornite {Cu5Fe S4},
azurite {Cu3(CO3)2(OH)2}, arsenopyrite {FeAsS} [60].

3.1.6. Fruta del Norte

The deposit is surrounded by andesites from the Misahualli formation and feldspar
porphyry intrusions. The mineralization is characterized by quartz-sulphide veins, par-
ticularly in the central and north of the deposit, where also gold and silver are more
abundant. The main minerals found are: orthoclase {KAlSi3O8}, rodocrosite {MnCO3},
barite {BaSO4}, marcasite {FeS2}, pyrite {FeS2}, sphalerite {ZnS}, galena {PbS}, chalcopyrite
{CuFeS2}, alabandite {MnS}, stibnite {SbS3}, arsenopyrite {FeAsS}, acanthite {Ag2S}, freiber-
gite {Ag6Cu4Fe2Sb4S13}, boulangerite {Pb5Sb4S11}, jamesonite {Pb4FeSb6S14}, valentinite
{Sb2O3}, senarmontite {Sb2O3} [61].

3.1.7. Junin-Llurimagua

The desposit is located with intrusive granodiorite bodies. The mineralization is
associated with bornite {Cu5FeS4}, chalcopyrite {CuFeS2} and molibdenite {MoS2} [62,63].

3.1.8. Portovelo-Zaruma

The surrounding rock is formed by andesites and tuff. There are three mineraliza-
tion phases, one mainly formed by quartz-pyrite-chlorite-hematite, one a quartz-pyrite-
chalcopyrite and one a polymetallic quartz rich in galena and sphalerite and galena-
chalcopyrite. The most common minerals are: bornite {Cu5FeS4}, hematite {Fe2O3}, ten-
nantite {Cu12As4S13}, tetrahedrite {(Cu,Fe)12Sb4S13}, magnetite {Fe2+Fe3+

2O4}, molibdenite
{MoS2}, argentite {Ag2S}, freibergite {Ag6Cu4Fe2Sb4S13}, nagyagite {(Pb(Pb,Sb)S2)((Au,Te))},
proustite {Ag3AsS3}, bournonite {PbCuSbS3}, pyrite {FeS2}, chalcopyrite {CuFeS2} [64].
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3.1.9. Quimsacocha-Loma Larga

The deposit is located in andesitic lava flows, with breccias and tuff. The miner-
alization is rich in sulphur. Thus, the most common minerals are: pyrite {FeS2}, en-
statite {MgSiO3}, lizardite {Mg3Si2O5(OH)4}, chalcopyrite {CuFeS2}, covelite {CuS}, luzonite
{Cu3AsS4}, tennantite {Cu12As4S13}, tetrahedrite {(Cu,Fe)12Sb4S13} [65].

3.1.10. San Carlos Panantza

The deposit is found surrounded by granite and leucogranite. The most common miner-
als are: chalcopyrite {CuFeS2}, molibdenite {MoS2}, magnetite {Fe2+Fe3+

2O4}, pyrite {FeS2},
anhidrite {CaSO4}, gypsum {CaSO4·2H2O}, chalcocite {Cu2S}, malachite {Cu2CO3(OH)2},
chrysocolla {(Cu,Al)4H4(OH)8Si4O10·nH2O)}, cuprite {Cu2O} [66,67].

3.1.11. Río Blanco

The surrounding rock is mainly andesite feldspar, tuff and breccia with volcanic
sandstone and dacitic tuff. The gold–silver mineralization is found in veins several hun-
dred meters long. The most common minerals are: electrum {Au,Ag}, pyrite {FeS2},
pyrrhotite {Fe1−x S}, pyrargyrite {Ag3SbS3}, tetrahedrite {(Cu,Fe)12Sb4S13}, arsenopyrite
{(Cu,Fe)12Sb4S13}, sphalerite {ZnS}, galena {PbS}, chalcopyrite {PbS} [70].

3.1.12. Nambija

The host rock is a complex sequence of tuff, lapilli tuff with skarn and pyroclastic
breccia. The main mineralization in the Nambija deposit is gold, with some porphyry
associations of Cu-Au and Cu-Mo. The gold is usually free with a 90% purity and 7–10%
silver. The most common minerals are: pyrite {FeS2}, chalcopyrite {CuFeS2}, pirrhotite
{Fe(1−x)S}, sphalerite {ZnS} and galena {PbS} [68,69].

3.2. Distribution of Anomalies of Element Concentration

Table 3 summarizes the concentration distribution of the studied elements. More-
over, the comparison of the element concentration with WHO standards are shown for
each element.

Several anomalies were found distributed throughout Ecuador. Any value signifi-
cantly higher than the other reported values is considered an anomaly. Some remarkable
findings are as follows.

In the case of aluminum, it was present in Fruta del Norte in southeastern Ecuador
and in the Auca oilfield in high levels. In these same places it exceeds the WHO recommen-
dations. On the other hand, arsenic was present throughout Ecuador. The concentrations
were particularly high in Quimsacocha and Agroindustrial Corazón. It exceeds the WHO
limit in Quimsacocha, Bella Rica, Fruta del Norte, Agroindustrial el Corazón and Junin-
Llurimagua. The fact that the values were very high in Quimsacocha is very worrisome
considering that the area is a source of drinking water for Cuenca, one of the largest cities
in Ecuador. This is even more concerning when analyzing the mercury concentrations
(Table 3). The highest concentration of natural mercury among the analyzed sites was
found at Quimsacocha. The Auca oilfield and all the northwestern sites showed presence of
natural mercury in levels above the WHO threshold, and other sites had mercury presence
as well. Mercury is known to bioaccumulate once it has been methylated. Therefore, these
findings suggest that there might be a significant presence of mercury in the local food
chains due to natural geochemical factors.

204



Int. J. Environ. Res. Public Health 2021, 18, 2794

Table 3. Summary of concentrations of the studied elements in the different deposits. Present-NC indicates that qualitative
information of presence was found, but no details of specific concentration. An * indicates the concentration exceeds the
WHO [73] safety limits.

Agroindustrial el Corazón Auca Bella Rica Chical Chinapintza
Curipamba-

Sur

Aluminum [ppm] Present-NC 0.86 * - 0.1 - -

Arsenic [ppm] 290 * 0.01 0.48 * - - Present-NC

Cadmium [ppm] Present-NC 0.13 * - 0.02 * - -

Chromium [ppm] 207 * 0.05 - 10 * - -

Cobalt [ppm] 17 * 0.55 * - 11 * - -

Cooper [ppm] 570 * 0.01 21 * 0.06 Present-NC 19,200 *

Fluoride [ppm] - 9 * - - - -

Iron [ppm] Present-NC 105 * - - - Present-NC

Lead [ppm] 12 * 0.006 - 17 * 16,800 * 3700 *

Manganese [ppm] 430 * 2.9 * - - - -

Mercury [ppm] 30 * 0.00003 - 0.1 * - -

Molybdenum [ppm] 5.44 * 0.06 - 0.1 * - -

Nickel [ppm] 25 * 0.64 * - 0.05 * - -

Selenium [ppm] - 0.01 - 0.005 - -

Silver [ppm] 1.5 * - - - Present-NC 58 *

Vanadium [ppm] 24 * 0.7 * - 8 * - -

Zinc [ppm] 18 * 0.85 - 0.2 30,200 * 35,200 *

Antimony [ppm] 21 * - - - - -

Tin [ppm] - - - - - -

Fruta del
Norte

Junin-
Llurimagua

Nambija
Portovelo-

Zaruma

Quimsacocha-
Loma
larga

Rio Blanco
San Carlos
Panantza

Aluminum [ppm] 9400 * - - - Present-NC - -

Arsenic [ppm] 300 * 1.1 * - - 2200 * Present-NC -

Cadmium [ppm] - 0.1 * - Present-NC Present-NC - -

Chromium [ppm] - 22 * - - Present-NC - -

Cobalt [ppm] 10 * 5.5 * - Present-NC Present-NC - -

Cooper [ppm] - 377 * Present-NC 40,000 * 5900 * Present-NC 6400 *

Fluoride [ppm] - - Present-NC - - - -

Iron [ppm] 10,300 * - Present-NC Present-NC 32 * - 16,800 *

Lead [ppm] Present-NC 3.2 * Present-NC 40,000 * Present-NC - -

Manganese [ppm] - - - - Present-NC - -

Mercury [ppm] 0.03 * 0.1 * - Present-NC 50 * Present-NC -

Molybdenum [ppm] - 2.4 * Present-NC - Present-NC Present-NC 80 *

Nickel [ppm] 10 * 9 * - Present-NC Present-NC - -

Selenium [ppm] - 1 * - Present-NC Present-NC - -

Silver [ppm] 12 * Present-NC Present-NC Present-NC 47 * Present-NC 1.3 *

Vanadium [ppm] - 94 * - - - - -

Zinc [ppm] 0.007 63 * Present-NC 100,000 * 182 * Present-NC -

Antimony [ppm] - - - Present-NC - Present-NC -

Tin [ppm] - Present-NC Present-NC - - - -
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Another element known to bioaccumulate is cadmium. This element was present in
high levels in the Auca oilfield and Junin-Llurimagua. Chical showed lower concentrations,
but still exceeded the WHO limits. The Auca oilfield is located in the Ecuadorian Amazon
basin, where there are numerous cocoa plantations. The contamination with cadmium, a
product of produced water spills, has already started affecting cocoa bean exports because
the product exceeded the maximum Cd levels allowed by the European Union [74]. To the
best of our knowledge, there is no information on the effects on human beings in that area,
but it is likely that they are consuming contaminated crops.

In the case of lead, it was found in very high concentrations in most sites. This is
probably related to the abundance of galena in the metallic deposits. This is another element
that can cause major metabolic disruption in the human body and is widely distributed in
Ecuador. Chromium is present and particularly prevalent in the northern sites (Table 3). It
exceeds the WHO limits in Chical, Agroinsutrial Corazón and Junin-Llurimagua. Cobalt
exceeds the safety limits in two points in Auca and Chical, Agroindustrial Corazón, Junin-
Llurimagua and Fruta del Norte (Table 3). Ecuador’s metallic deposits tend to be very rich
in copper. Therefore, in most sites the concentration is very high. The results are similar for
nickel and silver (Table 3), found in most of the sites in high concentrations.

We found references of the presence of manganese only for Agroindustrial el Corazón
and Auca (Table 3). However, there are reports of manganese in groundwater wells near
the Bella Rica deposit [75]. In the case of fluoride, we only found information for the Auca
oilfield, where it was above the WHO threshold.

Other elements such as selenium, molybdenum, vanadium and zinc were found in
different sites in Ecuador with locally high values (Table 3). We found no information
regarding the presence of francium, radium or actinium.

3.3. A Call to Action

Our analysis shows the widespread and prevalent presence of heavy metals through-
out Ecuador. This indicates the potential for the local environment to suffer from heavy
metal contamination and environmental degradation. However, this is only a risk which
has not materialized in most of the studied deposits.

An important point to make is that the development of this project was hindered
by the lack of published information about the geochemistry of most of the different
mineral deposits and oil fields. It was particularly difficult to find published information
for specific mineral deposits traditionally or currently exploited by artisanal and small-
scale gold mining (ASGM), such as Chinapintza, Portovelo-Zaruma or Bella Ric, probably,
because these types of mining operations do not have a formal geological exploration. A
special case is the mining deposit of Nambija, located in the Ecuadorian Amazon basin and
considered one of the richest gold deposits in Ecuador. Even though this deposit has been
exploited for more than 50 years by artisanal gold miners, there was no information on its
geochemistry available or published. It is very likely that there is significant geochemical
information on these and other deposits, but that information is not widely available.
Thus, studies such as this are hindered and our ability to give information for better land
use planning and even improve community relations that would benefit the different
mining and petroleum companies, is limited. To us, this is a call to strengthen the field of
geochemistry in Ecuador and motivate the publication of the information by companies
and governmental agencies.

Most of the studied areas are known deposits but there are no active mining activities
to exploit them. Ecuador is interested in developing its deposits in a regulated and industri-
alized way. Thus, the largest deposits, such as Fruta del Norte, Mirador or Quimsacocha are
either in the initial producing steps or in licensing phases to large national or international
companies [76]. Thus, we still have time to avoid the environmental problems that are
common in small and artisanal gold mining areas, that have been operating for more than
50 years.
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Artisanal areas such as Zaruma-Portovelo, Ponce-Enríquez, Chinapintza and Nambija
have a well-documented and sad record of environmental and social problems [26–31].
These very rich gold deposits have been exploited in a completely unregulated manner
with no government intervention to stop or at least regulate these activities, likely due
to corruption networks with interests in these activities protecting and extorting the min-
ers [77,78].

An extreme case of illegal mining in Ecuador happened in another reservoir (not
included in our analysis due to lack of information) called Buenos Aires, located near
Junín-Llurimagua. In the last two years the Buenos Aires deposit became known to
artisanal miners from other parts of Ecuador and in the course of one year, more than
8000 people colonized this mountainous area to extract gold illegally. Finally, in early 2020,
the government evicted the illegal miners, but the environmental damage, mainly due to
deforestation, was already there. Nobody knows how much gold was extracted, but it is
common knowledge that the material rich in gold was transported to southern Ecuador,
500 km away, to Ponce-Enríquez and Portovelo where benefit plants operate. Thus, it is
very likely that a corruption network developed to protect those shipments from police
controls [79,80].

In the case of oil, the exploration and production is performed by national or interna-
tional companies under a strict legal framework. In the past, the regulatory framework
was very lax and there are still environmental passives (mainly old oil spills) across north
eastern Ecuador. Even though nowadays the oil industry in Ecuador is improving its
environmental track record, there are still oil spills and produced water spills [81]. As
part of the current legal framework, the companies have the obligation to report any oil
or produced water spills. In reality, it is likely this is not happening, due to the limited
on-the-ground control and corruption.

A positive recent piece of news is that Ecuador joined in October 2020 the Extractive
Industries Transparency Initiative (EITI) [82]. This is one of a few steps the government is
taking to strengthen its institutions and prevent corruption. Valuable commodities such
as gold, silver, or oil can provide the resources to underpin the economy of a developing
country, such as Ecuador, but this is not possible if most of the resources are lost due to
corruption [83].

Thus, the responsibility lies in the central Ecuadorian government, responsible for
licensing, and in the local governments and Environmental Ministry offices, responsible for
monitoring and assessing the fulfillment of the legal framework and environmental action
plans. There is an urgent need to stop corruption and to strengthen the local institutions so
they have the resources and, most importantly, the will to protect the local environment.
Therefore, our work, besides showing the spatial distribution of these potential risks, it is a
call to action to all the local stakeholders interested in exploiting these valuable resources
and in protecting the local environment. It is also a call to the Ecuadorian academia, to reach
out to local stakeholders, miners, farmers and environment ministry officers to collaborate
on finding technical solutions to exploit these resources in a safer and sustainable manner.

To the best of our knowledge, this work is the first attempt to understand the bigger
risk the natural composition of metallic deposits represents in Ecuador. Furthermore, we
consider our work not as a call to stop mining, but on the contrary, this is a strong call to
plan every mining and petroleum production project considering these risks. Moreover, we
want to motivate the empowerment of the local municipalities to control their territories
and protect their environment. It is also a call to the local municipalities to develop, update
and enforce land use plans in their jurisdictions. Ecuador is a biologically rich and diverse
country, and is also incredibly diverse and rich in its geological resources. We need to
consider both sources of richness for future planning and development.

4. Conclusions

The major ASGM districts in Ecuador, Bella Rica, Portovelo-Zaruma, Nambija and
Chinapintza, have an extensive presence of heavy metals in their deposits. Thus, the lack of
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formal environmental planning, control and law enforcement as well as technical mining
training are major hazards for the local environment and population.

There is a need to further study the ecosystems surrounding the mineral deposits to
confirm the presence of heavy metal contamination and understand if the specific local
conditions are in fact allowing contaminant movement.

Ecuador is embarking on the large-scale development and exploitation of its metallic
deposits. Thus, we still have time to prevent further environmental damage if the govern-
ment officers and institutions fulfill their duty to oversee the operation of legal, small and
large mining operations, stop illegal mining and monitor the operation of oil companies.
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Abstract: Historically, cocoa (Theobroma cacao) has been one of Ecuador’s most important export
crops. In the Ponce Enriquez district, artisanal and small gold mining (ASGM), and quarrying
account for 42% of economic activities, while agriculture and livestock farming account for 30%,
making the analysis of their synergy and interaction key to understanding the long term viability
of the different activities. In this study, we evaluated the concentration of potentially toxic metals
in different parts of the cocoa plant and fruit, in relation to mining activities within the area. Gold
extraction generates pollution, including potentially toxic metals such as mercury (Hg), cadmium
(Cd), arsenic (As), copper (Cu), lead (Pb) and zinc (Zn). In order to understand the mobility of
these metals within the cocoa plant and fruit, the analysis was conducted separately for leaves, pod,
husk and cocoa bean. Concentrations of the target metals in the different plant parts and soil were
measured using ICP-MS, and the mobility and risk factors were calculated using the transfer factor
(TF) and the risk ratio (HQ). The results suggest that Zn, Cd and Cu are indeed moving from the soil
to cocoa leaves and beans. Furthermore, the results show that the concentrations of toxic metals in the
different parts of the cocoa fruit and plant, particularly in the cocoa bean, which is used for chocolate
manufacture, are not higher than those regulated by FAO food standards, as is the case of Cd, which
is limited to 0.2 mg Cd/kg and in the samples analyzed does not exceed this limit. Even though the
concentration of these metals does not exceed the safety standard, the presence of these potentially
hazardous metals, and the fact they are absorbed by this important local crop, are worrying for the
long-term sustainability of cocoa cultivation in the area. Therefore, it is fundamental to monitor the
local environment, understanding the distribution of heavy metal pollution, and work with the local
authorities in landscape management to minimize the exposure of crops to ASGM pollution.

Keywords: cocoa; contaminant mobility; contamination; health risk; toxic metals

1. Introduction

Cocoa (Theobroma cacao), an ancestral crop widespread around the American tropical
countries, presents a historical and cultural richness. Initial references date from the first
years after the arrival of the Spaniards, hence its importance for farmers and for trade [1].

Ecuador is a cocoa producing country with more than 240 years in the international
market. Cocoa beans export significantly and have contributed to the country’s econ-
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omy, especially in its first and second “Cocoa Boom” [2]. It is currently the fourth cocoa
producing country in the world, with 300,000 tons per year [3].

The environmental impact of gold extraction generated by artisanal and small gold
mining (ASGM) is a global concern. Thus, several countries are trying to mitigate the
environmental and health problems that arise, particularly if mercury amalgamation is used
for gold purification [4]. In Ecuador, gold mining has existed since pre-Columbian times [5]
and is currently carried out in a small scale, which varies between artisanal mining related
to illegal practices to small scale formal mining [6]. The migration process of artisanal
miners to the Ponce Enrique mining district was a boom in the 1980s, which triggered a
concern for its potential detrimental effects and motivated a search for responsible and
environmentally sustainable activities [5].

Since mining is seen as an activity that generates significant economic income for a
community, preventing its impact on water and soil quality, biodiversity, and the basis of
human life, should be a priority [7]. The main resource affected is water, because mining
modifies the composition and quality of local rivers, causing an increase of dissolved solids,
metalloids and cations concentrations rendering it unsafe for human use, especially since
these same water sources are used for irrigation and human consumption [8,9].

This study focuses on one of the main crops within the study area, cocoa. In order
to evaluate the sustainability of cocoa cultivation in the area, we started with the identi-
fication of environmental and anthropic factors that affect production, such as land use,
the availability of irrigation water, and other economic activities that are carried out in
the area [10]. One of those activities is artisanal and small-scale metallic mining, which
generates significant environmental impacts [9,11]. Moreover, there is evidence that gold
mining in the Ponce Enriquez county has led to the contamination of the surface water
systems in the area [9,12], generating problems in the quality of the water. Use of this water
becomes potentially dangerous for human and environmental health, generating concerns
for the sustainability of cocoa and other crops production.

The permanent demand for food, water and ecosystem services induces impacts on
the structure, distribution and functioning of resources, generating constant pressure due to
human activities, causing a deterioration of the ecosystem, and jeopardizing the availability
of food [13]. Therefore, considering a major local crop and the potential presence of
contaminants is an interesting approach for understanding its long term sustainability, and
to start understanding the sustainability of the local economic fabric.

There are international standards, such as CODEX STAN 193-1995, that regulate the
content of metals in cocoa, such as lead and cadmium. Moreover, the European Union
standard regulation N◦ 488/2014 came into force on 1 January 2019, which includes limits
for metal concentrations in chocolate, one of cocoa’s main products. [14]. Therefore, metal
concentration analysis became important for cocoa exports. Furthermore, there is evidence
that other metals such as mercury or magnesium, which are known to cause detrimental
health effects, can be absorbed by the cocoa plant and end up in its products, consequently
with potential health risks [15].

In general, for an analysis of major and trace elements of natural or anthropogenic
origin, those classified as toxic, which are related to potential health risks, such as Hg
related to Minamata syndrome, and As related to skin keratosis, etc., will be used [16].

In studies in Indonesia, the concentration of Hg in soil in the mining area is classified
as critical (Hg > 0.3 ppm), as well as in plant tissue (Hg > 0.03 ppm). Strategic regulation is
therefore recommended to protect people from mercury exposure, to maintain agricultural
activity and to minimize environmental damage and threats from mining production [17].

This study aims to assess the sustainability of cocoa (Theobroma cacao) cultivation in the
mining district of Ponce Enriquez. Understanding the sustainability of cocoa cultivation
is essential when analyzing economic activities in Ponce Enriquez because two activities,
mining and agricultural production (cocoa and banana), are the basis of the local economy
and contribute to the development of the community.
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2. Materials and Methods

2.1. Study Area

The present research was carried out in the Azuay province, in the mining district of
Camilo Ponce Enriquez. The simple random model was used for sampling distribution.
Eighteen productive cocoa farms were identified and sampled (Figure 1). The identified
main water basin that would influence cocoa crops in the sampled areas is the Gala River.
The Chico River and Siete River, which are the main tributaries to the main basin, are
directly affected by ASGM activities.

Figure 1. Macro location of sampling points. Mines near the sampling site. Sampling sites.

The study area has a tropical climate. The average annual temperature is 27◦ and the
average annual rainfall is 364 mm, the average humidity is 80% and the UV Index is 6.
There are two main seasons, rainy (October to April) and dry (May to September) [12].

2.2. Field Sampling

The cocoa farms are scattered throughout the Camilo Ponce Enriquez mining district.
Sampling was conducted in the months of March and July 2019. Each sampling site was
identified and georeferenced in situ. Samples were taken from 18 farms identified in a
random sampling, as indicated in Figure 2. Soil samples were taken near the sampled plant
at 20 cm and 50 cm depth with a drill. These samples were stored in resealable bags and
kept refrigerated (4 ◦C). The fruit samples were further separated into three subsamples:
almonds (defined as the cocoa bean without the husk), shell and husk. These samples were
frozen at −80 ◦C, together with leaves from each sampled plant.
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Figure 2. Parts of cocoa plant sampled.

2.3. Laboratpry Analysis

All the samples were freeze-dried (LEYBOLD freeze drier, model ELEKTROVER
GT2) in a process lasting 72 h. The dried samples were crushed in an agate mortar,
which was previously and thoroughly cleansed to avoid cross contamination. The crushed
and homogenized material was used for subsequent acid digestion in a microwave oven
(MILESTONE ETHOS UP) using 500 mg of sample with 9 mL of nitric acid (65% w/w,
Fisher Chemical, Waltham, MA, USA), and 1 mL of hydrogen peroxide. The samples were
gauges to 50 mL with type I water and stored in Falcon tubes at 4 ◦C.

Soil samples were dried at room temperature (19 ◦C on average) for 4 weeks. The
dried samples were pulverized and then acid digested in a microwave oven (MILESTONE
ETHOS UP). Acid digestion was performed by mixing 150 mg of homogenized soil sample
with 6 mL of HNO3 (65% w/w, Fisher Chemical) and 2 mL of hydrochloric acid HCl (37%
w/w, Merck, Rahway, NJ, USA). The extract obtained was gauged to 50 mL with type I
water. The extract was transferred to a falcon tube and stored under refrigerated storage
at 4 ◦C.

In the case of mercury analysis, it was performed by means of cold vapor atomic
fluorescence spectroscopy. Major and trace metals analysis were performed in an Agilent
7500 ce ICP-MS (Agilent Technologies, Inc., Santa Clara, CA, USA). Interferences were
minimized by collision or reaction with gas in a collision cell. Indium (10 ng/L equivalent
concentration) was used as internal standard.

Quality control was carried out using the EPA Contract Laboratory Program Statement
of Work for Superfund Analytical Methods (Multi-Media, Multi-Concentration), SFAM01.0
Exhibit D Inorganic Methods, Inductively Coupled Plasma—Mass Spectrometry Metals
Analysis, released in May 2019.

The samples used for QA/QC (quality assurance/quality control) included an initial
calibration blank (ICB), initial calibration verification (ICV), CRQL check standard (CRI),
continuing calibration verification (CCV), continuing calibration blank (CCB) and interfer-
ence check sample (ICS). For each 10 samples, a duplicate, spike, spike duplicated, serial
dilution, CCV and CCB were run.
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2.4. Data Analysis

All statistical tests were conducted using IBM SPSS Statistics 25.0 Core System, EEUU.
The SPSS (Statistical Package for the Social Sciences) software was used for statistical
analysis on the concentrations for each sample (soil at 20 cm, soil at 50 cm, leaves, husks,
shells and cocoa beans). In order to evaluate if there is a significant difference between the
soil samples, an analysis of the means was performed. Metal mobility through the plant
and fruit was determined by linear correlation through the different plant parts along a
metabolic gradient, going from the leaves to the most internal parts of the fruit.

For the mobility analysis, the transfer factor (TF) was used. Equation (1) describes TF
as the ratio between metal concentration in the cocoa beans or leaves and the concentration
obtained in the soil sample. If TF is greater than 1, it means that the metal has the capacity
to move from the soil to the aerial part of the plant being analyzed [18]:

TF =
Cplant

(
mg
kg

)
Csoil

(
mg
kg

) (1)

where
Cplant = Metal concentration in different parts of the plant.
Csoil = Concentration of metal in the soil.
In order to estimate the risk to human health the chronic daily intake index (CDI) was

calculated using Equation (2) [17]:

CDI = C
(μg

L

)
∗

DI
(

L
day

)
BW (kg)

(2)

where
C = Concentration of the metal of interest,
DI = Average daily intake
BW = Average body weight
To calculate the chronic daily intake (CDI), the average body weight reported by [19]

are used (70 kg for adults and 15 kg for children). Similarly, the average daily intake used
is 2 L/day for adults and 1 L/day for children. The units of measurement are expressed in
L considering that the density of the liquid resulting from acid digestion is 1 kg/L.

The risk ratio HQ (Equation (3)) is calculated, where RfD represents the reference dose
of toxicity of an element. When calculating the HQ value, if this value is less than 1, the
population is healthy and safe, regarding metals such as Cd, Pb, Cr and Fe [17]. This ratio
is relevant as it helps us to identify metals that potentially become health hazards:

HQ =
CDI

(
μg

kg∗day

)
RfD(mg/(kg ∗ day))

(3)

where
CDI = Chronic daily intake
RfD = Toxicity reference dose of an element

3. Results

3.1. Metal Content

Our analysis focused on Hg, Cd, As, Cu, Pb and Zn. These elements were chosen
considering they have been determined as contaminants generated from mining activity
and classified as potentially toxic [16]. Figure 3 plots these metals in a range of 0 to
1.2 ppm concentration.
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Figure 3. Metal content in soil and different parts of the cocoa plant.

Metals such as Hg and Cd present greater content in cocoa beans than in the husk,
leaves and shell, generating concerns for their presence in processed products such as
chocolate (Figure 3).

In the case of Cu, concentration values are maintained throughout the crop system
(Figure 3). Although its concentration is not higher than the safety standards, it should be
monitored regularly because at high concentrations in cocoa beans it can cause different
alterations in plants and human health, such as a decrease in growth rate, hypochromic
anemia and diarrhea, among others [20].

Zn is a micronutrient needed for plant growth that directly affects the quality of
cocoa beans [21]. Its distribution in the plant components is not uniform, with higher
concentrations in leaves and lower concentrations in surface soils (Figure 3).

The concentration of these metals (Zn, Cu, Hg, As, Pb and Cd) in the leaves of the crop
highlights the importance of management practices. Regular pruning is practiced during
agricultural work, and this plant material is deposited around the plant itself. Thus, the
absorbed metals may be incorporated back into the soil and the plant itself.

3.2. Mobility Analysis

To analyze the mobility of metals within the plant, the transfer factor (TF) is calculated.
The transfer factor varies from 0 to approximately 3.5 between cocoa beans and the soil
(Figure 4). Metals presenting mobility capacity are mainly Cd, Zn and Cu. Hg showed high
mobility in only one sample.

It is important to analyze mobility between the soil and the cocoa beans because the
soil is consumed and becomes the medium for the metals to enter the organism, and during
the production cycle the cocoa beans remain on the plant for a short time, which indicates
how quickly the metals are mobilized in the plant.

Regarding the transfer factor calculated from the concentration of the leaves and the
soil, Figure 5 shows that mainly Zn, Cd and Cu could move from the soil to the leaves. These
values of the transfer of metals to the leaves are used as an alternative for a bioremediation
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proposal. Considering that metals accumulate in leaves, this plant material can be pruned
and removed to prevent the transferred metals from returning to the soil, as Pb and Hg
seem to be mobilized in few of the samples from the soil to the leaves.
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Figure 4. Transfer factor for cocoa beans-soil. The red line represents the limit above which metals
are observed to be able to be transferred in the plant.
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Figure 5. Transfer factor for leaves-soil. The red line represents the limit above which metals are
observed to be able to be transferred in the plant.

The maximum permitted concentration limits of metals for plant material, according
to the FAO, establish standards for Cd (0.2 mg/kg) and Zn (99.4 mg/kg) [22].

With regards to Cd (Figure 6), the concentration in the culture system is below the per-
mitted level (0.2 mg Cd/kg) [22] for the samples analyzed. Although the concentrations are
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below the permitted level, they should be monitored to prevent anthropogenic conditions
from altering these levels and making the concentration toxic to humans. The observed
higher Cd concentration in cocoa beans than in the soil, as well as in the case of the leaves,
allow us to conclude that Cd is being bioaccumulated during its productive cycle in these
parts of the plant.
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Figure 6. Cd content in soil and different parts of cocoa plant, the concentration is observed for
18 samples. The limit is 0.2 mg/kg, and no sample exceeds this level.

The concentration of Zn in the crop system (Figure 7) is below the permitted level for
this metal (99.4 mg Zn/kg) [22]. It is observed that for some cases the concentration in the
cocoa beans is higher than in the soil, as in the case of the leaves, concluding that it is being
bioaccumulated during its productive cycle in these parts of the plant.
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Figure 7. Zn content in soil and different parts of cocoa plant, the concentration is observed for
18 samples. The limit is 99.4 mg/kg, and no sample exceeds this level.

However, previous studies show that Zn is an element that moves little in the plant but
has many important functions. The structure and functionality of many enzymes depends

220



Int. J. Environ. Res. Public Health 2022, 19, 14369

on the presence of Zn in plants, so the concentration present in the plant does not affect
it [23].

3.3. Risk Analysis

Table 1 presents the data obtained from the risk analysis of the calculated metals of
interest. Based on the risk ratio for the non-cancer risk, HQ (hazard quotient), the oral
toxicity reference dose, RfD, according to the USEPA were considered [17] for the different
metals. Results show HQ values less than one in all cases, which indicate that the exposed
population can be considered safe from a non-carcinogenic risk, when ingesting the metal
concentration found in the cocoa beans. For the calculation of chronic daily intake (CDI);
the average body weight reported by [19] for adults is 70 kg and for children 15 kg is used.
For the case of average daily intake was used for adults 2 L/day and for children 1 L/day.

Table 1. Hazard quotients and total hazard index for heavy metals.

Cd Pb

C (μg/L) 1.31 × 10−5 3.56 × 10−6

IDU Adults 1.07 × 10−5 2.91 × 10−6

CDI Children 5.84 × 10−5 1.58 × 10−5

RfD (mg/(kg-day)) 5 × 10−4 3.5 × 10−3

HQ Adults 2.14 × 10−2 8 × 10−4

HQ kids 11.67 × 10−2 4.5 × 10−3

4. Discussion

The metal concentrations analyzed were not higher than those established in food
safety standards. However, frequent monitoring should be carried out to ensure that those
concentrations do not increase and become a health problem. Specifically, the concentration
of toxic metals in cocoa beans, although they do not exceed the permitted toxic levels,
should be monitored, mainly because during the transformation process to chocolate, they
might increase. This is similar to what happens in the case of Pb in rice, where levels
increased during processing [24]. Additionally, the concentration in all waste material
generated in cocoa processing should be monitored, specifically in cocoa husks, because
they are used as raw material for packaging, animal feed and in some cases as an alternative
source of fiber for food [25]. So, they may become a potential hazard for consumers if the
toxic metal concentrations exceed the permitted levels after transformation.

Considering that Cd is regulated for chocolate, the main processed product of cocoa,
it is necessary to generate alternatives to reduce the absorption of this metal by the plant. A
common agricultural task is pruning; this activity consists of removing plant material and
placing it as soil cover near the plant, helping the crop due to the flow of mineral nutrients
produced in the biogeochemical cycles present in natural or agroforestry systems and
reducing evaporation [26]. As a natural phytoremediation mechanism, it is recommended
to remove the leaves when pruning and not to leave them on the soil, to avoid Cd and other
metals being released back to the substrate where the plants are growing. This removed
plant material should be treated, considering its concentration of heavy metal concentration.
An alternative within our study area is to deposit the material in the tailing ponds managed
by ASGM projects, where it could go through composting processes as a pretreatment, then
be incinerated, which will significantly reduce the contaminated biomass [27]. However, a
balance must be obtained between removing toxic metals present in the leaf litter and taking
advantage of the nutrients. Furthermore, phytoremediation processes must be continually
evaluated because they may suffer interference in their efficacy due to the appearance of
new contaminants from emerging technologies containing trace metals [28].

The presence of toxic metals in soil, water and air has different origins, the natural
ones need to be monitored to assess their influence on the environment; but those of an-
thropogenic origin such as those generated in industries, mining activities, agriculture, etc.,
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generate an urgent need to reduce the amount, before it is too late. Therefore, sustainability
measures should focus on reducing the use of fertilizers and pesticides [29].

The analysis of the composition and concentration of toxic metals of natural origin
depends on the type of rock, as well as the environmental conditions that cause weathering
processes. Metals from the geological environment present in the plant matter can be Cd,
Pb, Co, Mn, Cr, Zn, Cu, Ni, Hg and Sn [30]. Therefore, it is suggested to evaluate the origin
of Cd, Pb and other metals, that are observed to be mobilized in the plant. Metal content
in water in highly mineralized areas, such as the Camilo Ponce Enriquez mining district,
are expected to be naturally high, because of natural geochemistry and the weathering
process [31]. Therefore, the high metal content in the soil and corps may also be affected by
water irrigation.

The major concern regarding the presence of heavy metal pollution in the different
environmental compartments in the area is worrisome, from a public health perspective,
due to a potential bioaccumulation and long-term toxicity. Orchard plants, such as spinach,
tomatoes and peppers are prone to incorporate toxic metals into their tissues, becoming a
risk for local farmers [31].

Even though toxic metals and metalloids are silently present in all environmental
compartments, their detrimental effects can be felt through generations and even be ex-
ported as part of a crop like cocoa beans. Monitoring and controlling the environmental
problems, in areas such as Camilo Ponce Enriquez, could make it possible to speak of a
coexistence between agriculture and mining [32]. High impact activities such as mining
are keystones of our modern way of life. Therefore, understanding its effects on complex
land use matrixes, such as our study area, opens the possibility to test the management
and technological alternatives to achieve long term sustainability, which would support
the local economy and the community well-being.

5. Conclusions

The analysis of toxic metals is important because of their bioaccumulation. Bioaccu-
mulation implies an increase in the concentration of an organism over time, relative to the
concentration in the environment.

The concentration of the metals analyzed were not higher than those mentioned in
food standards, however, frequent monitoring should be carried out to prevent the metal
presence becoming a health problem.

Of the metals analyzed, Cd was found to be mobile within the plant. As part of the
agricultural work, it is recommended to remove the leaves when pruning and not leave
them on the ground, as a natural phytoremediation mechanism.

Caring for the environment is important for the future of mankind, but it is crucial
that remediation measures are continually being evaluated to ensure they work effectively
and help to care for natural resources.

The occurrence of toxic metals in soil, water and air has different origins; the natural
ones need to be evaluated on the influence on the environment and those of anthropogenic
origin create an urgent need to reduce them before it is too late to achieve crop sustainability.

From the mobility and risk factor values, it is observed that Zn, Cd and Cu move
from the soil to leaves and cocoa beans. In addition, the results show that there are
concentrations of toxic metals in different parts of the cocoa fruit and plant, particularly
in the cocoa bean. This generates concern for the cocoa processing industry, because their
products (chocolate) could have concentrations higher than those regulated by FAO food
standards, due to bioaccumulation.

Soil concentrations and external conditions (water source, suspended solids in the air)
should be monitored to try to determine the origin of increased concentrations of these
metals in cocoa beans, compared to the soil.
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Abstract: Artisanal small-scale gold mining (ASGM) in the Amazon results in the dumping of tons
of mercury into the environment annually. Despite consensus on the impacts of mercury on human
health, there are still unknowns regarding: (i) the extent to which mercury from ASGM can be
dispersed in the environment until it becomes toxic to humans; and (ii) the economic value of
losses caused by contamination becomes evident. The main objective of this study is to propose
a methodology to evaluate the impacts of ASGM on human health in different contexts in the
Brazilian Amazon. We connect several points in the literature based on hypotheses regarding
mercury dispersion in water, its transformation into methylmercury, and absorption by fish and
humans. This methodology can be used as a tool to estimate the extent of environmental damage
caused by artisanal gold mining, the severity of damage to the health of individuals contaminated
by mercury and, consequently, can contribute to the application of fines to environmental violators.
The consequences of contamination are evaluated by dose-response functions relating to mercury
concentrations in hair and the development of the following health outcomes: (i) mild mental
retardation, (ii) acute myocardial infarction, and (iii) hypertension. From disability-adjusted life years
and statistical life value, we found that the economic losses range from 100,000 to 400,000 USD per
kilogram of gold extracted. A case study of the Yanomami indigenous land shows that the impacts
of mercury from illegal gold mining in 2020 totaled 69 million USD, which could be used by local
authorities to compensate the Yanomami people.

Keywords: mercury; methylmercury; artisanal small-scale gold mining; Amazon; human health;
economic valuation

1. Introduction

The Minamata disaster in Japan, in which thousands of people were seriously im-
pacted by mercury dumped by various industries, culminated in the Minamata Convention
in 2013. As a result, mercury’s use has been restricted [1] and it is now considered by the
World Health Organization (WHO) as one of the six most dangerous substances to health
due to its high toxicity and the risks it poses to human health and the environment [2].

Mercury is a heavy metal widely distributed across the planet and is therefore clas-
sified as a global pollutant [3,4]. This metal can be found in nature in three main chem-
ical forms: ionic mercurial forms (e.g., Hg[II]), in its elemental form (e.g., Hg0), and in
organomercurial forms (e.g., methylmercury) [5]. Although all mercurial forms have the
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potential to cause toxic health effects on people, methylmercury is the most dangerous [6].
This organomercurial species affects the central nervous system, causing neurobehavioral
effects, motor coordination disorders, and cardiovascular diseases [7–9]. Since it chronically
affects the population, its effects can arise over many years and cause severe damage to an
entire generation. This mercurial form is especially harmful to pregnant women due to
the fact that the fetal brain is more sensitive to the action of methylmercury, causing many
neurodevelopment problems to occur including mental retardation, learning delays, visual
and auditory alterations, and other harmful effects [10–12].

Despite its damage to human health, mercury is still widely used in legal and illegal
gold mining in Brazil, an activity that has been growing every year due to the high gold
price and lack of inspections [13]. The situation becomes even more serious since this
increase is largely concentrated in indigenous areas, mainly affecting the Yanomami and
Munduruku traditional territories [14,15]. Gold mining uses mercury during the amalga-
mation process, which unites mercury with gold. Although much of the mercury is reused
in the process, some is lost and is dispersed in rivers, soils, and the atmosphere [16–20]. The
Brazilian Ministry of the Environment estimated that, in 2016, between 18.5 and 221 tons
of mercury were lost during gold mining in Brazil (in the form of both emissions to the
atmosphere and release in rivers and soils) [21].

While the repression of illegal activities can imply the imposition of fines related to
damages, there are still important methodological bottlenecks to establish responsibilities,
and no standardized approach to evaluate damages. Methodological bottlenecks depend
on several factors. Firstly, it is necessary to differentiate between natural mercury (i.e.,
particles mineralized present in soil and sediment) and additional mercury from human
activities (i.e., mercury that is intentionally released in the environment) [22–27]. Secondly,
there are other potential sources of mercury, such as deforestation from agriculture and
cattle ranching [28–34]. Although some studies argue that these activities can have a
greater aggregate impact on mercury release into the environment than small-scale gold
mining [35–43], global statistics indicate that 30% of mercury in the environment results
from anthropogenic activities, of which small-scale gold mining accounts for 37% of all
releases and is a major source of contamination [44]. The third factor is related to the
difficulty in attributing responsibility to specific mines. Although there is evidence of
increased mercury concentration in the Amazonian population, this increase is generated
by the combined effect of several illegal gold mines. Moreover, besides the mines existing
today, there are mines that ceased to exist decades ago, leaving a cumulative impact [45,46].
Therefore, the accountability of specific gold mines has become a great challenge given the
complexity of the mercury cycle.

The mercurial form used in the gold ore extraction process is metallic mercury, also
known as elemental mercury (Hg0). The fraction of metallic mercury that is not recovered
during the extraction process contaminates the atmosphere and rivers in the Amazon
region. Once released into aquatic systems, a part of metallic mercury is oxidized and
can be methylated by the action of microorganisms or abiotic factors. This process gives
rise to the most dangerous mercury species, methylmercury (MeHg). Methylmercury is
biomagnified along the aquatic food chain, contaminating fish and other organisms used
for food such as turtles, crabs, shrimp and alligators. Furthermore, much of the toxicity
of methylmercury is due to its high neurotoxic potential and its ability to overcome the
blood-brain and placentary barriers.

A vast body of literature has analyzed the increase in contamination levels in the
Amazon population [47–58]. Vasconcellos et al. [49] found an average methylmercury hair
level of 7.0 μg/g in the Munduruku indigenous community in Tapajós and Vega et al. [58]
observed that the Yanomami indigenous community, also in Brazil, had hair methylmer-
cury levels higher than 6.0 μg/g, which is far above the maximum recommended level
of 1.0 μg/g by the United States Environmental Protection Agency (U.S.EPA) [59] and
2.3 μg/g recommended by The Food and Agriculture Organization of the United Nations
(FAO/WHO) [60]. Despite evidence of the contamination of the population, to the best
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of our knowledge, no study in the world has attributed the relative share of responsibil-
ity of artisanal and small-scale gold mining (ASGM) extraction to the health impacts of
the population.

On the other hand, the available literature has extensively documented the impact
of mercury on health outcomes. For example, the cohort studies conducted in the Faroe
Islands and New Zealand indicate that even in low doses, the consumption of mercury-
contaminated fish during pregnancy can cause important cognitive alterations in chil-
dren [61,62]. In this sense, mercury’s potential neurotoxic effects in children and adults
of the Amazon have been analyzed in some studies [63–68]. The most common effects
in children are cognitive problems, neurodevelopmental impairment, and psychomotor
disorders. Depending on the mercury exposure level in the prenatal period, the child may
be born with mild mental retardation. Axelrad et al. [69] showed that for each additional
1.0 μg/g of methylmercury in maternal hair a reduction of 0.18 IQ points is expected
in the child. According to Vasconcellos et al. [10], the methylmercury hair concentra-
tions detected in women of reproductive age in the Amazon region are high enough to
cause the emergence of cases of mild mental retardation. In adults, decreased visual field,
neurobehavioral, and motor coordination disorders are most frequently reported [68].
Meanwhile, literature on the impact of mercury on increases in cardiovascular disease is
still not unanimous [70,71], but there is evidence of this relationship in non-Amazonian
countries [8,9,47,48]. Salonen et al. [8] showed an increased risk of myocardial infarction
of 69% in men over 40 years when hair mercury levels were above or equal to 2.0 μg/g,
compared to men with levels below to 2.0 μg/g.

Several studies have addressed the relationship between extracted gold kilograms and
effects on human health [72–76]. For evaluating public policies associated with mercury
impacts on human health, we used a combination of non-monetary indicator–disability
adjusted life years (DALY) [77–79] and monetary indicator–value of statistical life (VSL) [80],
based on willingness to pay for risk reduction [81,82]. Many studies use this relationship
between VSL and DALY. Neumann et al. [83] review studies that depart from the analysis
in DALY to assess the impact through a monetary indicator. Fan et al. [84] estimate
COVID-19’s impact from DALY and Statistical Value of Life. Grandjean and Bellanger [85]
calculate disease burden associated with environmental chemical exposures, including
methylmercury worth US$15 billion for Europe and the United States.

Many authors have studied methylmercury ingestion by humans via contaminated
fish consumption, analyzed the impact of this contaminant on human health, and es-
tablished relationships between average mercury intake and negative effects on human
health [8,10,47,48]. However, these studies do not distinguish the potential origin of mer-
cury (i.e., whether it is natural or additional mercury). For this reason, we sought to
develop a methodology that would allow us to analyze mercury dispersal by gold mines,
making it possible to link the human health impact per gold mine from the input unit, such
as impacted hectares or gram of gold extracted.

The main literature gaps addressed here are: (i) the potential area of mercury dispersal
in the water, as well as the estimation of the maximum affected population, given the
average level of contamination and fish consumption; (ii) the definition of dose-response
functions for different health outcomes and population groups; and (iii) the valuation of
health impacts of mercury in monetary terms. Therefore, we seek to link a chain of events,
concepts, and value estimates from the literature through a series of hypotheses, which
allow us to relate the use of mercury in small-scale gold mines to health outcomes and their
negative economic values.

Considering all of the gaps mentioned, the main objective of this study was to develop
a precise methodology to estimate the health damage caused exclusively by the mercury
used in ASGM (that is, avoiding counting the natural mercury present in Amazonian
soils). For estimation calculations, the amount of gold that is extracted in a given location
and the amount of mercury used and discarded during the process were considered. The
study provides value estimates that can support social impact assessment, define fines for
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illegal gold miners, and provide parameters for the evaluation of public policies related
to inspection and prevention of this activity. The methodology construction contributes
to the incorporation of impacts on human health by decision makers and expands the
discussion on the effects of illegal mining activities in a strategic area such as the Amazon
for economic development. This study is the first to estimate the average impacts that a
gold mine can generate on human health due to the use of mercury and its ingestion from
fish consumption.

2. Materials and Methods

This section, based on an extensive literature review, establishes the hypotheses to
make the connections between average mercury use, its dispersion in the environment,
potential absorption by humans, and its effects on human health. The study area is the
Brazilian Amazon, which concentrates 93% of all small-scale mining in Brazil [86]. Gold
mining is more concentrated in the states of Pará and Mato Grosso, in addition to significant
impacts in the state of Roraima, and more specifically in Yanomami Indigenous Land.

We establish links between several factors, using average values from the literature, in
a chain which can be divided into two major goals: how mercury used in gold mining is
dispersed in water until it reaches humans, and the quantification of the impact on human
health from mercury ingestion.

To complete the logical line presented in Figure 1 below, an extensive bibliographic
review was carried out on various topics such as biophysics, biochemistry, epidemiology,
and public health.

Figure 1. Logical line for relating the existence of gold mining to human health outcomes.

The study begins with the presentation of the relationship between the use of mercury
from gold mines and the effects of increasing methylmercury concentration in the hair of
the affected population. Then, the study assesses which adverse effects on human health
are considered when there is an increase in the level of methylmercury in the hair.

2.1. Dispersion of Mercury Used by Gold Mining and the Extent of Exposure and the Health Risk
the Affected Population

We aim to relate the use of mercury by gold mining with the increased mercury
concentration in the hair of the affected population. We divided into two main specific
objectives. The first is to explain how the mercury used in gold mining is dispersed in
water until it reaches humans. The second is to describe how mercury from gold mining
and human mercury intake affects the population.
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2.1.1. Variables That Define How the Mercury Used in Gold Mining Is Dispersed in the
Water until It Reaches Humans

The following variables have the objective of explaining which variables are important
in defining how the mercury used in gold mining is dispersed in the water until it reaches
humans. For this, the next three described variables are the proportion of mercury used
for each kilogram of mined gold, the proportion of mercury released in water and soil
and emitted into the atmosphere, and the proportion of mercury that transforms into
methylmercury (methylation). The last section presents a summary of these variables.

Proportion of Mercury Used for Each Kilogram of Mined Gold

Mercury is used in the amalgamation process, which, when combined with gold,
forms a metallic alloy called amalgam. The literature shows that the proportion of mercury
used in the extraction process can vary in both Brazil and worldwide due to different
factors (such as different yields for gold extraction). This proportion can vary considerably
from 1.3–8.0 g of mercury for each g of gold extracted [17,72,74,87–89]. An average ratio
(Hg:Au) of 2.6:1 demonstrated by Castilho and Domingos [17] is assumed here, since it
was obtained as an average from different gold mines in Brazil.

Proportion of Mercury Released in Water and Soil and Emitted into the Atmosphere

The mercury used in gold mining is dispersed in both soils and rivers, as well as in
the atmosphere. This study analyzes only the release of mercury in aquatic environments,
since the objective is to understand the effects of methylmercury on human health from
ingesting contaminated fish. Therefore, we sought to review the literature that indicates the
proportion of mercury released in soil and water. This proportion can vary from 12–35%,
with the lowest proportion (12%) being a conservative scenario [17–20,88]. It is important
to mention that such studies already consider environmental controls such as filtering in
the amalgamation process (which recovers 50% of the mercury).

Proportion of Mercury That Transforms into Methylmercury (Methylation)

When mercury is dumped into an aquatic environment, part of it is transformed
into an organic mercury compound called methylmercury, which is about 30 times more
toxic than inorganic mercury [90] and is ingested via the consumption of contaminated
fish. Once ingested by humans, methylmercury is rapidly absorbed by the gastrointestinal
tract and widely distributed throughout the body, including reaching the central nervous
system, which can cause IQ loss in children and cardiovascular diseases [8–10,47,48,72–76].

Given the knowledge of the amount of mercury released into water, another pro-
cess widely discussed in the literature is the proportion of mercury that transforms into
methylmercury (MeHg).

The literature shows that the methylation process occurs in different contexts in the
Amazon, with conditions such as low pH and high levels of dissolved organic carbon
favoring mercury oxidation and methylation [90]. Several studies have shown that the
methylation rate can vary between 3% and 22% [91–97]. Conservatively, the choice for the
lowest methylation rate indicates that 3% of mercury released into the water will change to
methylmercury over time.

Variable’s Interaction to Explain How Mercury Used in Gold Mining Is Dispersed in the
Water until it Reaches Humans

The formula below demonstrates the results found from Section 2.1.1:

X = A ∗ B ∗ C ∗ D (1)

where:
X = mercury used by mining, is released into aquatic environments and undergoes

methylation
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A = gold amount extracted by mining (kilos)
B = proportion of mercury used for extraction of each kilogram of gold (%)
C = proportion of mercury released in the water (%)
D = methylation rate (%)

2.1.2. Variables That Describe How Mercury from Gold Mining and Human Mercury
Intake Define the Affected Population

After estimating the amount of mercury that is dispersed in the environment and
potentially consumed by humans, we estimated how this amount will be consumed: (i) by
individuals who eat contaminated fish daily; and (ii) by the number of individuals that
may absorb this amount of mercury across their lives. Therefore, we need to understand
how many people may be exposed (up to an average contamination level) by a consuming
a given additional amount of mercury throughout their lifetime.

The average long-term contamination level of one individual is estimated based on
the daily contaminated fish consumption, which gives us the total amount of mercury
that will lead one individual to the negative health outcomes considered. Based on this
individual total consumption, we can estimate how many individuals could be impacted
at the same contamination level within a given impact area.

Methylmercury Absorption by Fish

Methylmercury is a chemical substance that is absorbed by the trophic chain in aquatic
environments [98]. Through biomagnification, substances or elements in living organisms
travels through the food webs and accumulates at the highest trophic level, differing
between predatory and non-predatory species [99–101].

As an organic form of Hg, MeHg has extremely neurotoxic effects and is readily
accumulated in biota due to its lipophilic and protein-binding properties [102,103]. A
series of studies have shown the average levels of contamination of aquatic species in
the Brazilian Amazon [49,52–58,104–109]. For example, contamination can reach 0.13 to
2.85 μg Hg/g for certain fish species [104] and Dórea et al. [55] detected mean mercury
levels of 0.578 g Hg/g piscivorous fish and 0.052 g Hg/g non-piscivorous fish in the upper
Tapajós basin.

To use recommended values at a global level, this study chose the Codex Alimen-
tarius [110], jointly developed by the Food and Agriculture Organization of the United
Nations (FAO) and the World Health Organization (WHO). According to Codex [110],
the maximum permitted mercury levels are 1.0 μg/g and 0.5 μg/g for predatory and
non-predatory fish trade, respectively.

Average Daily Intake of Fish and Methylmercury for Different Profiles in Brazil

The Amazon region is historically known for eating fish, whether in riverside and
indigenous populations or large urban centers. Riverside dwellers, for example, eat more
fish, with an average consumption of 189 to 243 g of fish per day [18,49,50,109,111–113].
Meanwhile, the indigenous population have an average daily fish consumption of 100 g per
day [49] from fishing. Finally, the urban population, such as in Belém city (Pará state), have
a more diversified diet with other proteins and, therefore, consume an average of 57 g per
day [114].

To calculate the average daily mercury intake per person, we described the average
weight of an individual in each population profile as 70 kg for urban people [115], 65 kg for
riverside dwellers [49], and 53 kg for indigenous people [50].

Chronic ingestion of mercury-contaminated fish by the Amazon population increases
health risks.

The formula below represents how average daily intake is calculated:

I = P∗
[

Cm ∗ Cont)
W

]
(2)
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where:
I = average mercury daily intake (μg/kg bw (Bw = body weight)/day)
P = proportion of urban, indigenous, and riverside populations in the municipality

affected by gold mining. Therefore, a balance between these factors is necessary.
Cm = average fish consumption per day (g/day) for population type
Cont = average contamination in fish (μg/g fish) (depends on fish absorption of

methylmercury presented in Section 2.1.2)
W = individual weight (kg) for type of population
The average daily intake is related to contextual factors of the location that is being

affected by gold mining, such as the proportion of indigenous, riverside, and urban
populations.

Variable Time for Methylmercury Ingestion by Fish and Humans

Several studies have demonstrated the instability and complexity of methylation and
demethylation [91–97]. Bisinoti and Jardim [116] demonstrated that all mercury-containing
river and lake sediments are dangerous since confined mercury can remain active as a
substrate for methylation for approximately 100 years. Thus, the conservative hypothesis is
that mercury is bioavailable in the environment for 50 years and can cause harm to human
health for this duration.

Based on this hypothesis, it is possible to quantify the mercury consumption for an
average individual over 50 years using the following formula:

Z = Y ∗ T (3)

where:
Z = average mercury intake per person over 50 years (g/50 years per person)
T = time (50 years = 18,250 days)
Y = average mercury daily intake per person (g/day per person) (conversion based

on average individual weight (kg) and average mercury daily intake (μg/kg bw/day)
Therefore, it is assumed that the daily mercury intake by each social group in the

region (riverside, indigenous, and urban population) will chronically occur over 50 years.
In other words, individuals with an average daily intake of 0.76 g/kg/day will have a total
intake of 0.9 g over 50 years, resulting in an average increase in mercury contamination
of 5.0 μg/g μg/g (hair). Such information is essential to understand how methylmercury
released by gold mining will be distributed among fish consumers in the region.

Knowledge regarding mercury release by gold mining and subsequent impacts on
fish and daily mercury intake by humans, when associated with the time variable, requires
a hypotheses on the proportion of methylmercury that will be absorbed during this period.
We hypothesize that all bioavailable methylmercury from gold mining will be consumed
by humans, that is, will be consumed between 0.22% and 4.5% of the total mercury used by
ASGM. This hypothesis does not imply that all methylmercury will be instantly absorbed
by humans, but rather chronically absorbed over 50 years by humans at the top of the
trophic chain. This type of hypothesis is needed due to the literature gap on tracing mercury
molecules from ASGM until human absorption.

Changes in the Methylmercury Hair Concentration Level

Methylercury will accumulate in the hairs of people who consume of fish contami-
nated by mercury. This clear relationship between contaminated fish consumption and
methylmercury accumulation in hair was demonstrated by the Poulin and Gibbs [11].
According to the World Health Organization [117], an average daily intake of 0.1 μg/kg of
methylmercury leads to a concentration of 1.0 μg/g of methylmercury in hair. Thus, it is
possible to estimate how gold mining influences methylmercury concentration in hair.

F =
I

0.1
(4)
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where:
F = hair methylmercury concentration (in ug/g)
I = average mercury daily intake (μg/kg bw/day)

Population Impacted by Increased Methylmercury Concentration in Hair

Knowledge about the amount of mercury released by gold mining, methylated in the
aquatic environment (Section 2.1.1), and distributed over time (50 years) with the average
intake per person (grams of mercury in 50 years) (Section 2.1.2), contributes to defining
the population affected by mercury used in gold mining as the formula can be presented
as follows:

Pop =
X
Z

(5)

where:
Pop = population affected by mercury contamination from gold mining
Z = average mercury intake per person
X = estimated amount of methylmercury from mining that reaches the top of the

trophic chain.
Socioeconomic characterization of the affected population is considered, where groups

with higher fish consumption are expected to have higher contamination values. The
average daily intake of mercury through fish consumption is differentiated by the riverside
population, which has a higher fish consumption, and urban population, having a lower
fish consumption and a lower chance of being exposed.

Additionally, we considered the population density as a limiting factor of the total
number of people that may be exposed within a given radius. Mercury distribution in river
and tributaries is influenced by the distance from gold mines [118]. Therefore, we stipulate
a limit for mercury impact that depends on the population size in the neighboring mining
area. The amount of mercury close to the source of contamination is high and decreases
as the analysis distance increases, indicating low concentrations far from the analysis
point [119,120]. Studies have also shown that, when assessing the amount of mercury in
cities close to gold mining areas, the mercury concentration in the hair of the population
living near the mines was greater than in people living far from the gold mines [121,122].
However, river confluence events, where one river flows into another (whose mercury
concentration is higher), may indicate a pattern of increasing mercury concentration after a
certain distance [123,124].

Several studies present the average distance that metallic mercury can travel in rivers,
ranging from 4 to 100 km [36,124–130], as a function of river characteristics (flood events,
rain, and increased water flow). In the Amazonian context, studies such as Roulet et al. [36]
have shown that the significant impact radius is approximately 50 km downstream. How-
ever, it should be noted that organic mercury (methylmercury) can travel longer distances
as it is absorbed by fish, which can migrate up to 2000 km, such as Brachyplatystoma (Pi-
ratinga) [131–136]). Therefore, we conservatively assumed that mercury will be dispersed
to a radius of 100 km (that is, we did not consider the long distances traveled by some
species of fish since there is heterogeneity of migration depending on the species and it
would be complex to standardize for the Amazon region).

The effects of this release are limited to the number of people within a 100 km radius.
A highly contaminated region with a low population density means that few humans
will be affected, although it continues to have a significant impact on the region’s fauna.
Likewise, urban areas close to the center of contamination have a high population density,
potentially causing damage to human health of more individuals.
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Variable’s Interaction to Explain How Mercury Used in Gold Mining Is Dispersed in the
Water until It Reaches Humans

The formula below demonstrates these results found from Section 2.1.2:

F =

[
(Cm ∗ Cont)

W

]
∗ P

0.1
(6)

where:
F = hair methylmercury concentration (in ug/g)
I = average mercury daily intake (μg/kg bw/day)
P = proportion of urban, indigenous, and riverside populations in the municipality

affected by gold mining. Therefore, a balance between these factors is necessary.
Cm = average fish consumption per day (g/day) for population type
Cont = average contamination in fish (μg/g fish) (depends on fish absorption of

methylmercury presented in Section 2.1.2)
W = individual weight (kg) for type of population

2.1.3. Mercury Dispersion Summary Formula

All of the logical links described above can be summarized as follows. It is possible
to relate mercury use by gold mining and its respective loss in the environment until it
reaches the human body and affects the population:

Pop =
X (A, B, C, D)

Z (Cm, Cont, P, W, I, T)
(7)

where:
Pop = population affected by mercury contamination from gold mining
X = mercury used by mining, is released into aquatic environments and undergoes

methylation (depends on the proportion of mercury used for extraction of each kg of gold,
and the proportion of mercury released in the water; the methylation rate

Z = average mercury intake per person in 50 years (g/50 years per person) (depends
on the absorption of methylated mercury (100%).

A = gold amount extracted by mining (kilos)
B = proportion of mercury used for extraction of each kilogram of gold (%)
C = proportion of mercury released in the water (%)
D = methylation rate (%)
I = average mercury daily intake (μg/kg bw/day)
P = proportion of urban, indigenous, and riverside populations in the municipality

affected by gold mining. Therefore, a balance between these factors is necessary.
Cm = average fish consumption per day (g/day) for population type
Cont = average contamination in fish (μg/g fish) (depends on fish absorption of

methylmercury presented in Section 2.1.2)
W = individual weight (kg) for type of population
T = time variable (MeHg in the environment) = 50 years (multiplied by mercury intake

per person).

2.2. Quantifying Impacts on Human Health from Mercury Ingestion

The health economics literature quantifies the impact on health using the disability
adjusted life years (DALY) index to compare the impact of different health problems.
The DALY index weighs health measures of mortality and morbidity in one equivalent
measurement unit: time (years), considering the severity, magnitude, and duration of
the problem [137]. Different knowledge areas are considered to quantify the gold mining
mercury impact in terms of increases in the probability of developing: (i) mild mental
retardation in children, (ii) myocardial infarction, and (iii) hypertension.
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To calculate the DALY, it is necessary to know the following variables: discount rate,
age, weight, disability weight, disease duration, and incidence rate which can be seen in
the next sections.

2.2.1. Mild Mental Retardation Impact Caused by IQ Loss in Children

The next section relates mercury release in gold mining to IQ loss in children and mild
mental retardation due to maternal ingestion of contaminated fish, a health outcome that
leads to loss of productivity and income from the birth of the infected child to death [11].
Axelrad et al. [69] demonstrated a linear relationship between loss of points on the IQ scale
and increases in mercury concentration in maternal hair, in which 1.0 μg/g of mercury
(MeHg) in the mother’s hair corresponds to a loss of 0.18 IQ points in the child. Considering
that IQ values in the general population have a normal distribution (Gaussian curve) and
95% of individuals have IQ values between 70 and 130, the IQ loss caused by mercury
exposure during the prenatal period may cause mild mental retardation in individuals
who would be born with IQ values close to 70.

Given the total affected population, as described in Section 2.1.3, we use the number
of live births of 19 live births per thousand inhabitants in the North of Brazil. That is, out
of a population of 1000 affected people within a radius of 100 km, around 19 babies will be
born alive. It is possible to estimate the number of live births impacted by mercury release
in the mine.

To calculate the DALY related to IQ loss in children, we highlighted the variables
based on a literature review on the subject. One of these parameters is a discount rate
which can be defined with the objective of assigning less importance relative to years lost
in the future than to years of life lost in the present, given that a human being, in general,
has short-term rather than long-term preferences [138,139].

We chose to use the 3% discount rate as it is applied in health economics studies [140],
in environmental projects [59], in the calculation of the social cost of carbon [141] and in
for social projects in Latin American countries [142]. Another variable is the age weight
that is the age weight that corresponds to society’s preferences, since less value is given
to healthy years of life lost during childhood and old age, due to the low productivity
common to these stages of life. The weight of age varies in a range from zero (without
weight) to one (100% of weight), being relevant as a weighting factor so that greater
weights are not attributed to cases of death in young individuals. The third parameter
is the incidence rate (number of cases per thousand people) which is calculated by the
Mercury Spreadsheet [11] from the knowledge of the mean concentration of mercury in the
hair and the standard deviation associated with the knowledge of the number of affected
people). The fourth variable for calculating the DALY is the disability weight which is
the result of some studies that create scenarios for individuals to declare their preferences
and, therefore, the different outcomes are compared by patients or specialists, creating a
ranking [143]. The disability weight can range from 0 to 1, where 0 is a healthy situation
and 1 corresponds to death. In the specific case of mild mental retardation in children
due to mercury ingestion, according to the WHO [143], the weight was 0.361. The fifth
parameter is the year onset of disability and duration that are fundamental in weighing the
impacts, since years lived with disability or premature death are counted. In the specific
case of IQ loss, the outcome starts in the first year of the child’s life and remains throughout
life. As in the North region of Brazil, there is a life expectancy of 72 years, thus meaning a
disease duration of 72 years.

The monetary measurement of DALY has been widely discussed in several stud-
ies, such as Kenkel [82] and Hammit and Robinson [144], who proposed that 1 DALY
corresponds to the annualized value of statistical life. This means that the monetary
measurement of DALY can reach values above 200,000 USD per DALY [145]. We use the
recommendation of the World Health Organization [146], which suggests that one year of
healthy life lost (DALY unit) corresponds to 3 GDP per capita, that is, 20,600 USD in Brazil
in 2020 [147]. Thus, the mild mental retardation in children due to the extraction of 10 kg of
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gold corresponds to 10,000 USD in Brazil if all of the average values described throughout
the paper are observed.

2.2.2. Cardiovascular Diseases

The association between contaminated fish consumption and cardiovascular diseases
considers that mercury in fish muscle, when absorbed by the human gastrointestinal tract,
interferes with lipid peroxidation and can cause atherosclerosis. This condition can lead
to increased blood pressure [47] and acute myocardial infarction [9]. On the other hand,
some studies have not found a relationship between mercury and cardiovascular disease,
although they suggest the need for studies on such a relationship [148–152].

This section presents the parameters used to describe the relationship between mercury
concentration in hair due to the use of mercury in gold mining and two cardiovascular
diseases: acute myocardial infarction and arterial hypertension.

Acute Myocardial Infarction Attributable to Mercury Exposure

For acute myocardial infarction, Salonen et al. [8] found that an individual with a hair
mercury concentration of ≥2.0 μg/g has a 69% higher risk of acute myocardial infarction
than individuals with a concentration of less than 2.0 μg/g. This relative risk presented
by Salonen et al. [8] was adjusted for confounding factors, such as alcohol consumption,
smoking, and lifestyle factors, and refers to the probability of incidence of acute myocardial
infarction, fatal or non-fatal, in Finnish men over 40 years.

1. Calculating Acute Myocardial Infarction Burden Disease Attributable to Mercury
Ingestion from Gold Mining

The disease burden methodology in the gold mining context in the Amazon was
adapted from a study by Salonen et al. [8]. We first calculated the attributable fraction
based on the relative risk estimated by the study of Salonen et al. [8] in Finland. Studies such
as Rockhill et al. [153], Fewtrell et al. [149], and Porta [154] presented formulas to estimate
the attributable fraction from the relative risk, calculated at 1.69, in Salonen et al. [8] for an
exposure to mercury above 2 μg/g. Based on this, we estimated that the risk of myocardial
infarction occurrence [9] is 0.4, that is, 40% of myocardial infarction cases can be attributed
exclusively to mercury exposure ≥2.0 μg/g. This paper assumes as a hypothesis, based
on evidence from field measurements [10,49,50], that, due to the high mercury intake,
the entire affected population will be at risk of an average mercury concentration above
2.0 μg/g.

To estimate the “Number of Infarction Cases Attributable to Mercury Exposure
(≥2.0 μg/g Hg)” it is necessary to multiply the total number of infarcts in the sample
and the attributable fraction.

Ip =
Afi
Ti

(8)

where:
Ip = people infarcted due to mercury levels > 2.0 μg/g
Afi = attributable fraction (infarction
Ti = total number of infraction cases
The same gender and age cut out made by Salonen et al. [8] was used: men over

40 years, which represents 12% of the population of the Brazilian Amazon [155]. There-
fore, if data from Datasus [156] are observed, in 2015–2020, approximately 0.16% of this
population would be at risk of hospitalization due to infarction in the North region.

As the present study uses the study by Salonen et al. [8] as a basis, we opted for
the conservative premise that the year onset of disability is equal to the youngest age
of the sample in Salonen et al. [8] (that is, 40 years old). It should be noted that data
from Datasus [156] are probably underestimated since the Brazilian health system cannot
compute information from isolated areas in the northern region of Brazil.
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To adapt to the Amazon context the regional life expectancy was set as 67 years for
men. As we consider that the average age of the infarction is 40 years, this means that
individuals will live with a disability from 40 years of age to 67 years of age (that is, they
will have lived with such disability for 27 years).

Figure 2 demonstrates the logical chain built above:

Figure 2. Outcome of myocardial infarction associated with mercury ingestion.

Values for the probability of risk accumulated over the years are based on Zaletel-
Kragelj and Bozikov [157], who estimated the cumulative risk of mercury-associated
myocardial infarction at 1.61%.

The estimation of the number of infarction cases associated with mercury over
the years for the male population over 40 years old and the accumulated infarction risk
associated with mercury over time is multiplied.

Hm = Cri ∗ Mp (9)

where:
Cri = cumulative risk of mercury-associated myocardial infarction = 1.61%
Hm = male population over 40 in the region who will be hospitalized in 27 years for

mercury ingestion
Mp = male population over 40 years in region

2. Variables for Calculating the DALY and Monetary Impact of Mercury-Associated
Acute Myocardial Infarction from Gold Mines

The DALY for mercury-associated acute myocardial infarction was based on the
following parameters: 3% discount rate, 100% weight for age, disability weight for acute
myocardial infarction of 0.439 [143], disability onset at age 40, disability duration of 27 years
(assuming life expectancy of 67 years), and an incidence rate of 1.9 cases of infarction for
every 1000 people.

The resulting value is given in years lived with disability for the extraction of gold per
kg. For example, 10 kg of gold can generate, on average, the impact of 8.5 years lived with
disability or 174,000 USD at 20,600 USD for each DALY [147].
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Arterial Hypertension Disease Attributable to Mercury Exposure

High blood pressure has long been recognized as a major risk factor for cardiovascular
diseases. A recent analysis suggests that the burden of high blood pressure has increased
over the past three decades [158,159]. In addition to traditional risk factors for hypertension,
such as high salt intake and overweight/obesity, environmental exposure to heavy metals
can also play an important role [160–162]. Although the mechanisms by which mercury
induces hypertension are not fully understood, plausible explanations include oxidative
stress and inflammation, which promote endothelial and renal dysfunction and binding
of selenium-related enzymes. Hu et al. [47] included a systematic review, building a
meta-analysis both with general studies and with the occupational population exposed.

1. Methodology for Calculating the Hypertension Burden Disease Attributable to Mer-
cury Ingestion from Gold Mining

The hypertension disease burden methodology in the context of gold mining in
the Amazon fundamentally involves adaptation to the study by Hu et al. [47], with the
definition of all applied premises being relevant. The first adaptation to the study by Hu
et al. [47] consists of the estimate of the attributable fraction from the odds ratio (OR) of 1.35,
given by the meta-analysis for mercury exposure. Since the OR is analogous to the relative
risk, it is assumed that they are similar, as shown in studies such as Bonita et al. [163].

Although Hu et al. [47] presented studies for the Amazon context, such as Fillion
et al. [9], with an OR of 3.8, indicating a high concentration of mercury in the Brazilian
Amazon population), we adopted, conservatively, the OR of the meta-analysis, that is, 1.35,
since this is a comprehensive study review on the relationship between hypertension and
mercury intake. Therefore, it is possible to quantify the attributable fraction using the
following equation:

FAP =
(OR − 1)

OR
(10)

Based on this understanding, we estimated the risk of arterial hypertension occur-
rence [47] to be 0.26, that is, 26% of cases of arterial hypertension would be due exclusively
to mercury exposure ≥ 2.0 μg/g.

To estimate the “Number of Hypertension Cases Attributable to Mercury Exposure
(≥2.0 μg/g Hg)” we multiplied the total number of hypertension cases in the sample by
the attributable fraction.

Hp = Afh ∗ Th (11)

where:
Hp = number of hypertension cases attributable to mercury exposure (≥2.0 μg/g Hg)
Afh = attributable fraction (hypertension)
Th = total number of hypertension cases
Unlike the myocardial infarction outcome, the literature does not indicate a greater or

lesser hypertension risk depending on gender (male or female); that is, the population over
20 years should only be evaluated as that is the year in which hypertension begins to be
observed [47]. Figure 3 summarizes the logical lines built above.

To attribute the fraction of this outcome to fish intake, it is necessary to use the
attributable fraction calculated as 26% of the risk associated with mercury. Using the
methodology of Zaletel-Kragelj and Bozikov [157], the cumulative hypertension risk asso-
ciated with mercury was estimated to be 1.21%.

Based on the knowledge of the temporality of the outcome, it is feasible to estimate
the number of cases of hypertension associated with mercury over the years. For this, the
population over 20 years in the region that will be hospitalized over 52 years of exposure
and the accumulated risk of hypertension associated with mercury over time is multiplied.

Hp = Crh ∗ Pp (12)
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where:
Crh = cumulative risk of mercury-associated hypertension
Hp = population over 20 years in the region who will be hospitalized in 52 years for

mercury ingestion
Pp = population over 20 years in region

2. Variables for Calculating DALY and Monetary Impact of High Blood Pressure Associ-
ated with Mercury from Gold Mining

To calculate the DALY related to arterial hypertension, we considered the following
parameters: discount rate of 3%; 100% weight for age; disability weight of 0.246 [143]; year
onset of disability at the age of 20 years, with a duration of 52 years to meet the 72 years of
life expectancy in the northern region of Brazil.

Figure 3. Hypertension scenario in Northern Brazil.

3. Results

3.1. Results Presented from Methodology

The methodology presented above consists of the first estimate of the relationship
between the use of mercury by gold mining and the negative effects on human health.
Defining the amount of mercury used per kilogram of gold mined (Section 2.1.1), the
proportion of mercury loss to the environment (Section 2.1.1), and the methylation rate
(Section 2.1.1) means that, on average, between 0.22% and 4.5% of the total mercury used by
gold mining turns into methylmercury, entering the trophic chain and therefore affecting
human health. Such an amount may seem small, but the effects on human health are
varied and extremely harmful. The result is the first estimation that quantifies the release of
mercury into the water, which contributes to combat arguments such as that deforestation,
is the main cause of the release of natural mercury into the environment.

Given the knowledge of the amount of mercury released by gold mining, the present
study demonstrated that the population context is essential to define the impacts on
human health. Therefore, it is assumed that the daily mercury intake depends on social
group affected in the region (e.g., riverside, indigenous, and urban population) As an
example of a population with indigenous and riverine population, an average daily intake
of 1.2 μg/kg bw/day corresponds to an average concentration in hair of 12 μg/g, which
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corroborates other studies. Bastos et al. [18], identified an average mercury concentration
of 9.81 μg/g in 45 riverine communities. Vasconcellos et al. [49] detected mercury levels
above 6.0 μg/g in hair samples in Munduruku indigenous communities in the Pará state.
However, in urban populations, a daily mercury intake of 0.4 μg/kg bw/day corresponds
to an average concentration of mercury in hair of 4.0 μg/g; greater than the 1.0 μg/g
recommended level by the North American Environmental Protection Agency [59] and 2.3
μg/g by the United Nations Food and Agriculture Organization [60].

Likewise, the study demonstrated that the context of the affected population is not
restricted to these population characteristics, it is also important to consider population
density and the distance of the population to the gold mining. This is explained due to the
fact that areas with low population density and far from gold mining will have a limited
effect on the health of the population, while regions with high population density and close
to a radius of less than 100 km has a higher probability of consumption the methylmercury
released by the ASGM.

The Table 1 below seeks to summarize the ranges between the variables used in
the model:

Table 1. Summary of variables, unit of measurement, range values, and source used in this article.

Variables Unit of Measurement Range Source

Distance of mercury
dispersion in rivers kilometers

4–100 km (Dispersal of mercury can
be carried out by fish that travel long

distances up to 5000 km [131–136].
Conservatively, the dispersion of

mercury by fish is not considered).

[30,124–130]

Proportion of mercury used
for each kilo of gold extracted Mercury: Gold 1.6:1–5:1 [17,72,74,87]

Proportion of mercury
released into water Percentage 7%–21% [17–20]

Methylation rate in water Percentage 2%–22% [91–97]
Average mercury

contamination of fish
Microgram of mercury per

gram of fish 0.13–3 (μg Hg/g of fish) [49,52–58,104–110]

By defining the characteristics that influence the level of contamination and the
number of people affected, the study made use of existing studies that addressed the
relationship between exposure to mercury and impacts on human health [9,10,47]. In the
outcome of mild mental retardation in children, there is already wide acceptance about the
relationship between level of contamination and lost IQ points [69]. Therefore, the study
applied the methodology already developed by Poulin and Gibb [11] that uses the DALY
indicator to quantify the loss of well-being.

Meanwhile, for cardiovascular outcomes (arterial hypertension [47] and myocardial
infarction [9]), adaptations were necessary since there is no direct relationship between the
level of contamination and the impact on human health. Therefore, deepening the theme
of epidemiology was necessary, being one of the contributions of the article.

As a result, in a population of 100,000 impacted people, around 193 men over 40 years
of age will have a myocardial infarction associated with mercury ingestion. The incidence
rate of this outcome is given by the number of cases in every 1000 affected people. That
is, 1.9 hospitalization cases for infarction associated with mercury in every 1000 affected
people. Similarly, the results in an affected population of 100,000 people will average about
700 people with high blood pressure in the population over 20 years of age.

3.2. Human Health Impact in the Indigenous Territory Due to Illegal Gold Mining

The methodology was applied to evaluate the negative impacts of illegal miners
occupying the Yanomami Indigenous Land (YIL), an area located mainly in the Brazilian
Amazon in the states of Roraima and Amazonas. YIL is the largest indigenous land in
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Brazil, with an area of 96,000 km2 and a total population of 26,780 indigenous people.
Although the Brazilian constitution prohibits economic activity on indigenous lands, the
main potential threat faced by YIL is invasion by illegal miners. It is estimated that more
than 25,000 miners live and work illegally in the territory.

The variables used to present the results are described in the following Table 2.

Table 2. Summary of variables, unit of measurement, range values, and source used in Yanomami case study.

Variables Unit of Measurement Value Source

Area impacted by gold mining in 2020 km2 5 km2 [164]

Average individual weight of the
indigenous population Kilogram 53.2 kg [49]

Average daily consumption of fish per
rural individual

Grams of fish per person
per day

100 g/person/day (Average between
indigenous (100 g/person/day) [49]

and Riverside (189 g/person/day) [50])
[49]

Average population density Inhabitants by km2 2 inhab/km2 [156]
Urban population (state of Roraima as a

whole) Percentage 76% [156]

Rural population (state of Roraima as a
whole) Percentage 24% [156]

Distance of mercury dispersion in rivers kilometers 100 km [116]
Proportion of mercury used for each kilo

of gold extracted Mercury: Gold 2.6:1 [17]

Proportion of mercury released into
water Percentage 13% [20]

Methylation rate in water Percentage 2% [91]

Average mercury contamination of fish Microgram of mercury per
gram of fish 0.5 (μg Hg/g of fish) [110]

Despite the variability of each parameter shown in Table 1, we considered conservative
parameters in the literature in Table 2, showing that the risk to human health can potentially
be greater than what is being presented with this estimate. A more pessimistic scenario,
following the precautionary principle, with higher parameters, demonstrates a potential
for greater harm to the population’s health.

In 2020, 5 km2 were degraded by illegal ASGM [165], which, considering average pro-
ductivity of 1.7 kg of gold per hectare in Brazilian Amazon [166], would use around 2.2 tons
of mercury for 863 kg of gold production. As a result, we estimated that approximately
32 kg of mercury was released into local rivers, which could affect 44,000 people. Using
our methodology, we estimated that 307 people would develop hypertension problems,
85 acute myocardial infarction, and 4 mild mental retardation. The economic value of these
human health damages would total 69 million USD, divided into: (a) 1 million USD due
to IQ loss; (b) 15 million USD due to acute myocardial infarction; and (c) 52 million USD
due to increases in hypertension problems. This estimated value may be used by local
authorities to set compensation for Yanomami people.

4. Discussion

The methodology developed in this paper is the first of its kind to assess the impact
on human health caused by mercury used in gold mining. To achieve this methodology, it
was necessary to understand the complexity of the mercury cycle and the ASGM processes.
First, using this methodology, we presented evidence against the argument that the source
of the impacting mercury is deforestation, which releases natural mercury present in
the forest [23–26]. The mobilization of natural mercury by deforestation and forest fires
represents a relevant impact [30–43], but the use of mercury by ASGM represents the
greatest participation in the release of mercury [44]. In addition, it is important to remember
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that the artisanal mining activity also causes the mobilization of natural mercury due to the
process of excavating the soil and sediment from the rivers [91]. Thus, we can conclude this
deforestation contributes to the increase in mercury circulation in the Amazon. However,
our focus on this paper is related to impact of mercury released directly by gold mining.

Given that we consider only the additional mercury released from ASGM, another
complexity arises from the difficulty in attributing responsibility to specific mines. Such
complexity can be explained by the ability of mercury to remain bioavailable for long
periods [116], bringing cumulative impacts from ASGM exploration [45,46,72–78]. Thus,
the understanding that there is an increase in methylmercury concentration in the hair of
a population [49,50,69–73,123] is not enough information to make a specific gold mine re-
sponsible, since this increase in concentration can be explained by the history of exploration
of other mines that released mercury into the environment. Therefore, the judicialization
process of a specific illegal gold mine becomes more challenging as there are several illegal
ASGMs in the Amazon [167].

Given the whole context of mercury and the ASGM, this article proposes an innovative
methodology that proposes a linear relationship based on the amount of mercury used by
ASGM and its adverse effects on human health. For this, an extensive literature review
was performed that tracks the average mercury use of ASGM [17,72,74,87,88], mercury
disposal in the environment [17–20], fish consumption [18,49,50,108,110–113], and the level
of potential contamination harmful to human health [52–58]. The study is also innovative
compared to other studies [10,47–49] observed due to the fact that the impacts on human
health vary according to the context analysed, such as fish intake in the population and
demographic density. This means that a replicable methodology was developed which
was adaptable to the different contexts observed within the Amazon

After the study related the use of mercury in gold mining and the average increase in
mercury concentration in the population, we explored the literature relating gold extracted
and negative effects on human health [72–74]. Kahhat et al. [74] used Usetox software,
which characterizes chemical impacts on human health and freshwater ecotoxicity and
scales an impact of 2 non-cancerous cases and 0.0192 cancerous cases for each kilogram
of gold extracted. Similarly, Gulley [72] and Spadaro and Rabl [73] assessed the IQ loss
impact for each kilogram of gold from the calibrated benefit transfer approach employed in
environmental valuation literature estimates of the impact of mercury on global earnings
to twelve gold mining sites around the world. Gulley [72] used studies [37,39,40] that
map quantities of mercury emissions into lost earnings due to fetal IQ loss to produce
monetary estimates of the impact of mercury emissions. According to Gulley [72], the
weighted average estimates an impact of US$ 7300 per kilogram of mercury released into
the environment, and this value may increase to the upper limit of US$ 22,300 depending
on the assumptions adopted. However, such methodologies are different from the proposal
presented in this article, which links mercury use at the beginning of the chain, from the
mercury loss in the aquatic environment, to assess the impact on human health. The
methodology presented measures the loss of well-being caused using mercury by gold
mining. However, other studies [168–171] value the impact of mercury by the cost of
remediation of mercury in vegetation.

We must reinforce that before the development of this methodology, the Brazilian
institutions responsible for setting fines for illegal ASGM did not measure the impact on
human health from the use of mercury in the mines. This methodological gap is filled with
the tool developed in this article, and based on this, institutions such as the Federal Police
and Federal Public Prosecution in Brazil have instruments to prosecute illegal gold mining
damages in order to stop the advance of this activity in the Amazon.

Nevertheless, this article recognizes the limitations of the relationship between mer-
cury use in gold mining and its impacts on human health. Given the lack of studies that
assess the factors that influence the response time between changes in deposition and
changes in methylmercury concentrations in fish, in this study we needed to assume the
temporal effect of mercury release and fish bioaccumulation over 50 years. In addition, the
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Amazon region is complex and diverse. The model presented is simplified and does not
consider local differences, such as river color and water flow, that could impact the local
mercury cycle. Such characteristics need to be further studied.

We did not find any study in Brazil that relates mercury concentration to myocardial
infarction. The study by Salonen et al. [8], carried out in Finland, was the only related study
found in the literature. Even though both regions have a high intake of fish contaminated
by mercury, the physical differences between the populations in the Amazon and in Finland
should be further studied for further adaptations.

The limitations presented throughout the article can be overcome with new studies of
biophysical mercury dispersion until it reaches humans and possible impacts to human
health from increased mercury intake by humans. Long-term monitoring studies that
collect mercury concentrations in water, sediments, and fish are needed, particularly in
the Amazon. These efforts can lead to long-term data records that can be compared to
predictions. Likewise, additional studies should be carried out to assess fish consumption
rates in pregnant women, women of childbearing age, and men.

Finally, the methodology presented in this article does not address all impacts on
human health since only the outcomes related to the release of mercury in the aquatic
environment are measured, not considering the impacts of air exposure due to the inhala-
tion of mercury in the atmosphere (especially in miners) [78,172,173]. The mercury cycle
is very complex and, for this reason, the article does not measure the effects caused by
the mercury emission into the atmosphere, which can travel long distances. In addition,
the article focused on three negative health effects observed in the literature. However, it
is possible that there are other health problems associated with exposure to mercury via
ingestion of contaminated fish. In this sense, it can be said that the impacts presented are
underestimated.

5. Conclusions

This article is the first scientific work whose objective was to propose a methodology
to quantify the average economic health impact of the extraction of gold by ASGM in
Brazil (using the DALY indicator) and convert them into monetary losses (using the
VSL indicator).

The application of this methodology to estimate the impacts of mining in Yanomami
territory revealed that the 5 km2 illegally deforested for ASGM in 2020 would result in
severe damages to human health. Based on this, we estimate that around 32 kg of mercury
were spilled into rivers, affecting up to 44,000 people. We estimated that 307 people will
develop hypertension problems from this activity, 85 people will develop acute myocardial
infarction, and 4 children would have born with mild mental retardation. These effects are
related only to the presence of small-scale gold mining in 2020, which demonstrates the
significant and growing impact with the expansion of this activity in Brazil in recent years.
The economic health impact of these health outcomes could reach up to 69 million USD for
the 2020 spills alone.

The standardization of mercury impacts assessment is essential for supporting the
containment of illegal gold mining activities in the Brazilian Amazon. The developed
methodology contributes to the work of control agencies such as the Brazilian Public
Prosecutors Office and the Federal Police, who are already using this methodology to
estimate fines in the estimation of compensation, showing reliability on the part of these
institutions in the scientific results presented. In addition, it contributes to the speed of
judicialization in the fight against this illegal activity, and it may support policymakers to
plan investments in command-and-control that can prevent the expansion of illegal ASGM.
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Abstract: The Matsigenka people living traditional lifestyles in remote areas of the Amazon rely on
a fish-based diet that exposes them to methylmercury (MeHg) at levels that have been associated
with decreased IQ scores. In this study, the association between Hg levels and working memory
was explored using the framework of the Multicomponent Model. Working memory tasks were
modified to fit the culture and language of the Matsigenka when needed and included measures
for verbal storage (Word Span) visuospatial storage (Corsi Block Task) and a measure of executive
functions, the Self-Ordered Pointing Task (SOPT). An innovation of the Trail Making Tests A & B
(TMT A & B) was pilot tested as another potential measure of executive functions. The mean hair Hg
levels of 30 participants, ages 12 to 55 years, from three different communities (Maizal, Cacaotal and
Yomibato) was 7.0 ppm (sd = 2.40), well above the World Health Organization (WHO) limit for hair of
2.0 ppm and ranged from 1.8 to 14.2 ppm, with 98% of a broader sample of 152 individuals exceeding
the WHO limit. Hair Hg levels showed significant associations with cognitive performance, but
the degree varied in magnitude according to the type of task. Hg levels were negatively associated
with executive functioning performance (SOPT errors), while Hg levels and years of education
predicted visuospatial performance (Corsi Block accuracy). Education was the only predictor of Word
Span accuracy. The results show that Hg exposure is negatively associated with working memory
performance when there is an increased reliance on executive functioning. Based on our findings
and the review of the experimental research, we suggest that the SOPT and the Corsi Block have the
potential to be alternatives to general intelligence tests when studying remote groups with extensive
cultural differences.

Keywords: methylmercury; working memory; executive functions; indigenous population; environmental
exposure; Matsigenka; Manu National Park; Amazon Basin

1. Introduction

Mercury (Hg) is a heavy metal and neurotoxin that is damaging to humans and wildlife
and is a persistent global environmental pollutant that can be emitted from both natural
and anthropogenic sources [1]. As an element, it is a contaminant that can be exceptionally
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long-lived, taking tens of thousands of years to be cleared from landscapes by moving into
fauna and flora, being exported to other ecosystems, or becoming permanently buried [2].
The largest contributor of mercury to the environment is artisanal and small-scale gold
mining (ASGM), which accounts for over 37% of the global total of mercury emitted from
all sources [3].

All chemical forms of Hg are toxic to humans. Exposure to several forms can cause
deleterious effects on the central and peripheral nervous systems, cardiovascular system,
urinary system, immune system, skin, and lungs [4,5]. Of most concern is the organic and
highly bioavailable form, methylmercury (MeHg) [6,7]. Primarily produced in aquatic
environments through the methylation of elemental mercury by microorganisms, MeHg
is a potent neurotoxin that readily accumulates in living organisms and biomagnifies
within food webs, becoming enriched in high trophic levels of freshwater and marine
ecosystems [8–10]. Humans with diets that consume such higher trophic level organisms,
such as Amazonian indigenous populations [11] are at elevated risk of methylmercury
exposure through diet [12].

The Matsigenka in the upper Madre de Dios watershed in Southeastern Peru is one
group of people susceptible to Hg poisoning because of their reliance on fish as a main
source of protein [11,13,14]. Estimated to number around 1000, the Matsigenka families
living inside the protected areas of Manu National Park (MNP) are geographically re-
stricted and culturally traditional relative to the lives and practices of Matsigenka in nearby
regions [15]. They maintain a lifestyle that includes the practice of swidden agriculture,
hunting with bow and arrow, fishing, and gathering [13,14] with the bulk of their animal
protein coming from migratory fish known to have high concentrations of mercury [16].
The Peruvian government maintains primary schools in all villages and health posts in
the most inhabited communities but living conditions inside the park are restricted to
protect the ecosystems of MNP and the Matsigenka culture and include prohibitions on the
types of everyday objects and practices that one would readily find in the nearest towns
outside of the park [17]. The improvement of education, health, nutrition, and basic services
(drinkable water and solar electricity) has led to migration and integration of groups of
Matsigenka living in isolation in the headwaters of the river. There are other groups in
voluntary isolation that are neither contacted nor registered, but their number is unknown.

Studies with Amazonian peoples show that high levels of Hg are associated with
decreased cognitive functioning. Impairments are typically assessed with Intelligence or
IQ tests that are a battery of standardized measures summarized into a composite score
and normalized against a known population. Recent work has showed that for Peruvian
children each one unit increase in log hair mercury levels was associated with a 2.59-point
decrease in the IQ index for General Cognitive Ability [18]. Similarly, studies of children
in the Amazon region of Brazil reported that for every 10 ppm Hg increase there was a
decrease of half a standard deviation in estimated IQ scores [19]. These dose-related effects
have also been reported outside of Amazonia regions, such as the Faroe Islands where
longitudinal work has found that every 10-ppm increase in Hg is associated with a 1.8 to
2.2-point mean decrease in IQ score [20]. The findings are consistent with other studies
conducted across the globe [21–23] and provide strong evidence (with exceptions reported
from studies in the Seychelle Islands [23,24] and the United States [25] that exposure to
MeHg negatively impacts the general intelligence of humans.

Despite their breadth and validity, standardized intelligence tests have long been
suspected of educational, cultural, and language biases [26] and present unique challenges
when being used with indigenous people. Discerning how impairment is related to elemen-
tal toxins becomes difficult or impossible when used to assess people whose environment
and lifestyle does not match the origin of the test, and when the regionally validated norms
used for evaluation force participants to use a second language and counting system [27].

These challenges are particularly striking when considering the culturally isolated
and in some cases recently contacted Amazonian indigenous populations. For example,
the forward and backwards digit span task [28], included in many intelligence batteries or
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as a measure of short-term memory [19], requires the recall of digits from a base-10 number
system. Some Amazonian indigenous groups use a “one, two, many” counting system that
does not include discrete indicators for items of three or above [29,30]. Remote communities
vary greatly in how much formal schooling is available, leading to differences in instruction
in Spanish and the use of Arabic numerals. When IQ tests are administered in a second
language and with a less familiar set of knowledge, the true scores of participants may be
obscured and could exaggerate deficits due to environmental toxins. The concern has not
gone unnoticed [31,32] and are supported by studies that report differences between urban
Amazonian groups and rural indigenous people on intelligence tests [18,33].

One way to minimize cultural bias in cognitive testing is to shift away from using
broad standardized test batteries and instead focus on select cognitive processes that are
well-understood in contemporary theory and can be measured with tools tailored for a
specific population. To this end, the construct of working memory is promising for a
closer examination of how mercury may affect intelligence and cognitive functioning,
and previous Hg investigations with Amazonian children that have measured working
memory using sub-scales of IQ tests have found them to be sensitive to levels of hair Hg
levels [18,19]. Working memory has been conceptualized in many ways [34–36] from a
domain-free model based on time [37] to one based on attention resources [38]. (For a
comparison among models, see [34–36]. One of the earliest and most productive models
is the Baddeley Multicomponent Model that presents working memory as a network
of interacting components including short-term memory storage for different types of
information (verbal and visual-spatial) to be held temporarily or rehearsed. Operating
concurrently with the storage components is a “central executive” that is used when tasks
demand attention and cognitive control beyond passive storage and rehearsal [39–41].

The experimental work from the Multicomponent Model and others has led to results
suggesting that working memory is key to understanding the fluid aspects of intelligence
that are assessed in standardized IQ tests [42]. Kane et al. ([43], p. 170) describe working
memory span tasks as measures that “tap a very general—and very important—cognitive
primitive” that contributes to individual scores in general intelligence factors. More re-
cently, Shipstead et al. ([44], p. 773) argued that “. . . working memory capacity and fluid
intelligence arise from similar cognitive mechanisms but are reliant on these mechanisms
to different degrees”. In support of this view, correlations between measures of complex
working memory tasks and measures of general fluid intelligence or “Gf” are less than
perfect, but robust (r = 0.59, [45]; r = 0.65, [45]). Although not equivalent to IQ scores [46],
select working memory measures that involve the use of executive functions [47] may pro-
vide coarse estimates of associations between Hg and the cognitive processes underlying
the IQ score. Considering these relationships among assessment tools could provide an
effective workaround to measure cognitive impairments when there are extensive cultural
differences among people living in areas of with Hg exposures.

In this study, we first sought to measure hair Hg levels of Matsigenka residents
living in three villages within the restricted area of Manu National Park in Madre de Dios,
Peru. Testing inside MNP has been limited given the isolation and restrictions imposed in
the area, but assessment is important for a full understanding of how MeHg is reaching
communities living in the headwaters far from, but still connected by river and migratory
fish to, ASGM activity. Second, we sought to understand how exposure to MeHg may
impact human cognitive functions by focusing on the construct of working memory in
lieu of traditional IQ tests. Three tasks were used to measure working memory in this
study, one for each component of storage and executive functions: verbal short-term
memory (Word Span), visuospatial short-term memory (Corsi Block) and central executive
processing (Self-Ordered Pointing Task or SOPT). These tasks were chosen because they
have a strong tradition within working memory research and the stimuli and instructions
can be easily adapted for the Matsigenka as needed. Additionally, the tasks allow for a
comparison of performance across components that employ central executive processes
to varying degrees. ‘Simple’ storage measures like the verbal word span should not rely
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on executive functions [47] and therefore, performance should not be associated with Hg
levels. In contrast, a ‘complex’ working memory measure, like the SOPT, requires executive
functions [47] and performance is expected to show associations with Hg levels in a similar
way as an IQ test. Visuospatial storage tasks, such as the Corsi Block, are designed to
capture capacity of the visual and spatial domain, but there is ample evidence that they elicit
executive functions to similar extents as the more ‘complex’ working memory tasks [48–50];
thus, performance is also expected to be associated with Hg levels.

A fourth measure in this study is a pilot test for a new version of the Trail Making
Test A & B (TMT-A, TMT-B). The TMT A & B is a clinical assessment of executive functions
that is sensitive to a variety of brain injuries [51]. The version created for the Matsigenka
communities replaces alphabet and numerical stimuli with non-verbal stimuli and alters
the instructions to match cultural norms, but still demands the use of executive functions
in the form of set shifting [52]. As a pilot test, the results from the TMT are considered
separately from the other measures, but the same predictions regarding executive processes
still apply and decreased performance is expected to be associated with higher levels of
Hg levels.

The objective for this study is to learn about the levels of MeHg exposure for people
who are living in the headwaters of the Manu River located inside the restricted zone of
MNP and to investigate how that exposure is associated with impairment of cognitive
functions. The cognitive measures were chosen or designed specifically for the Matsigenka
residents. This study is novel because our approach forgoes the traditional IQ test and
focuses singly on the construct of working memory using findings from the cognitive
experimental literature for prediction. We highlight the relationship between central
executive functions of working memory and those underlying intelligence testing. This
cross-discipline work is important because it offers a strategy for studying how exposure
to Hg is linked to cognitive impairment even when investigating people who live in
isolated areas with cultures and languages that are distinct enough to render an IQ score
uninterpretable [53].

2. Materials and Methods

Study site and population. Manu National Park (MNP) is Earth’s highest biodiversity
park, consisting of 1.7 M ha of forested landscapes in the tropical Andes and adjacent
Amazonian lowlands in SE Peru. Participants in this study come from three Matsigenka
communities living along the Manu River inside the MNP: Maizal, Cacaotal and Yomibato,
(Figure 1). All three communities are located within the upper Madre de Dios watershed,
and collectively are situated about 180 Km away from any urban areas. Two cohorts of
data collection are presented in this study. The first data collection was in June 2017 and
was only from the community of Maizal. This collection was intended to test levels of Hg
in hair samples from residents and to test the feasibility of the modified SOPT task with a
Matsigenka sample. A total of 38 individuals, ages ranging from age 1 to 65 years, were
given physicals and samples of blood and hair were collected. Twelve adults, ages between
22 and 65 years, were also administered the SOPT task in an abbreviated form to learn if the
task had potential as a tool for assessing executive function. Two participants in the Maizal
community in 2017 did not know their age but were determined during the physical exam
and interview to be over 12 years old.

The second data collection was in June 2018 and included the Maizal community as
well as the Cacaotal and Yomibato communities. A total of 114 individuals across the three
communities were given a physical and neurological examination (Mini Mental Status
Exam and Cranial Nerve Exam), and samples of blood and hair were collected. Participants
who were ages 12 years or older and who provided a full set of responses to the Word Span
task, Corsi Block task, and SOPT (n = 30). Three individuals from the Cacaotal community
did not know their age or birthday but were judged to be at least 12 years old based on
measures of size, maturation, and appearance.
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Figure 1. Map of Manu National Park, Peru. Location of Cacaotal, Yomibato, and Maizal are indicated
by red stars on map.

For the pilot test of the TMT, the sample size is smaller. The TMT was given to a subset
of 19 participants who were able to successfully complete the practice trials. The eligible
individuals were from the villages of Cacaotal and Yomibato; none of the residents from
the village of Maizal were able to complete the practice trials. A comparison of mean Hg
hair levels conducted between the group included in the TMT sample (n = 19, mean hair
Hg level = 6.43 ppm (sd = 3.80)) and those excluded from the TMT sample (n = 11, mean
hair Hg level = 4.63 ppm (sd = 2.92)) did not show that there was a significant difference
between groups, t = −1.45, p = 0.07.

For the remainder of this paper, the descriptions of protocol, data presented in the
Results section, and interpretations come from the second cohort of data collection in 2018
from the residents of Maizal, Caocatal and Yomibato unless explicitly stated to be from the
Maizal 2017 cohort or to include participants from both data collections.

Consent Process. Written informed consent was obtained from participants ages 18 or
older with signature and/or fingerprint (in case of illiteracy) and for those under the age
of 18 years, written consent was obtained from the parent or accompanying adult family
member, as well as an informed assent for participants ages 12 or older. Ethics approval to
conduct research on human subjects was granted through Wake Forest University Medical
School Institutional Review Board (Human Subjects: IRB000044673) and the Institutional
Ethics Committee of the Universidad Peruana Cayetano Heredia, Lima, Peru (N◦ 100806).
The authorization to conduct the study in 2017 and 2018 within the Manu National Park
was provided by the Peruvian National Protected Areas Service (Servicio Nacional de
Áreas Naturales Protegidas por el Estado, or SERNANP by its Spanish acronym).

Mercury Assessment. Hair samples of approximately 0.5 g were collected from each
participant. Hair was cut close to the occipital area of the scalp with stainless steel scissors,
placed in paper envelopes inside of zip lock plastic bags with silica, and stored at room
temperature. Hair samples were analyzed for total mercury (THg) using EPA Method
7473 (Mercury in Solids and Solutions by Thermal Decomposition, Amalgamation, and
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Atomic Absorption Spectrophotometry; EPA 1998) on a Milestone DMA-80 dual-cell Direct
Mercury Analyzer at the Mercury and Environmental Chemistry Laboratory (LAMQA)
laboratory in Puerto Maldonado, Madre de Dios, Peru. Exposure to THg was used as a
proxy of exposure to MeHg as more than 90% of Hg in hair is MeHg [54].

Physical Exam and Neurological Assessment. Central nervous system assessment
included measures of head circumference and a comprehensive cranial nerve exam. Pe-
ripheral nervous system assessment involved tests for abnormalities in reflexes, strength,
sensation, tremor, and gingivitis. Motor systems dysfunction was screened for by testing
balance, bilateral coordination, upper extremity coordination, visual motor control, visu-
ospatial organization, and upper extremity speed. During the examination, participants’
height was measured using a stadiometer and their weight was assessed using an electronic
digital scale to calculate the body mass index. They were also interviewed about their
education levels, family status, and diet and nutrition. From these assessments, two partici-
pants were determined ineligible for participation in the cognitive tasks due to potential
mental disability and visual abnormalities. Another two participants were determined
ineligible because they were not residents MNP but were only visiting temporarily.

Fish Consumption. During the interview, participants were asked, (1) “How frequently
do you eat fish?” with responses ranging from “every day” to “every 5 days”, “never” or
“other” as well as (2) “How many times per day do you eat fish generally?” with responses
ranging from “1 time per day” to 5 times per day”, “never” or “other”. These two responses
were used to create an index of total weekly fish consumption by dividing days in a week
by the reported frequency (question 1), multiplied by the reported daily intake (question 2).

Blood tests. About 10 uL of blood samples from finger-prick were collected. Then,
hemoglobin was analyzed in a portable photometric device; HemoCue® Hb 201 DM
system (HemoCue® AB, Ängelholm, Sweden), which allowed it to measure 0–25.6 g/dL.
Assessment of anemia was considered as <13.5 g/dL for males and <12 g/dL for females.

Cognitive assessments. Measures for each component of working memory are de-
scribed below along with any adaptations made from the original, or most commonly used,
measure. The cognitive tasks were administered in fixed order (as presented). All instruc-
tions and verbal stimuli were provided in the Matsigenka language and were administered
through a native Matsigenka translator who traveled with the research team to translate
Matsigenka into Spanish for test administration.

Word Span Task. Verbal short-term memory is commonly measured in intelligence
batteries by presenting a short list of stimuli, such as numbers (as in the Digit Span task) or
words (as in the Word Span task) and asking participants to recall the stimuli immediately
after presentation. The Word Span is used in some intelligence batteries instead of Digit
Span, particularly those designed for children such as the Woodcock-Johnson test [55]. For
Matsigenka participants, the stimuli were lists of high-frequency, unrelated words as stimuli
presented in the Matsigenka language. Words were chosen from three noun categories
that would have multiple exemplars found within the environment and interactions of
the daily lives of the Matsigenka living in MNP: Nature (14 items), Human (10 items),
Functional Object (12 items). The list of thirty-six words were translated into both Spanish
and Matsigenka and were determined by bilingual Matsigenka translators to be of regular
frequency use in the everyday lexicon of the communities sampled (list presented in
Supplemental Section S1). Word Span tests were administered in four set sizes (3, 4, 5, and
6 words), with two trials of each presented in ascending order. The test administrator read
the words aloud at the rate of approximately one word per second. The participant was
asked to orally recall the items in order. An accuracy score was calculated with full credit
for recall of words in the correct order and half credit for words recalled out of order per
trial. Scores per trial were summed and divided by the set size and then averaged across
trials per participant.

Corsi Block Task. The original Corsi Block Task was developed to assess hemispheric
specialization between verbal and spatial processing [56,57] but variations have since been
created for clinical diagnosis, experimental research, and intelligence testing. A traditional
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paper form of the Corsi Block Task was chosen here for its longstanding use across testing
situations [58]. A single paper for presentation of locations was used across all trials.
Stimuli were nine two-dimensional squares printed on paper in an asymmetrical pattern
(see Figure 2a). The test administrator tapped a sequence of squares and participants
immediately responded by tapping the same squares in order. Each participant’s responses
were recorded by the test administrator on a separate response form. One practice trial of
three squares was given before test trials began. If a participant responded with error, the
same practice trial was repeated until the participant responded correctly. Test trials were
of four different set sizes presented in ascending order (3, 4, 5, and 6), with two trials of
each for a total of eight trials. An accuracy score was calculated with full credit for recall
of locations in the correct order and half credit for locations recalled out of order per trial.
Scores per trial were summed and divided by the set size and then averaged across trials
per participant.

 
(a)  (b)  

 
(c)  (d)  

Figure 2. (a–d) Example Stimuli for Cognitive Tasks: (a) Example of Corsi Block set size 4. Numbers
in square are used to demonstrate a sequential pattern but were not displayed to the participant.
(b) Example of SOPT set size 4 with 4 different “Attneave” shapes, (c) Example of TMT A “Shades” pre-
sented in random locations, (d) Example of TMT B “Shades & Shapes” presented in random locations.

Self-Ordered Pointing Task (SOPT). The SOPT was originally developed to look for
associations between frontal lobe functioning and working memory [51] and is now consid-
ered a well validated measure of central executive processes [59]. For Matsigenka living in
remote areas of the Amazon with highly variable schooling, the advantages of the SOPT
include that the test is free of language and number stimuli, can be administered without
the use of a computer, and speeded response times are not required. The last two issues,
administration without need for a computer and speeded response, are preferred testing
formats given the context of the Matsigenka lifestyle and environment which does not
involve computers or timed behaviors (for discussion on cultural influences in cognitive
tasks including speed, see [60]).

During the SOPT, participants were presented with a set size of either 4, 6, or 8 shapes
on a single sheet of paper (see Figure 2b for example). Stimuli in this version of the task
was abstract Attneave shapes [61]. The use of shapes that are abstract is a departure from
other versions that have been used in cultural adaptations of the task [62] but were chosen
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for two reasons: (1) to avoid participants’ use of a verbal strategy that may reduce the
use of executive functions, and (2) to choose stimuli that could potentially be used with
other groups of people being studied because of Hg exposure. During the practice and test
trials, the same Attneave shapes were presented on each page during a trial but with the
locations of each shape shifted between pages. Locations of shapes were random within
an area on the page. As the test administrator turned pages, participants were to point
to a new item on each page (i.e., an item not yet pointed to on that trial), but traditional
instructions telling participants to point to a different location each time was not given to
participants. (After data collection, response forms were checked for this strategy but there
were no participants that pointed to the same location repeatedly.) Two trials of the set size
of three were presented as practice prior to beginning test trials. Set sizes were given in
ascending order with two trials per each set-size of 4, 6, and 8 items with errors totaled
across all trials. The total number of errors was summed across set sizes and trials for the
dependent variable, rather than accuracy in keeping with the scoring method used in the
cognitive literature.

This version of the SOPT was piloted in 2017 with a small sample of adults in the
Maizal community (N = 12). For this data collection, only the highest set size successfully
completed set size, or “span” score was recorded. All 12 Maizal participants were able to
correctly respond to at least one trial at the lowest level (set 4). Furthermore, included in
that version was an additional set size of 10 shapes per page, but this level was determined
to be too difficult and was removed from testing for the 2018 data collection.

Trail Making Test. Another well-regarded executive task, the TMT [63] is commonly
used in clinical assessments of executive functions (also referred to as “cognitive flexibil-
ity” [64,65]. The TMT was first published as part of the Army Individual Test Battery in
1944 and was later adopted for research and diagnosis of hemispheric and frontal lobe dys-
function [66]. In the original TMT, participants are asked to connect numbers in ascending
order (Version A or TMT-A) and then to alternate between connecting numbers and letters
in alphabetical/numerical order (Version B or TMT-B) and the time to complete each trial
is recorded. Time to complete (in seconds) can then be calculated as a difference score 64or
ratio [65] between the B and A forms. For the Matsigenka, a novel version of the TMT
was created to avoid the use of an alphabet or numbers. For Trail Making Test A “Shades”
(Figure 2c), shaded circles replaced letters so that participants were asked to connect circles
using a pen on a response sheet, ordering from lightest to darkest. For Trail Making Test B
“Shades and Shapes” (Figure 2d), numbers were replaced with shapes. Participants were
asked to alternate between connecting shades and shapes. For example, in Figure 2d, the
participant would start at the white circle, move to the white square, then the lightest
gray circle, then the lightest gray square until complete with the black circle and black
square. The alternating between shapes does not match the original B version with regard
to complexity because the number stimuli require participants to advance to different
numerals in ascending order and the shapes remain constant between connections. It is
possible that this could have decreased the difficulty of the “Shades and Shapes” version in
comparison to the original TMT B with letters and numbers.

After two practice trials with three shades/shapes each, the test trials began with five
trials of TMT A “Shades” followed by five trials of TMT B “Shades and Shapes”. Trials
were scored as being successfully completed if all connections between shades and/or
shapes were accurate. Typically, the TMT is a speeded task and cut-offs for deficiencies and
impairments are determined by the number of seconds an individual requires to perform
the task perfectly. For our versions, the subjects were instructed to emphasize accuracy and
there was no mention of completing the task as quickly as possible.

Other versions of the TMT have been created that are language-free and use accuracy
for the outcome measure but are still not appropriate for the Matsigenka because the modi-
fications involve the use of numbers and/or involve memorizing stimuli [67]. Although
using accuracy as a dependent variable eliminates the possibility of comparing outcomes
with other studies using a traditional TMT task, it does not seem to change the underlying
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cognitive processes being captured, as demonstrated by a culturally adapted version of the
TMT developed to assess Northern Aboriginal people in Northern Australia [62].

Data Analysis

Descriptive statistics of all demographics, health, diet, and hair Hg levels and cogni-
tive task variables were summarized across and between each community. Community
comparisons with post hoc analysis and effect size calculations were calculated for most
variables including cognitive tasks and Hg levels. For the TMT task, a t-test was done on
the Hg levels between participants qualifying for the test trials and those ineligible for
the test trials. Correlations and confidence intervals were calculated between all variables
within the sample size of 30 participants and again separately for the sample of 19 partici-
pants who took the TMT tasks as part of the pilot test for the two versions. Because the
three main predictor variables of Hg levels, Age, and Education were correlated, Variance
Inflation Factors were calculated for each before running regression analyses. The missing
ages for participants were replaced with the average age for the relevant community. The
association between hair mercury levels and cognitive processing for three working mem-
ory tasks: Word Span, Corsi Block, and SOPT were tested using Ordinary Least Squares
multiple linear regression. For each outcome, the same model was run using the covariates
of Hg levels, Years of Education, and Age. All analyses were performed in JMP 16.0.0
(SAS Institute, Inc., Cary, NC, USA) for Windows software.

3. Results

3.1. Demographics and Health Indicators

The mean and frequency outcomes for each community are presented in Table 1 along
with the summary statistics for the total sample across communities.

Table 1. Summary Statistics for Demographics, Health and Diet Indicators, and Cognitive Tasks.

Community All Participants Cacaotal Maizal Yomibato

n 30 11 3 16
Gender F (M) 18 (12) 6 (05) 3 (0) 9 (7)
Age average years (sd) 29 (13.8) 28 * (9.6) 45 (16.2) 26 (14.7)
Education

none 8 3 2 4
primary 12 6 1 5

secondary 10 2 0 7
mean years 4.77 (3.8) 4.82 (3.68) 1.33 (2.31) 5.38 (3.99)

Fish Consumption
Total per Week 4.10 (2.4) 4.58 (1.8) 3.73 (2.9) 3.98 (2.5)

Body Mass Index
mean (sd) 22.93 (2.72) 22.8 (2.42) 24.38 (3.25) 22.75 (2.92)

<20 4 1 0 3
Anemia

Hemoglobin 11.77 (1.42) 11.8 (1.56) 11.5 (1.65) 12.15 (1.25)
Males < 13.5, Females < 12 22 6 1 12

Hg (ppm)
mean (sd) 7.05 (2.40) 6.04 (2.43) 11.49 (2.40) 3.61 (2.38)

min 1.81 2.84 9.67 1.81
max 14.21 11.42 14.21 11.43

Word Span
mean accuracy (sd) 0.52 (0.19) 0.45 (0.19) 0.30 (0.11) 0.60 (0.16)

Corsi Block Span
mean accuracy (sd) 0.59 (0.27) 0.47 (0.25) 0.25 (0.14) 0.73 (0.25)

SOPT Errors
mean errors (sd) 4.23 (1.65) 4.72 (1.38) 4.67 (0.55) 3.81 (1.90)

* Three participants from Cacaotal did not know their age.
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There were no physical or neurological impairments detected in any of the 30 partici-
pants included in the sample of cognitive measures, but some health indicators did suggest
malnutrition and anemia. The mean BMI was 22.23 (sd = 3.46), with eight participants
being underweight (BMI < 20) and the mean hemoglobin level was 11.81 (sd = 1.42), with
22 participants presenting anemia (females < 12 g/dL; males < 13.5 g/dL). Anemia is a
variable of interest because it can be used as a proxy for chronic malnutrition [68–70], which
is associated with poorer performance on intelligence measures [71]. Tests between com-
munities did not reveal differences for BMI, F (2, 27) = 0.45, p = 0.64, ω2 = 0, or Hemoglobin,
F (2, 27) = 1.5, p = 0.234, ω2 = 0.03. The calculated index of Fish Consumption ‘Total
per Week’ did not show significant differences between communities, F (2, 27) = 0.29,
p = 0.75, ω2 = 0. Education levels varied, with some participants from each community
reporting no schooling (27%) and most participants reported either having attended some
primary school education (40%) or some secondary school (33%). When counted in years
of schooling from 0 to 12, the mean was 4.77 years (sd = 3.8). The community of Maizal
reported the lowest mean years in education (1.33 years) followed by Cacaotal (4.82) and
the highest mean years of education were in Yomibato (5.38). One participant in Yomibato
reported having finished secondary school and was now serving as a teacher for the com-
munity. The comparisons between communities for years of education were not significant,
F (2, 27) = 1.45, p = 0.25, ω2 = 0.03.

3.2. Hair Mercury Levels

Each participant’s Hg level was the average of two samples of hair strand analyses
except for eight participants whose Hg level was based on the analysis from a single hair
sample. Hg levels were high, with the mean Hg level across communities of 7.05 ppm,
exceeding the WHO [72,73] recommended limits by 3.5×, with 98% of a broader sample of
152 individuals (across 2017 and 2018 data collections) exceeding the WHO limit, having
mean Hg levels above the World Health Organization threshold limit of 2.0 μg/g. The ex-
ceptions were three individuals from Yomibato, who had levels of 1.81, 1.92, and 1.99 μg/g.
An ANOVA test showed that Hg levels between groups were significant, F (2, 27) = 14.44,
p < 0.01, ω2 = 0.47. Maizal residents had the highest mean Hg levels. Both collection
years (2017 and 2018) found that Hg levels approached six times that of the threshold
level [1,2]. The 2018 collection from Maizal had mean hair Hg levels of 11.49 ppm and the
2017 collection from Maizal (n = 38) was Hg level of 11.9 ppm (sd = 3.19, min = 2.4 ppm,
max = 16.5 ppm). Figure 3. shows the observed hair Hg levels per village and includes the
2017 and 2018 data points for Maizal.

Figure 3. Hg levels per village with both the 2017 and 2018 cohort for the village of Maizal. Boxes
show mean, interquartile range, and 2.5–97.5 percentiles.
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3.3. Cognitive Tasks
3.3.1. Word Span

Across the three villages, the mean accuracy of words recalled was 0.52 (sd = 0.19).
At the lowest set size of three items the mean accuracy was 0.87 (sd = 0.25) and 80%
of participants were able to recall the words perfectly on at least one trial beyond the
practice exercises. (Comparisons between set sizes for Word Span and subsequent tasks
are presented in Supplemental Section S2). Differences in Word Span accuracy between
communities were significant, F (2, 27) = 5.60, p < 0.01, ω2 = 0.23, as observed between
Yombiato and Maizal (p = 0.018, Tukey’s HSD) but were not significance between Yomibato
and Cacaotal (p = 0.07; Tukey’s HSD).

3.3.2. Corsi Block

Across communities, the mean accuracy for recall of block locations was 0.59 (sd = 0.27).
Comparisons of mean Corsi Block accuracy between communities was significant,
F (2, 27) = 8.67, p < 0.01, ω2 = 0.34, and post hoc tests confirmed differences between Yombi-
ato and Maizal (p < 0.01, Tukey’s HSD) and between Yomibato and Cacaotal (p = 0.01,
Tukey’s HSD).

3.3.3. Self-Ordered Pointing Test

The SOPT was scored by summing the number of errors across trials and set sizes
rather than the accuracy (as was done with the Word Span and Corsi Block). The mean error
score was 4.23 (sd = 1.65). At the lowest level, the mean error score was 0.47 (sd = 0.63) and
60% participants were able to complete the trial without any errors. Comparisons of mean
SOPT errors between communities were not significant, F (2, 27) = 1.43, p = 0.25, ω2 = 0.03.

3.3.4. Trail Making Task A and B

The sample for the TMT analyses was the participants who were age 12 or older, were
able to complete the Word Span task, Corsi Block Task, and SOPT, and who also completed
the practice trials for both the TMT A and TMT B task. Using these criteria for inclusion,
the sample size decreased from 30 to 19 participants all from the communities of Cacaotal
and Yomibato (see Table 2 for summary statistics and TMT scores for this sample). In the
traditional version of the TMT task, the primary dependent variable is time (in seconds)
to complete the task and a difference score is calculated between the time for Part A and
time for Part B with the resulting score capturing the time to complete the “task switching”
required in Part B [74]. This version of the TMT record accuracy instead of time. Difference
scores for accuracy were not calculated because the accuracy on Part A “Shades” and
Part B “Shades and Shapes” were correlated, r = 0.48, p = 0.03, and would be unreliable as
a measure of performance. Instead, accuracy was considered separately for each part of the
TMT and for the relationship to other variables such as Hg levels.

TMT A “Shades”. Mean proportion of correct responses across all trials and villages
was 0.68 (sd = 0.35). Two participants were not able to answer any of the test trials correctly
despite being able to complete the prior practice trials. Across all five trials, 42% of
participants responded perfectly. Differences between the two communities, Yomibato and
Cacaotal, were not significant, t(17) = 0.03, p = 0.48, d = 0.05.

TMT B “Shades & Shapes”. Mean proportion of correct responses across all trials and
villages was 0.31 (sd = 0.32). Six participants were not able to answer any of the test trials
correctly after successful completion of the practice trials. Only one participant completed
all five trials of Part B with perfect accuracy. Performance between the two communities,
Yomibato and Cacaotal, were significantly different, t(17) = 3.05, p < 0.01, d = 0.72 and
paired t-test between TMT A and TMT B responses confirmed the difference between the
two versions, t(18) = 8.56, p < 0.01, d = 1.17.
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Table 2. Summary Statistics for Trail Making Test Sample Pilot Test.

Community All Participants * Yomibato Cacaotal

n 19 14 5
Gender F (M) 10 (9) 7 (7) 3 (2)
Age mean years 23 (12.9) 22 (12.61) 21 (5.58)
Education

mean years 6.63 (3.50) 6.29 (3.85) 7.6 (2.30)
Hg (ppm)

mean (sd) 4.63 (2.92) 3.56 (2.54) 7.12 (2.64)
min 1.92 1.92 4.75
max 11.43 11.43 11.42

Trail Making Test A “Shades”
mean percent accuracy (sd) 0.68 (0.35) 0.66 (0.34) 0.68 (0.42)

Trail Making Test B “Shapes & Shades”
mean percent accuracy (sd) 0.31 (0.32) 0.34 0(.29) 0.08 (0.11)

* Maizal participants were not administered the TMT A & B.

3.4. Correlations among Demographic Variables, Health, and Diet Indicators

The correlation matrix for all variables is presented in Table 3 and significant results
are listed below along with 95% confidence intervals (CI). Hair Hg levels were positively
correlated with Age, r = 0.50, [CI 0.17, 0.73], p < 0.01, but did not show a correlation with
measures of Hemoglobin, r = −0.13, [CI −0.47, 0.24], p = 0.48, Body Mass Index, r = 0.11,
[CI −0.26, 0.45], p = 0.57, or Fish Consumption as measured by the index Total per Week,
r = −0.13, [CI −0.47, 0.24], p = 0.48. Education was negatively associated with Age,
r = −0.47, [CI −0.71, −0.13], p < 0.01, indicating that the younger members of each com-
munity have more years of schooling than the older members. The measures of Fish
Consumption, BMI, or Hemoglobin were not associated with any variables.

Table 3. Correlation Matrix for All Variables across Communities.

Age Education BMI Hemoglobin Fish Consumption Hg Word Span Corsi Block SOPT Errors

Age 1.00
Education −0.47 * 1.00
BMI 0.26 0.29 1.00
Hemoglobin −0.01 0.04 0.16 1.00
Fish Con-
sumption 0.04 0.12 −0.14 −0.02 1.00

Hg 0.50 * −0.21 0.11 −0.13 −0.13 1.00
Word Span −0.56 * 0.63 * −0.08 0.31 −0.13 −0.38 * 1.00
Corsi Block −0.44 * 0.59 * −0.01 0.28 −0.04 −0.56 * 0.62 * 1.00
SOPT Errors 0.10 −0.33 −0.20 −0.28 0.21 0.41 * −0.34 −0.31 1.00

* p < 0.05.

3.5. Correlations among Demographic Variables and Cognitive Tasks

Word Span accuracy was negatively related to Age, r = −0.56, [CI −0.76, −0.25] p = 0.01,
and positively related to Education, r = 0.63, [CI 0.35, 0.81] p < 0.01. Corsi Block accuracy was
also negatively related to Age, r = −0.44, [−0.69, −0.09] p = 0.01, and positively to Education,
r = 0.59, [0.30, 0.79] p < 0.01. The correlation between errors on the SOPT and Education
approached significance, r = −0.33, [CI = −0.62, 0.32] p = 0.07. Finally, Word Span accuracy
and the Corsi Block accuracy were related, r = 0.62, [CI 0.33, 0.80] p < 0.01. The associations
with Age and Education are not surprising given that declines in working memory with
increased age are well-established [75] and the influence of education on intelligence tests
with mercury exposed samples is also documented [18].

3.6. Correlations between Cognitive Tasks and Hair Hg Levels

Pearson’s correlations between each of the cognitive tasks and Hg levels can be found
in Table 3. Hair Hg levels showed a significant negative relationship with Words Span
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accuracy, r = −0.38 [CI −0.65, −0.03], p = 0.04, as well as Corsi Block accuracy, r = −0.56
[CI −0.76, −0.25], p < 0.01 indicating that increased Hg levels are associated with poorer
performance. The correlation between errors on the SOPT and Hair Hg levels was a
significant positive, r = 0.41 [0.06, 0.67], p = 0.03, indicating that Hg levels increased so too
did errors (i.e., poorer performance on the SOPT).

A separate correlation analysis was conducted for the sample of participants who
participated in the TMT A and B versions and found that accuracy in both versions had a
negative relationship to Hair Hg levels, but neither were significant, (TMT B “Shades
and Shapes”, r = −0.35, [CI −0.69, 0.12] p = 0.14, and TMT A “Shades”, r = −0.36,
[CI −0.70, 0.11] p = 0.13. Accuracy on the TMT A and B did correlate with each other,
r = 0.48, [CI 0.03, 0.77], p = 0.04, but there were no other significant correlations between
either TMT versions and the other demographic variables (age, education) or the health
indicators (BMI, Hemoglobin). The Version B of the TMT showed significant correlations
with the Corsi Block accuracy, r = 0.60, [CI 0.20, 0.83] p < 0.01 and a negative relationship
with SOPT errors, r = −0.55, [CI −0.80, −0.13] p = 0.01 but, not with Word Span Accuracy,
r = 0.31, [CI −0.16, 0.67], p = 0.20.

To understand how specific health and demographic factors may contribute to the
observed relationships between Hg levels and the working memory components, a multiple
regression analysis was conducted for each of the three cognitive outcome tasks (Word
Span, Corsi Block, and SOPT). The models were limited to three predictor variables because
of the small sample size across communities; the same three predictors were used for each
of the cognitive tasks to allow for comparisons of fit and contribution. The first predictor,
hair Hg levels, was chosen to test the hypothesis that Hg levels are associated with the
components of working memory to different degrees, depending on the involvement of
executive functions. The next predictors, Education and Age, were prioritized based on the
strength and significance of their correlations with Hg levels. Although the three predictors
were correlated, Variance Inflation Factors (VIF) were low, showing that multicollinearity
was not an issue: Age (VIF = 1.63), Education (VIF = 1.29), Hg level (VIF = 1.33). Variables
not included in the model were the health indicators of Fish Consumption, BMI, and
Hemoglobin because they showed no significant correlation to other variables. Before
running the model, the three participants in the Cacaotal community whose ages were
unknown, were interpolated using the group mean age of 28 years. A regression analysis
was not conducted on the TMT A and B data because of the smaller sample size and because
the data collection was considered a pilot test of the measure.

The multiple linear regression results for each of the three cognitive tasks are presented
in Table 4. For the Word Span Task, the model using Age, Education, and Hg levels as
predictors was able to explain 50% of the variance in accuracy, but only one variable,
Education, was a significant predictor.

Table 4. Multiple Linear Regression Models for Working Memory Components and Predictors.

y Model Fit x b 95% CI p

Word Span Accuracy R2 = 0.50, Adj R2 = 0.44 Age −0.00 (−0.01, 0.00) 0.16
F(3,26) = 8.65, p < 0.01 Education 0.02 (0.01, 0.04) 0.01

Hg −0.01 (−0.03, 0.01) 0.35
Corsi Block Accuracy R2 = 0.55, Adj R2 = 0.49 Age 0.00 (−0.01, 0.01) 0.83

F(3,26) = 10.44, p < 0.01 Education 0.04 (0.01, 0.06) 0.00
Hg −0.04 (−0.06, −0.01) 0.01

SOPT Errors R2 = 0.29, Adj R2 = 0.21 Age −0.04 (−0.09, 0.01) 0.14
F(3,26) = 3.57, p = 0.03 Education −0.16 (−0.32, 0.00) 0.05

Hg 0.23 (0.05, 0.42) 0.02

The same model predicting Corsi Block accuracy was able to explain 55% of the
observed variance. Education and Hg levels, but not age, were significant predictors of
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Corsi Block accuracy. The model for SOPT errors were less predictive than for the other
two cognitive tasks with 29% of variance explained. Hg levels significantly predicted
errors on the SOPT when controlling for Age and Education. The predictor of Education
approached significance when controlling for Age and Hg levels. The predictor of Age
was not significant when controlling for Education and Hg levels. Importantly, responses
on the Corsi Block and SOPT showed a continuous and quantitative response to Hg level
across the range measured but was not significant for Word Span (Figure 4a–c).

(a) 

(b) 
Figure 4. Cont.
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(c) 
Figure 4. Added variable plots [76] showing the unique effect of a cognitive task (red line and
associated 95% CI) as compared to a model assuming the model contains all the other terms (blue
line) for each cognitive task but no relationship between the dependent and independent variable.
(a) Word Span Accuracy vs. Hg, (b) Corsi Block Accuracy vs. Hg, (c) SOPT Total Errors vs Hg.

4. Discussion

The levels of methylmercury in hair of thirty participants from three different indige-
nous communities along the Manu River were found to be above the maximum threshold
of 2.0 ppm in all but three individuals, with levels exceeding the WHO limit [72,73] by
an average of 3.5×. The results point to widespread elevated Hg levels in even the most
remote indigenous populations living in watersheds with illegal artisanal and small-scale
gold mining—in this case between 300 and 400 km upstream from the nearest mine. This
study also explored the association between methylmercury exposure and working mem-
ory using cognitive tasks chosen to measure the short-term storage and executive functions.
Previous studies exploring the impact of Hg exposure have mostly relied on IQ tests or
working memory sub-scales that are likely to be influenced by culture, education, and
language and would not be appropriate for the Matsigenka living inside the restricted
area of MNP [18,19]. Here, some tasks were modified by changing stimuli, instructions,
and outcome variables to make the tasks more consistent with traditional Matsigenka
culture. Results suggest that Hg exposure may impair cognitive processes that rely on
executive functioning, and that these effects are seen at even relatively lower levels of
Hg exposure and increase monotonically with increasing Hg concentrations in hair. The
findings highlight the risk to Amazonian indigenous populations, especially those living
in areas impacted by ASGM where mining activity increases levels of Hg in fish that are
consumed as a main part of the indigenous diet [77]. Below, we discuss the results within
the framework of the Multicomponent Model, cultural considerations, their relevance to
work using IQ tests, and how these tasks may be used in future studies and contribute to
the Hg assessment field more broadly.
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4.1. Hg Levels

Outcomes from the Hg assays establish that the mercury occurring in the environment
exists at detectable and high concentrations in the Matsigenka residents of MNP. Across
two collection years and the broad sample of hair Hg levels, 98% percent of the participants
in this study showed levels of Hg hair above the 2.0 ppm threshold [ref]. For the second
collection year, hair Hg levels were different between the three villages: Yomibato had the
lowest mean levels (3.61 ppm), Cacaotal was almost double (6.04 ppm), and in the village of
Maizal measures were almost doubled again (11.49 ppm). The relatively lower Hg levels in
the residents of Yomibato and Cacaotal are consistent with levels reported by other studies
of Amazonian people living outside of the park [9] while the elevated levels in the Maizal
community are consistent with the range found in the 2017 data collection, which averaged
just under 12 ppm with a larger sample (n = 41). The communities did not differ on fish
consumption nor was the diet indicator (Total per Week) correlated with hair Hg level. This
finding is not surprising because our measure of fish consumption did not account for the
type or size of fish eaten. The trophic status of fish and where it is caught is known to be
related to the level of Hg passed on to humans via fish consumption [8,9]. Each of the three
communities fish in the part of the river that is nearest and most accessible to them, which
may also influence outcomes. For instance, the community of Maizal catch fish in the main
portion of the river where it may be easier to catch larger predatory fish such as catfish.
Yomibato and Cacaotal are located on a small tributary that gives them access to different
and smaller fish. A closer analysis of the diet of each of the communities is needed before
the role of fish consumption in Hg levels can be determined.

4.2. Hg Levels and Working Memory Tasks

The association between Hg exposure and cognition was examined for separate the-
oretical components of working memory and the measures for each were based on well-
established assessment tools that have been validated in experimental and clinical research
but were modified specifically for the Matsigenka. Importantly, for prediction and hypoth-
esis testing, the tasks also involved differing degrees of central executive functions.

4.2.1. Verbal Short-Term Memory and Cultural Considerations

The word span task was used to measure verbal short-term memory and all partici-
pants demonstrated understanding and competency on practice trials and in the smallest
set size, demonstrating participants’ ability to hold information temporarily. Recall de-
clined as set size increased, demonstrating that the task was challenging enough to avoid
ceiling effects in performance. Zero-order correlation between hair Hg levels and Word
Span accuracy was moderate and significant, yet when fit to the regression model for Word
Span that controlled for Education and Age, Hg level was no longer a significant predictor
variable (see Figure 4a). At first glance, this may appear to be evidence for the null, that Hg
has no effect on working memory; however, the finding is consistent with the Multicompo-
nent Model and the hypothesis that Hg levels are associated with compromised central
executive functions rather than the storage and recall of words [41].

Despite the simplicity of the word span task, consideration of the measure reveals the
nuances of measuring cognitive abilities across diverse cultures. For instance, changes in
how the results are scored and evaluated might determine if a score is interpreted as below
“normal” or impaired. Many clinical assessments of short-term memory capacity, use an
outcome that is reported as a “span” score or the average number of items that a person can
temporarily hold and then recall (for discussion on span vs. accuracy calculations, see [78].
The average span score is reliably reported to be around seven for short-term memory [79]
and four for working memory [80].

While it may seem straightforward to calculate the average span size among the
sampled communities and compare it to these well-known metrics, that approach could be
misleading when applied to indigenous groups like the Matsigenka. There are multiple
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known influences from language and culture that can introduce variation into a span score.
One well documented is the Word Length Effect (WLE) that is the fluctuation in span size
across languages depending upon the amount of time it takes to pronounce or rehearse
words or numbers in a sequence [81–83]. For the Matsigenka, the WLE might occur if a
participant’s span size in the Matsigenka language is different than their span size when
speaking in a second language, Spanish. Span differences due to the WLE would not reflect
an impaired ability to store and recall, but rather articulation time for the words in the
sequence due to the structure of the language and the participant’s fluency.

Another cultural factor that could contribute to misleading differences when using
a clinical norm to assess impairment is the counting systems of Amazonian groups. The
traditional Matsigenka counting system categorizes items above three or four into a group
of “many”. It is possible that the strategy of categorizing multiple items with the same
descriptor of “many” indicates that a different rehearsal strategy is used when temporarily
storing information [79,80]. The explanation has not been tested, but seems reasonable since
anthropological writings about the Matsigenka have provided descriptions of individuals
“losing count” of discreet number of objects when in a large amount, such as the account of
a Matsigenka child over the age of six listing their possessions:

If he says he has three needles, he has three. He begins to lose count only as numbers
mount above five; like all his neighbors, he tends to remember in increments of five or ten
and he can indicate these increments by opening his fists and flashing his fingers the right
number of times. ([84]. Families of the Forest, 2003, p. 153)

In a similar way, a culture’s system for categorizing information for memory could
influence the internal processes of storing and retaining verbal-numerical items in memory.
That is, the Matsigenka may or may not rely on articulatory rehearsal strategy, which is
the repeating of words/digits between the presentation of the next stimuli and recall. If so,
they could have decreased span size due to strategy, but not necessarily due to capacity.

The word span task used in this study was intended to measure verbal short-term
storage of the Matsigenka in their own language and without comparison to a control-group
norm, but the results cannot inform about potential word length effects, the influence of a
different counting system on storage capacity, or a use of a strategy that is not articulatory
rehearsal. None of these possibilities can be addressed with the current data but could
influence the overall storage capacity estimates.

Although the word span task allows for illustrations of cultural diversity in psycho-
logical measurement, it can also be noted that none of these factors should have influenced
the between-community differences that the current study found in Word Span accuracy
scores and would only apply to those studies using normative data from outside the test
group’s culture. The finding of differences between the communities as reported here are
due to the factors measured (i.e., Hg levels or education) or others not yet explored. Further
the pattern is consistent with other studies testing verbal short-term memory in a simple
and complex format [19].

4.2.2. Visuospatial Short-Term Memory

A negative relationship between Hg and the Corsi Block Task accuracy showed that
the measure was sensitive to varied levels of Hg exposure. Higher hair Hg levels were
associated with poorer visuospatial retention and recall, and this association remained
significant after controlling for Age and Education (Figure 4c). However, this result does
not necessarily mean that the storage capacity of visuospatial items is impaired exclusively.
Although the task is often considered a measure of short-term storage in clinical assessment
and as conceptualized in the Multicomponent Model, cognitive research provides ample
evidence that the executive-processing contributions is higher than verbal span tasks,
and on par with some domain-general tasks that are marked as measures of executive
functions [48]. The association with Hg levels may be due to the impairment to the executive
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processes that are recruited during a visuospatial task and are the same that underlie the
executive functions captured by IQ scores.

The evidence of Hg’s association with poorer visuospatial performance is partly
consistent with other studies of Amazonian peoples. Santos-Lima et al.’s work (2020) with
Amazonian children in Brazil found relationships between Hg hair levels and performance
on the Corsi Block when using the backward recall version but not with the forward
version. The order of recall (forward or backward) is thought to increase a task’s complexity
by requiring the participant to reverse the sequence during recall and thus, causing the
central executive to be more engaged [85]. While it is subjectively true that a backward task
feels more difficult to participants, it may not be due to central executive contributions,
as demonstrated in factor analysis studies on types of working memory tasks [42]. One
possible reason for the difference in findings is that the children in previous Amazonian
studies were living in more populated areas and recruited through their local schools. The
fact that schools could organize recruitment for samples of children may indicate that there
is greater stability, resources, and quality of formal education that can influence a child’s
development of test scores or even teach memory strategy that is advantageous for such
tests. With the current data, conclusion about the effects of school on task performance, but
Education does seem to explain variance in cognitive scores in a way that is unique from
Hg levels, as shown by the linear regression outcomes.

In the Faroe Islands, a cohort of residents was tested with a similar measure of vi-
suospatial short-term memory, the Spatial Span, but did not find evidence that the Hg
levels measured at birth negatively impacted recall in early adolescents [86] or young
adulthood [20]. Instead, Spatial Span scores at age 14 years showed an unexpected positive
correlation with Hg cord blood samples. It is not clear why there are disparate outcomes for
correlations between visuospatial memory and Hg levels across studies, especially those
found in opposite directions. Some reasons to consider are the scoring system used for the
task, types of mercury assays during development (cord blood at birth vs. current hair
levels), range of Hg detected within the sample, and larger sample sizes. Following up with
more studies to understand how Corsi Block performance relates to hair Hg levels is worth
exploring and could help to bridge our understanding of how visuospatial processing
should be considered during assessment. For the Matsigenka studied in the current sample,
poorer performance on the Corsi Block was associated with hair Hg levels and could be an
important tool for assessing cognitive functions, providing an alternative path to capturing
estimates of general cognitive impairment for Hg studies in ASGM active areas.

4.2.3. Executive Functions

The major hypothesis offered in the cognitive literature and tested here, was supported
by the results from the central executive task, the SOPT. The SOPT error score was positively
correlated to Hg levels, so that participants with higher Hg levels were also more likely to
make errors when remembering the previously selected shape. The association remained
significant when Age and Education were controlled in a regression model (see Figure 4c).
The SOPT task, though simple in form and instruction, has not been previously used in
Hg studies but is often used in lab studies exploring models of working memory and
intelligence. Similar to the Corsi Block, these findings in combination with the experimental
cognitive literature showing that the SOPT correlates with intelligence tests [59], suggest
that the SOPT could be a suitable substitute when intelligence tests are not appropriate for
use in remote areas with indigenous people.

Previous studies with general working memory indices and executive tasks are consis-
tent with the SOPT results. Studies with children in Amazonian Peru [18] and Brazil [19]
found that working memory sub-scales included in IQ tests were correlated with Hg levels
after controlling for covariates like socioeconomic measures and education. The finding
that education is a common predictor across studies and even for each cognitive task in
this study is interesting and highlights the influence of formal schooling on cognitive as-
sessments (although it is also possible that cognitive abilities measured by our assessments
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might instead influence educational attainment). Just like the Word Span and Corsi Block
tasks in this study, Education was correlated with SOPT error scores (p = 0.05) when Hg
and Age were controlled. The measure of Education was years in school (up to 12th grade),
which included a full range of scores (0 to 12 years), but it is unlikely that this metric
captured the type or quality of education available in each of the communities. Based on
our observations, there appeared to be disparate levels of educational resources among
communities. While one village, Yomibato, had a building designated as classroom space
for lessons; Cacaotal did not have classrooms, nor did they seem to have the basic supplies
that would be expected in a classroom environment. Yomibato was also the only commu-
nity with a drinkable water source close to the school. These resource differences are not
reflected in participants’ reports of years in school. In other words, school attendance up to
4th grade in Cacaotal should not be assumed to be equal to attendance up to 4th grade in
Yomibato. To account for differences in quality of education, it would be helpful to have
additional indicators of community resources and organization.

Finally, this study presents data from a pilot test for a version of The Trail Making Test
specifically created for the Matsigenka inside MNP as a measure of executive functions.
There was evidence in the pilot test sample that the TMT “Shapes and Shades” was
measuring executive functions: TMT B “Shapes and Shades” was significantly related to
Corsi Block accuracy and the SOPT errors, but not to Word Span accuracy. Although the
TMT B “Shades and Shapes” seems promising as a measure of executive functions, it is not
certain that it could be used for detecting Hg associated impairment because the negative
relationship between hair Hg levels and TMT B accuracy was not significant, r = −0.35,
p = 0.12. Other issues for the TMT A & B pilot were that the tasks proved difficult for
participants across communities; some could not successfully complete the practice trial
and only one participant successfully finished both Parts A & B without error.

It could be that the shaded stimuli chosen for the TMT tasks were difficult to distin-
guish between, making the task visually challenging and also caused the two versions
(A and B) to become conflated. Forms A & B are intended to capture different cognitive
processes [87] with the simple version (A) replacing letters for shades, and the complex
version (B) replacing numbers with shapes (see Figure 2c,d). The TMT B “Shades and
Shapes” did require participants to alternate between decision sets, executive function.
However, the results of both Part A and Part B in this study were correlated, which suggests
that the underlying processes were similar or overlapping. This may be due to fact that the
second dimension in Part B, the shapes, did not change incrementally as the numbers do in
the original version. Overall, the TMT “Shapes and Shades” should be further investigated
as an assessment tool, ideally in a larger sample and with more varied stimuli.

4.3. Limitations and Future Directions

A limitation of this work was the modest number of participants with fully completed
cognitive tasks and health assessments. The numbers reflect the challenges of collecting
data from remote regions. Even so, the three villages considered for this project were
chosen for their location within the most remote areas of the protected zone of the park
and at different points along the Manu River. Each community visited could be described
as small communities with some degree of illiteracy present in each. These factors make
assessment of cognitive impairment difficult and associations with Hg could possibly be
obscured by other factors. Despite the sample size we had reasonable power (70%) to detect
correlations as small as r = 0.40. The sample size may have also led to the sample not being
representative of the Matsigenka population living inside the park, although this is difficult
to know for certain. There are records of communities, especially the younger residents
who have attended school, but the ages and other demographics of adults are sometimes
unknown, and it is difficult to determine how many people are living in total within the
boundaries of the park.

Another limitation of this study, albeit anticipated and considered, was the lack of
existing norms of data and/or a proper control group for the communities visited. With
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indigenous people in Amazonia, especially those in the restricted area of MNP, there
are reasons to closely consider comparisons to matched groups from the surrounding
regions. Using such comparison groups, especially those too far outside areas with Hg
exposure may have introduced error associated with differences of nutrition, general health,
education, and familiarity with formal testing. This is a familiar problem to researchers in
the field [18,88] and the problem may demand multiple strategies from different research
programs to achieve a clear understanding of the more subtle impacts associated with Hg.
For the Matsigenka of MNP, we decided against using an outside control group and, instead,
focused on the dose-related relationship of Hg and cognitive performance. This design may
be the soundest approach and is not unlike the types of follow-up and secondary analyses
that are found in benchmark studies of the field. For example, in the Faroe Island cohort
studies, Grandjean et al. [88], created a control group from the children whose mothers
had low mercury exposure. Similarly, Dos Santos-Lima et al. [19] used the top and bottom
quartile of Hg levels in their participant sample for inferential analyses.

Outside of limitations, this study is bolstered by the theoretical framework provided
by experimental cognitive research and offers a different approach to learning how Hg
exposure may be impacting Amazonian communities. The tasks used for working memory
were tailored to our sample and showed the relationships predicted by the Multicomponent
Model and other literature on working memory. The findings encourage a closer look at
how intelligence tests versus cognitive construct measures can be used in future assessments
in isolated populations. More specifically, measuring working memory components may
be a preferred index over IQ scores when there is sufficient cultural divergence between IQ
batteries and participants. The results in this study suggest two options for detecting Hg
impairment when working with isolated indigenous groups: the Corsi Block Test and the
SOPT. The Corsi Block Test because it is more related to executive process than a simple
storage task [48] and the SOPT because it is known to capture the unique executive abilities
of strategic responding, internal organization and updating of information, and behavior
regulation [51]. Moreover, the SOPT error scores correlate with tasks that are cornerstones
of intelligence tests, such as the WAIS-III Block Design and Spatial Span subtests [89]. Both
the Corsi Block Test and SOPT represent components of working memory that may be
impaired by exposure to Hg and are also appropriate for use with indigenous people.

Future directions for this research can include more exploration of culturally modified
cognitive tasks for Amazonian groups. Greater reference to the experimental literature on
cognition can increase testing options for Hg studies when general intelligence tests and
standardized comparison groups are not feasible in remote areas. Other areas of cognitive
research should be explored for use in Hg studies including a deeper investigation into the
types of executive functions sensitive to Hg exposure, such as updating, sequencing, and
shifting of attention [34]. The research on executive functions beyond assessment of indige-
nous groups, a future direction for research can be to use current findings on intelligence
for the development of intervention programs aimed at ameliorating or strengthening
cognitive processes in ways that would be beneficial to Amazonia children and adults. In-
tervention programs can continue to be investigative while also addressing the immediate
need for groups living among ASGM activity and other areas of Hg exposure.

5. Conclusions

The levels of methylmercury in hair of thirty participants from three different indige-
nous communities along the Manu River were found to be above the maximum threshold
of 2.0 ppm [72,73] in all but three individuals, with levels exceeding the WHO limit by
an average of 3.5×. The results point to widespread elevated Hg levels in even the most
remote indigenous populations living in watersheds with illegal artisanal and small-scale
gold mining—in this case between 300 and 400 km upstream from the nearest mine. This
study also explored the association between methylmercury exposure and working mem-
ory using tasks chosen to measure the short-term storage and executive functions. Previous
studies exploring the impact of Hg exposure have mostly relied on IQ tests or working
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memory sub-scales that are likely to be influenced by culture, education, and language and
would not be appropriate for the Matsigenka living inside the restricted area of MNP [18,19].
Here, some tasks were modified by changing stimuli, instructions, and outcome variables
to make the tasks more consistent with traditional Matsigenka culture. Results suggest
that Hg exposure may impair cognitive processes that rely on executive functioning, and
that these effects are seen at even relatively lower levels of Hg exposure and increase
monotonically with increasing Hg concentrations in hair. The findings highlight the risk to
Amazonian populations, especially those living in areas impacted by ASGM where mining
activity increases levels of Hg in fish that are consumed as a main part of the diet [77,90].
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Abstract: Illegal mining is a major public health and societal concern. Recent scientific evidence
indicates elevated blood–lead levels in illegal gold miners and associated communities. Yet, there is
little research in this regard from low- to middle-income countries (LMICs), where illegal mining is
growing. This case series is extracted from a cross-sectional study of lead exposure in incarcerated
juveniles in greater Johannesburg. From survey records (blood–lead levels and questionnaires),
three males had elevated blood–lead levels and presented with health conditions and behavioural
problems putatively linked with lead poisoning. Based on the record review, all three juveniles were
in a secure facility due to illegal mining-related activities. All three cases had high blood–lead levels
and demonstrated a tendency toward aggressive or violent behaviour. They also presented with
conditions associated with lead poisoning, such as anaemia, respiratory illness, abdominal disorders,
and musculoskeletal conditions. Juveniles involved in illegal mining are at risk of exposure to heavy
metals such as lead, and there is a need for relevant preventative action and health care programmes
in this group.

Keywords: illegal mining; elevated blood levels; artisanal and small-scale gold mining; para-
occupational; environmental health

1. Introduction

Environmental and para-occupational lead exposure is an under-recognized societal
issue in low- to middle-income countries [1]. Children are particularly affected, including
adolescent males [2]. Blood–lead levels (BLLs) have been linked to societal and behavioural
issues such as aggression, anti-social behaviour, delinquency, and violent or criminal
behaviour [2–7]. Research has highlighted elevated BLLs in adolescent males who are
prone to involvement in acts of violence or criminal [4,5]. Elevated BLLs have also been
linked to the number of arrests and the type of crime committed [8]. Studies from high-
income countries have shown that children in juvenile systems have elevated blood–lead
levels compared to children who have never been in conflict with the law [5].

Involvement in informal or artisanal mining has been associated with lead expo-
sure [9,10]. Artisanal gold mining is regarded as an illegal economic activity in many low-
to middle-income countries, including South Africa [11,12]. Elevated blood–lead levels
have been found in as many as 92.5% of children aged under six years within an artisanal
mining community [10]. Boys residing in communities near artisanal and small-scale gold
mining activities are at greater risk of having high blood–lead levels than girls [13]. Similar
findings were found near the lead–zinc mine, where eight children had BLLs exceeded
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427.8 μgdL−1 [14]. However, reductions in BLLs have been seen in a community where
safer artisanal mining practices have been adopted [15].

Artisanal mining has been growing in several African countries, with growing con-
cerns over the health of those involved [16]. South Africa has a long history of gold mining,
increasing artisanal gold mining in recent decades [17]. Despite this, there is a paucity of
information on exposure to toxic substances and the health of this vulnerable group that
often includes adolescents and children. In South Africa, children and young adults found
guilty of criminal acts are confined to secure facilities [18]. They may receive access to
services such as education, recreation, and limited public-health programmes (curative
health only) as part of their rehabilitation programmes before being released to a parent or
guardian [19]. These services are designed to address mental, social, and community fac-
tors that contribute to criminal behaviour, but seldom address preventable environmental
exposures as contributors to violent or criminal behaviour.

This study presents a series of three cases of elevated blood–lead levels related to
artisanal mining in male juveniles held in secure facilities in South Africa.

2. Materials and Methods

From October 2020 to February 2021, venous blood samples were collected by a
qualified and registered nurse from three children/juveniles at the correctional centres. Ap-
proximately 50–100 μL of blood were collected into an anticoagulant ethylene diamine tetra–
acetic acid sterile test tube and transported on the same day to the laboratory. The blood
samples were divided in the laboratory to determine blood–lead levels and haemoglobin.
Information on the criminal behaviour of participants was retrieved from their records at
the incarceration facilities. A semi-structured questionnaire was administered to partici-
pants to obtain information on socio-demographic factors, self-reported health issues, and
environmental exposures. The Youth Self-Report scale was used to screen for tendencies to
aggression or violent behaviour [20,21].

The study was approved by the Faculty of Health Sciences, Research Ethics Committee
from the University of Johannesburg. The ethics approval number is (REC-241112-035I).
The researchers sought consent from young males of 18 years or older. The parents and
legal guardians of the young males were also approached for consent. The three cases
reported here are from an ongoing study [22].

3. Findings

3.1. Case Report 1

An 18-year-old male had a blood–lead level of 48.11 μg/dL, with a haemoglobin level
of 7.9 g/dL (severe anaemia). Before coming to the incarceration centre, he had lived in
an informal settlement with a communal water supply. He was of Mozambican birth and
raised by a single parent (his mother). He started working as an artisanal gold miner at the
age of 15 years in South Africa. He was a digger (colloquially referred to as “moles”), who
went underground to dig for gold and handled explosives for underground blasting. From
time to time, he served as a “drainer” as well. A drainer is responsible for refining gold
from the dirt retrieved from underground. He was arrested and incarcerated for illegal
gold mining in Randfontein.

The participant indicated that he was required to work for periods of up to two
weeks underground without coming to the surface. While underground, he was not
provided with masks or any other personal protective gear to provide protection against
dust or contaminated air. He usually used a cloth or discarded personal respiratory safety
equipment that he had found. While underground, he ate only canned foods and bread.
Occasionally, he received food from a “runner” (also called messengers) responsible for
removing the waste material generated underground. He smoked marijuana and used
other illicit substances.

There were no health outcomes recorded in his file; however, he complained of severe
headaches, abdominal pain, constipation, painful muscles, weak joints, and a persistent
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cough. He has shown tendencies of violent behaviour in the last six months. He indicated
that he had been shoved or pushed, hit, emotionally/verbally abused, and robbed, mainly
underground. Lastly, he had regularly threatened someone with a sharp object to protect
himself and the gold that he had discovered while underground.

3.2. Case Report 2

An 18-year-old male with blood–lead levels of 45.87 μg/dL and Hb of 7.1 g/dL
(severe anaemia). Prior to his incarceration, he had lived in an informal settlement with a
communal water supply. He had been born in Mozambique and lived with his unemployed
mother until relocating to South Africa. He was recruited by an older male family friend
to smuggle explosives for use in the informal gold-mining sector. In time he became a
messenger and a drainer.

He had never been given personal protective gear. He used discarded safety goggles,
boots and cloth as a mask; most of these materials he had found the refinery sites where
discovered gold was smelted prior to sale.

There was no medical history captured in the participant’s file. He indicated having
experienced chest pains, constipation, persistent cough, joint weakness, and muscle pains
in the last 12 months and feeling tired most of the time since he had been in the facility. He
admitted to being violent towards other gangs in the area where they mined gold. In the
last six months, he has verbally abused, threatened to hurt, robbed, and used a sharp object
to assault someone from a rival group.

3.3. Case Report 3

A 15-year-old immigrant boy had a blood–lead level of 35.76 μg/dL and haemoglobin
of 8.6 g/dL, classified as severe anaemia. He had been orphaned at a young age and left
his home in Mozambique due to physical abuse from a relative. Prior to being incarcerated,
he had lived in a South African informal settlement with his brothers, who had introduced
him to illegal gold mining. He had been working as an explosives handler and as a digger
when needed.

The most prolonged period during which he remained underground was one week.
He was not provided with personal protective clothing and ate only canned foods and
bread while underground.

He did not report any medical conditions at the time of entry into the detention centre,
but during the recent interview complained of itchy skin, pain in his fingers, and watery
eyes after working with chemicals. He did not report any significant violent behavioural
tendencies, apart from quickly becoming irritated. He reported having emotionally abused
others during the six months before the interview.

4. Discussion

This case series gives insight into various environmental, social, and health risks
faced by illegal adolescent gold miners in South Africa. With blood–lead levels of 35.76,
45.87, and 48.11 μg/dL, which exceed the current reference level of the Centers for Disease
Control in the USA—of 5 μg/dL—by factors between 7 and 10, all three cases had been
highly exposed to environmental lead. Their work in the field of artisanal mining is most
likely the source of their lead exposure. The three participants involved informal gold-
mining processes such as digging, transporting food supplies into the underground mining
areas, and processing the soil retrieved from underground to extract gold residues (as a
drainer). The drainer is the most exposed to heavy metals and other chemicals used in
the gold-extraction process. This process involves the use of sodium cyanide, sulphuric
acid, and nitric acid. All three cases reported a lack of personal protective equipment when
underground or involved in other mining processes.

Previous studies have related high blood–lead levels to illegal mining or other arti-
sanal activities [10,23,24], including a fatal lead-poisoning case [25]. According to CDC
guidelines, the three individuals should be on a treatment programme for lead poisoning.

279



Int. J. Environ. Res. Public Health 2021, 18, 6838

The cases variably reported a range of non-specific ill-health symptoms that have been
associated with lead exposure, including pain and weakness in their muscles and joints,
constipation, severe headache, and abdominal pain.

Lead poisoning is a known neurotoxicant that can influence behaviour in particular
ways, due to its ability to impair the nervous system [26]. All three cases showed signs
and tendencies toward aggression or violent conduct, which have been linked to elevated
lead levels [2,4,27]. Two participants have threatened to hurt, robbed, and assaulted
someone with a sharp weapon, while all three have verbally/abused someone recently.
This behaviour was similar to evidence from a non-exposed population with elevated
blood–lead levels in South Africa [4]. Nkomo and colleagues found that young males with
elevated blood–lead levels were prone to violent behaviour such as assault, robbery, and
assault using a weapon with the intent to cause harm [4].

The working conditions of the cases were also highly insanitary, including a lack
of water, sanitation, ventilation, and waste disposal systems. Such conditions have the
potential to be highly detrimental to the subjects’ health [28]. In addition, the accounts
given to the interviewer illustrate the marginalization and vulnerability of the cases, for
example, in terms of being in a foreign country (they were all of Mozambican origin
and had come to South Africa as adolescents or children), their young age and work as
child labourers in the artisanal mining sector, and their subjection to threats and violence
underground over the gold they had found.

Young artisanal miners are a highly marginalized and vulnerable group regarding
their abysmal and perilous working conditions and their hazardous environmental expo-
sures, social dangers, and compromised health. They find themselves beyond the safety
net of public health and social systems. There is a greater need for collaboration between
different sectors such as health, social development, educational, mineral resources, eco-
nomic development, and criminal justice. The action might include introducing safer
mining practices at a small-scale level through regulating artisanal mining, developing a
lead-poisoning screening tool and implementation of cases to the public health officials.
Meanwhile, the juveniles who are in the secure facilities should be educated on the dangers
of illegal mining. Incarcerated juveniles receive numerous services, such as counselling,
the opportunity to continue with their studies (from primary to secondary levels), and to
take skills training programmes. Once the juveniles have left the facilities they may be
aided go back to school and access the social grant system. In addition, health education on
lead hazards amongst public officials dealing with male juveniles and pro-environmental
intervention is required to address environmental-related activities linked to societal and
health issues in LMICs.

5. Conclusions

The study has highlighted the impact of illegal gold mining on young males’ liveli-
hoods, especially their education, health, and violent behaviour. The young males had
blood–lead levels that require public health action, either curative or preventive. The
juveniles were involved in illegal activities for survival that contribute to high blood–lead
levels. There is a need for a holistic approach to address societal issues such as crime. This
report identifies the need for lead poisoning monitoring and a surveillance programme on
the exposed population or communities.
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Abstract: Mineral resource exploitation is one of the activities that contribute to economic growth
and the development of society. Artisanal and small-scale mining (ASM) is one of these activities.
Unfortunately, there is no clear consensus to define ASM. However, its importance is relevant in that
it represents, in some cases, the only employment alternative for millions of people, although it also
significantly impacts the environment. This work aims to investigate the scientific information related
to ASM through a bibliometric analysis and, in addition, to define the new lines that are tending to this
field. The study comprises three phases of work: (i) data collection, (ii) data processing and software
selection, and (iii) data interpretation. The results reflect that the study on ASM developed intensively
from 2010 to the present. In general terms, the research addressed focuses on four interrelated lines:
(i) social conditioning factors of ASM, (ii) environmental impacts generated by ASM, (iii) mercury
contamination and its implication on health and the environment, and (iv) ASM as a livelihood. The
work also defines that geotourism in artisanal mining areas is a significant trend of the last decade,
explicitly focusing on the conservation and use of the geological and mining heritage and, in addition,
the promotion of sustainable development of ASM.

Keywords: mining; artisanal mining; small-scale mining; environment; bibliometric analysis

1. Introduction

Mining is a type of extractive activity considered to be one of the most important
sources of metals and non-metals [1,2]. This activity is not always carried out by large-
scale companies or industrial machinery; being called small-scale or artisanal mining.
Small-scale mining (SSM) was first defined by the United Nations (UN) as: “Any single
mining operation that has an annual raw material production of 50,000 metric tonnes or
less, measured at the mine entrance” [3]. However, despite referring to the production
magnitude or exploitation size, this concept differs at the level of countries and institutions.
For example, in Brazil, the National Department of Mineral Research (DNPM) defines SSM
as an operation that produces between 10,000 t/a (tonnes per year) and 100,000 t/a of
ore [4]. On the other hand, in Ecuador, according to the mining law, the SSM exploits and
processes up to 300 tons of ore per day (tpd) [5].

The SSM can be developed technically (conventional) or in a rudimentary way. When
the operation of the SSM is conventional, it is characterised by being developed under a
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legal situation and the technical application of mechanised exploitation, as well as being
processed with engineering criteria and feasibility studies that guarantee the results of
mineral production [6]. On the other hand, when the operation is carried out through
simple and rudimentary techniques to extract ore without conventional ecological and
engineering principles, it is called artisanal mining (AM) [7]. Currently, no country has
clear regulations defining activities classified as AM, and almost all policies only refer
to the size of the operation [8]. Hilson [9] describes that artisanal mining exploitation
involves “intense labour activity located in remote and isolated sites using rudimentary
techniques, low technological knowledge, low degree of mechanization and low levels of
environmental, health and safety awareness”. This term refers to the rudimentary type of
exploitation, regardless of whether the mine is small or large [10].

Artisanal mining and small-scale mining are used synonymously to refer to mining
activity carried out by individuals or small groups with low technology or machinery [11].
Considering their close relationship, the legislations of developing countries refer to the
term “artisanal and small-scale mining (ASM)” as “individuals, groups, families or mining
cooperatives with minimal or no mechanization, often in the informal (illegal) sector of the
market” [12] (Figure 1).

 

Figure 1. Schematic representation of ASM as a term that unites SSM and AM.

However, the definition of ASM is not uniform across many jurisdictions. Although
there is still no internationally agreed upon definition of ASM, country-specific definitions
reflect relevant situations and developments at the local level [13]. According to Secca-
tore et al. [7], “the term ASM is widely used to refer to those small or large operations that
use rudimentary techniques to extract gold that operate legally or illegally and that are
not on the radar of many companies mining companies, governments and international
environmental agencies”. Various authors have studied and characterised this type of
activity [12,14–23].

284



Int. J. Environ. Res. Public Health 2022, 19, 8156

In general, ASM is an activity that exploits small deposits, has poor capital, lacks stan-
dards to ensure health and safety, is labour intensive, and has a significant environmental
impact [14]. According to [24], millions of people worldwide are dedicated to primitive
mineral extraction (ASM). Most ASM operators mine precious metals and stones [25].
Other mineable materials, such as minerals, include diamonds, columbite-tantalite, and
bauxite [26–28].

Recent studies have focused on large and medium-scale mining effects, updating
sustainable and environmentally responsible production techniques [29–31]. However, the
effects produced by ASM are still a reality due to economic, legislative, and technological
limitations [22,32,33]. Furthermore, ASM has witnessed a massive expansion worldwide,
employing millions of people [14,34] and producing 15–20% of the world’s mineral pro-
duction [7]. In addition, the areas where activities related to small-scale mining are located
are studied, among other topics, from a geological point of view. In particular, in works
oriented to the definition of the type of existing deposit (e.g., [35–37]), the characterization
of the existing minerals of interest (e.g., [38–40]), and to the proposal of efficient exploitation
alternatives (e.g., [41–43]).

Artisanal mining is driven by poverty, growing as an economic activity and adopted as
a promising, and in many cases unique, alternative income [44]. However, ASM continues
to develop without regulatory control in most developing countries, generating social and
environmental problems in which crime, child labour, soil erosion, mercury contamination,
and mining conflicts stand out [45]. The leading solution proposed by academics and
professionals consists of improving ASM’s environmental, technical, and socioeconomic
performance by implementing regulations that organize and formalize the sector, respecting
miners’ rights [12,19,34].

Several literature review studies related to ASM mainly focus on systematic reviews of
specific topics. Some examples are review studies about its relationship with poverty [24,46],
agriculture [47], operator health [48], ecological problems [49,50], health risks [51,52], mer-
cury contamination [6], mercury management and treatment [53], and water contamina-
tion [54], among others.

To date, no holistic analysis of ASM is recorded. This is possible with a bibliometric
study that allows for knowing the structure and evolution of this field of research. Biblio-
metric analysis is a method that assesses the structure and trends of research in a specific
body of literature [55–60], commonly used to categorize aspects of science as journals, insti-
tutions, universities, authors, and most contributing countries [61]. According to [62], this
type of study is important for (i) obtaining a comprehensive overview of the subject under
investigation, (ii) identifying knowledge gaps, (iii) defining novel lines in research, and
(iv) positioning their contributions in the researched field. Bibliometric analysis can use two
procedures: (i) analysis of scientific production, which leads to an evaluation of the impact
of the field being investigated in the study and its scientific actors (authors, institutions,
countries) [63,64]; and (ii) bibliometric mapping combined with clustering techniques that
allow for evaluating of the cognitive structure and behaviour of the scientific field through
the analysis of research fields, disciplines, and themes [65,66].

Based on the above, and considering the conflict (similarity and variation of definitions
between SSM and AM), the following research question arises: How should we organize
information to carry out a comprehensive analysis of the evolution and trends of the
scientific production of the SSM and AM?

In this study, the term ASM is considered as a holistic concept that integrates SSM
and AM as synonyms of low-production mining activity, characterised by the low-quality
technology used and intensive labour. For this reason, the objective of this study is to
analyse the existing literature base related to ASM through bibliometric methods that allow
for the definition of the main areas being investigated, patterns, trends, and the proposal of
new lines of research.

The article consists of six main sections: the introduction (Section 1), which includes a
review of scientific literature related to ASM in the world; materials and methods (Section 2),
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which describes the procedure used in this study; results (Section 3), in which the results ob-
tained from the analysis and processing of the database are presented; discussion (Section 4),
which lies in exposing the importance of the study and the determination of future lines of
research; the conclusions (Section 5), which include the limitations of the study; and finally,
the references used which support this research.

2. Materials and Methods

Bibliometric research, a meta-analytic literature research tool, was conducted in this
study [57,67]. This type of study is about analyzing (mapping) the structure, evolution,
and research trends of a specific database [55,56,58–60,68] through parameters such as
authorship, citations, keywords, journal, and affiliations [61,69].

For the bibliometric analysis of a specific field of research, it is necessary to use
bibliometric maps [70,71], which can be viewed in different software (e.g., Bibexcel, CitNe-
tExplorer, CiteSpace, CoPalRed, HistCite, Net-work Workbench Tool, SciMAT, Sci2Tool,
VantagePoint, and VOSviewer). This study used the VOSviewer software [65] to build
bibliometric networks in order to facilitate the analysis of the intellectual structure using
various parameters obtained from scientific publications [72]. The research contemplates
a systematic process distributed in three phases (Figure 2): (i) data collection, (ii) data
processing and software selection, and (iii) data interpretation.

 

Figure 2. General methodological scheme of the study.
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2.1. Data Collection

Most of the research literature on small-scale mining is closely related to artisanal
mining [34,73,74]. Furthermore, scientific contributions on artisanal and small-scale mining
(ASM) generally expose case studies, mainly in developing countries, in which small-scale
mining is a term frequently used to refer to artisanal mining activity [25,75]. Therefore,
considering this relationship, the following search terms are considered in this study: (i) ar-
tisanal mining, (ii) small-scale mining, and (iii) small mining. The selected terms will allow
for the obtaining of a complete literary body on the subject for its later bibliometric analysis.

Quality databases with accurate and consistent information are essential [76,77]. There-
fore, the Scopus database was selected for the search, as it is considered one of the central
databases with great coverage, facilitating the study and comparison of different scientific
fields [78–83]. In addition to its comprehensive coverage and ease in the tools provided for
bibliometric analysis, in this specific study (artisanal and small-scale mining), we consid-
ered the main reason for the extensive coverage of Scopus in terms of scientific production
related to geosciences [84–86].

Scopus constitutes an indexed and well-organised database of scientific production,
with tools that allow the export of metadata [63,80,87]. In addition, it provides a series of
data on scientific publications such as authors, institutions, countries, number of citations,
and research areas [78,80,88,89]. An important aspect to consider in selecting the database is
that the growth in the coverage of journals from Latin America and the Caribbean indexed
within the Scopus database [90,91] strengthens the analysis carried out in different areas.

The search was carried out on 8 November 2021, using the terms previously defined
in the titles, abstracts, and keywords of the different existing publications in Scopus.
The initial search equation used was: ((TITLE-ABS-KEY (“artisanal mining”) OR TITLE-
ABS-KEY (“small scale mining”) OR TI-TLE-ABS-KEY (“small mining”))), with a result of
1665 documents. Subsequently, the database was delimited through inclusion and exclusion
criteria according to the analysis to be carried out. As a first criterion, it was considered
appropriate to exclude the year 2022 and carry out the study with documents published
up to the present (search date). Subsequently, the number of documents was limited to
articles, since the results obtained from the initial search equation yielded more than 75%
of documents as articles. Finally, considering that the English language is the most frequent
in scientific publications [92], the initial search of the investigated area indicated that more
than 90% of documents are written in English; the study was limited to documents in
that language. The final database represents 1258 documents, which will be the basis for
processing phase two of the study.

2.2. Data Processing and Software Selection

The data processing and software selection phase begins with extracting data from
the Scopus database through a Microsoft Excel spreadsheet. The software uses data anal-
ysis and error elimination [93–95] and evaluated the investigated area’s scientific pro-
duction [96]. Specifically, the downloaded database contains authors, titles, keywords,
years, number of citations, and abstracts. Then, a cleaning and error elimination process is
carried out [97,98], eliminating repeated and incomplete data for this research, obtaining
1257 documents to analyse.

With the adjusted database, we construct two-dimensional bibliometric networks,
which define the research structure of the field being studied using the VOSviewer software
(Version 1.6.17) [65]. The software is freely available and is used as the primary tool for
constructing detailed bibliometric maps through simple graphs [70,99,100]. This software
is used in different scientific areas such as medicine [101–104], management [105–109],
natural and cultural resources [110–112], and geosciences [68,113–116], among others.
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2.3. Data Interpretation

The investigated field analysed the results through (i) performance analysis and
(ii) scientific mapping [117]. The first analysis makes it possible to determine the evolution
of scientific production and its impact by evaluating parameters such as authors, year,
affiliations, journals, and countries [118–120]. The subsequent analysis (scientific mapping)
allows for the definition of different relationships between the analysed variables, obtaining
information at the micro-level (co-occurrence of author keywords), meso-level (co-citation
of authors) and macro-level (journal co-citation) [94,121]. Specifically, the objective of the
analysed approaches was to identify the main areas of research on ASM for the definition
of new lines based mainly on innovative, sustainable, and affordable research.

3. Results

3.1. Performance Analysis
3.1.1. Scientific Production Analysis

Research studies related to artisanal and small-scale mining (ASM) began in 1919,
with the study of Wormleighton [122], which marked the interest in this type of research
on sewage and drainage works in a mining district. However, the first five decades
(until 1979) of research in this field are scarce, with eight articles representing 0.63% of the
total scientific production of ASM. Due to these reasons, excluding these years from the
production analysis is considered pertinent.

This analysis is divided into three periods distributed by decades: period I (from 1981
to 2000), period II (from 2001 to 2010), and period III (from 2011 to 2021) (Figure 3). For
period I, two decades are grouped (1981–2000) due to the low number of published articles.

Figure 3. The behavior of ASM scientific research over time (1981–2021).

Period I (1981–2000): This research period of ASM in the world begins with 124 scientific
articles, in which a similar production trend can be observed every five years (Figure 3).
It is essential to highlight that in 1987 the highest production was obtained within the
analysed period (Figure 3), with 15 published articles. In general, this first period marks
the beginning of ASM research. The primary study topics focus on the contribution of
small-scale mining to world mineral production [123], as well as its contribution to the
socioeconomic development of developing countries [124]. Likewise, case studies of small-
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scale mining [125–129], the role of the government in promoting small-scale mining [130],
and the need for government policies [131,132] are presented.

Within this research period, the authors also expose the importance and characteristics
of small-scale mining [133], as well as the primary technical considerations that reduce the
human and environmental risk [134], despite its limitations [135]. Likewise, it is possible
to observe studies focused on the pollution problems of small-scale mining [136,137] (e.g.,
in water [138], soil [139], and environment [140,141]), seismicity inductions [142,143], and
mining-associated diseases [144].

Period II (2001–2010): This decade is characterised by significant growth in research,
with a total of 191 articles representing 15.15% of the ASM research field. In 2009 there
was a peak in research with 39 publications (Figure 3). Ranging from 2001 to 2010, ASM
research is related to mining environmental management [145–148] and the need for mining
legislation [34,149–152] that will solve environmental pollution problems [42,153–158].
During this period, studies on illegal mining are also visible [159–162], which generate
land-use conflicts due to small and large-scale mining [163,164]. On the other hand, it is
essential to highlight the increase in the scientific production of gold ASM, in which the
scarce legislation [147,152,154,165,166], problems of health in people [167–169], and the
inclusion of women in this type of activity [170] are emphasised.

Period III (2011–2021): Finally, the third period analysed is characterised by an exponen-
tial growth in scientific production related to ASM, with a total of 911 articles representing
74.21% of the total documents analysed (Figure 3). The average annual production ex-
ceeds 80 articles, with a peak in 2020 (161 articles) and 2021 (164 articles) investigated,
defining ASM as a booming research field. As mentioned in previous periods, this field
of research is generally related to lines such as pollution [49,171–177], agriculture prob-
lems caused by ASM [178–181], the association of ASM with poverty [182–184], mining
conflicts [185,186], informal/illegal ASM [187–189], and the influence of ASM on water
quality [190,191], among others. However, this period is characterised by an intensive
growth in the scientific contribution to solving mining conflict problems through ASM
formalization strategies [45,192–198], in addition to contributing to research focused on
strategies for reducing environmental pollution [199,200] and health risk mitigation [201].

3.1.2. Regional and Country Contribution

According to the authors’ different affiliations, the contribution by country indicates
that, worldwide, 46 countries contribute to research related to ASM (Figure 4). In gen-
eral, four countries stand out due to their high scientific production: the United States
(210 articles), United Kingdom (209 articles), Canada (133 articles), and Ghana (109 articles)
(Figure 5). In addition, these countries are characterised by a high number of citations
compared to the other contributing nations, with the United Kingdom standing out as the
most cited country worldwide on topics related to ASM (94,929 citations) (Table 1).

Table 1. Top 10 countries by the number of documents.

Ranking Country Region Documents Citations

1 United States América 210 3989
2 United Kingdom Europa 209 6440
3 Canada América 133 2891
4 Ghana África 109 1792
5 Australia Oceanía 83 1076
6 China Asia 71 1508
7 Germany Europa 67 1209
8 Brazil América 63 931
9 South Africa África 57 394
10 Belgium Europa 56 1307
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According to the affiliation obtained, it is essential to note that the top 10 countries
that contributed the most in the field can be differentiated (Table 1), highlighting the
participation of developed countries such as the United States, United Kingdom, and
Canada, leaders in ASM research throughout the world.

 

Figure 4. Contribution of studies related to ASM by country.

 
Figure 5. Country contribution bibliometric map in ASM. The nodes’ size varies depending on the
number of documents per country, related through links in which their collaboration is reflected.

The behaviour of collaboration between countries, based on affiliation data, indicates
that the United States, Canada, Australia, Germany, Austria, and Spain are the countries

290



Int. J. Environ. Res. Public Health 2022, 19, 8156

with the most significant collaboration (each one collaborates with 45 different countries).
The United States, the country with the highest production, contributes to 45 countries,
of which Canada, Ghana, and Germany stand out. When analyzing the United States
production, the studies focus on issues related to the impact that ASM generates on the
environment [49,156,157,202,203], health implications [168,171,173,204–206], the effects of
AMS on socioeconomic factors [24,184,207], and the inclusion of women in jobs related
to this type of activity [23,170,208]. Strengthening its studies of problems associated with
ASM, the United States also generated contributions in the areas focused on the need
for ASM regulations [195,209–211], as well as ASM risk and contamination mitigation
alternatives [201,212–214].

Although the United States is the country with the highest scientific production, the
United Kingdom, with only one less article, far exceeds the number of citations in its
works. These studies include the socioeconomic impacts of ASM in developing countries
and strategies focused on the sector’s sustainability [9], environmental problems of small-
scale gold mining [42], poverty-driven informal artisanal gold mining [73], and ASM
reforms [215]. This analysis also includes the study of the dependence on mercury as
an agent of poverty in artisanal gold mining [216] and the pollution generated in these
communities [217]. Studies on strategies to eradicate illegal artisanal mining are also
included [162].

Canada, occupying third place in the contribution of ASM articles, makes contributions
focused on African or South American countries. The investigations are related to the
current use of mercury in ASM [7] and the proposal of actions focused on the reduction of
these types of emissions [218], as well as the responsibility of miners, governments, and
organizations in the search for solutions to pollution problems [41,219,220]. There are also
studies related to the role of ASM formalization in Africa [34].

3.1.3. Journal Performance

The analysis included 468 journals in which 1257 scientific articles were published
(database analysed) related to ASM. Table 2 shows the top 10 of the most outstanding
journals, with 401 articles representing 31.9% of the total.

Table 2. Top 10 journals with the highest number of publications.

Ranking Journal Country
Documents

Number
Representation Citations SJR *

Cite
Score

1 Resources Policy United Kingdom 116 9.2 2912 1.276 6.3

2 Extractive Industries and
Society The Netherlands 82 6.5 951 0.999 4.2

3 Journal of Cleaner Production United Kingdom 40 3.2 1384 1.937 13.1
4 Natural Resources Forum United Kingdom 37 2.9 843 0.646 2.9

5 Science of the Total
Environment The Netherlands 31 2.5 1492 1.795 10.5

6
International Journal of

Environmental Research and
Public Health

Switzerland 27 2.1 450 0.747 3.4

7 Minerals and Energy—Raw
Materials Report United Kingdom 18 1.4 70 0.143 -

8 Geoforum United Kingdom 17 1.4 472 1.584 5.5
9 World Development United Kingdom 17 1.4 820 2.386 8.4
10 Environmental Research United States 16 1.3 677 1.460 7.9

* SJR data was obtained from Scimago Journal & Country Rank.

Resources Policy is the leading journal in scientific publications in the analysed field
with 116 articles representing 9.2% of the total. This journal is the most cited worldwide,
with 2912 citations. The top five studies with the highest citations (Banchirigah [162],
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Hilson [221], Siegel & Veiga [34], (Mohammed Banchirigah [215], and y Geenen [193]) focus
on formalization and poverty related to ASM in Africa. Based on its citations (163), the most
relevant study was developed by Banchirigah [162] in Ghana. The study argues for the
need to eradicate illegal mining through formalization, work alternatives, and government
and military intervention. On the other hand, the journal Science of the Total Environment,
occupying fifth place in the production of ASM, represents the second most cited journal
(1492 citations). The two most cited articles correspond to the one carried out by Hylander
and Goodsite [157] (191 citations) and de Cordy et al. [41] (162 citations), which discuss
mercury contamination from ASM and the costs involved in remediating the environment.

3.1.4. Frequently Cited Documents

Citation analysis exposes a given article’s influence by the citation it receives in
another articles [222]. The scientific production for ASM globally (1257 articles) presents
20,579 citations. Table 3 presents the top 10 of the most cited documents with 1776 citations,
representing 8.63% of the total. The established ranking is characterised by documents
published in 2005.

Table 3. Top 10 most cited documents.

Ranking Authors Year Title Citations Journal

1 Bebbington et al. [223] 2008

Mining and Social Movements:
Struggles Over Livelihood and
Rural Territorial Development

in the Andes

292 World Development

2 Xiao et al. [173] 2017

Soil heavy metal contamination
and health risks associated with

artisanal gold mining in
Tongguan, Shaanxi, China

196 Ecotoxicology and
Environmental Safety

3 Hilson & Potter [73] 2005
Structural adjustment and

subsistence industry: Artisanal
gold mining in Ghana

194 Development and
Change

4 Hylander &
Goodsite [157] 2006 Environmental costs of mercury

pollution 191 Science of the Total
Environment

5 Banchirigah [162] 2008
Challenges with eradicating
illegal mining in Ghana: A

perspective from the grassroots
163 Resources Policy

6 Cordy et al. [41] 2011

Mercury contamination from
artisanal gold mining in

Antioquia, Colombia: The
world’s highest per capita

mercury pollution

162 Science of the Total
Environment

7 Fisher [224] 2007
Occupying the margins: Labour
integration and social exclusion
in artisanal mining in Tanzania

149 Development and
Change

8 Veiga et al. [218] 2006
Origin and consumption of

mercury in small-scale
gold mining

149 Journal of Cleaner
Production

9 Hilson [221] 2009

Small-scale mining, poverty and
economic development in

sub-Saharan Africa:
An overview

141 Resources Policy

10 Bose-O’Reilly [167] 2008
Mercury as a serious health
hazard for children in gold

mining areas
139 Environmental Research
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The study by Bebbington et al. [223] is the most cited article (292 citations), with
intervention of authors from the United Kingdom, the United States, Ecuador, and Peru. In
his study, reference is made to the influence of social movements against mining investment
in Latin America. Mainly two case studies are exposed (Ecuador and Peru), in which
it is evident how social activities can significantly modify the form and effects of the
extractive industry.

Second place is occupied by Xiao et al. [173], with the presence of authors from China
and the United States. The research analyses soil contamination from artisanal gold mining
in China and its implications for human health and environmental wellbeing by assessing
heavy metal levels in soil and plants. Likewise, within its objectives, the identification of
plants that promote the phytoremediation of the area is addressed.

Finally, the third most cited article related to ASM is the work developed by Hilson
and Potter [73], authors from the United Kingdom. Their scientific contribution focuses
on analysing Ghana’s National Structural Adjustment Program (SAP) as a driver in the
growth of informal artisanal gold mining driven by poverty.

3.2. Intellectual Structure Analysis
3.2.1. Co-Occurrence Author Keyword Network

The co-occurrence analysis of author words allows for the formation of connections
and the building of a domain structure based on keywords [225]. The analysis included a
process of cleaning and filtering the information, obtaining 90 keywords. Table 4 shows the
top 15 words with the highest occurrence in the area studied, highlighting “artisanal and
small-scale mining”, “mercury”, and “mining” as the top three most frequent keywords in
ASM studies.

Table 4. The 15 main words with the highest occurrence in ASM studies.

Ranking Keywords Occurrences Links Total Link Strength

1 artisanal and
small-scale mining 597 88 764

2 mercury 109 41 198
3 mining 80 49 98
4 gold 60 39 129
5 formalization 48 35 101
6 livelihood 38 24 71
7 poverty 36 23 73
8 heavy metals 34 21 53
9 sustainability 25 14 32
10 conflict 23 20 51
11 environment 21 20 52
12 mercury pollution 21 14 30
13 gender 20 19 44
14 sustainable development 20 20 34
15 galamsey 18 19 34

The bibliometric map obtained grouped the 90 keywords into nodes of different
colours grouped into four clusters that represent the main research areas of ASM (Figure 6).
The nodes’ size varies depending on the number of occurrences of each keyword, and they
are related through links in which the thickness represents a better relationship.
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Figure 6. Author keyword co-occurrence bibliometric map in ASM.

Cluster 1 (Red Colour): Social Conditioning Factors of the ASM

The social conditioning factors of ASM represent one of the research areas aimed
at understanding how poverty drives the development of this type of activity as a sub-
sistence alternative, which entails informality [189], conflict [185,186], child labour [226],
and women’s labour [227]. Likewise, the link between mining and agricultural activity in
rural areas with low economic resources is exposed as the primary source of subsistence
for people [27,180,228]. Considering this type of problem, it is evident how formalization
represents a considerable challenge [186] and is regarded as a tool that allows for regulating,
controlling, and effectively supporting ASM operators [34,45,197,209,229]. However, sev-
eral case studies show that formalization in various countries aggravates mining conflicts,
informality, poverty, illegality, and state control [193,230–232]; entrenching poverty without
achieving sustainable development [233].

Given this situation, research developed to establish strategies in ASM that allow for
achieving sustainable development [234] through an analysis of social, political, economic,
environmental, and health aspects [235–237]. Some examples of this type of action are:
(i) the implementation of design thinking and multi-criteria decision analysis of ASM [238],
(ii) national minerals policies and stakeholder participation in planning decisions [239],
(iii) collaboration between the LSM and ASM, for the benefit of the communities [240],
and (iv) integration of scientific and local knowledge in the planning of the remediation of
contamination by ASM [214,241].

Cluster 2 (Blue Colour): ASM Environmental Impacts

Artisanal and small-scale gold mining (ASSGM) is the most developed activity in
ASM. In this area of research, significant production of environmental and health impacts
caused by ASSGM is evident [156,218,219], and limited studies are addressing the effects
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on the health and environmental impacts of artisanal sandstone mining [242] and diamond
mining [26,234,243].

The investigations are most frequently related to pollution generated in the soil [244–248],
water [249–251], and crops or trees [158,252], which directly influence the health and well-
being of humans. Faced with this problem, finding innovative research to eliminate, replace,
or reduce environmental pollution in mineral processing is standard. Some examples are
the cyanide phytoremediation by water hyacinths (Eichhornia crassipes) in the cyanide ef-
fluents treatment in small-scale gold mining [253], hyperaccumulation of zinc by Corydalis
davidii in Zn-polluted soils [254], Erato polymnioides as a phytoremediation plant for soils
contaminated with Pb, Zn, Cu, and Cd [255], and Heliconia psittacorum in remediating
soils and water polluted with heavy metals [256].

Cluster 3 (Green Colour): Mercury Contamination and Its Implication on Health and
the Environment

Mercury is a heavy, liquid metal frequently used in artisanal gold mining. This cluster
reflects a marked trend of studies focused on the health and environmental effects of
mercury or methylmercury contamination in soil, sediments, and water [257–259]. This
type of contamination generated significant research on health problems associated with
direct or indirect exposure of humans to mercury due to mining activities [167,260–263], as
well as studies evaluating the risk posed to human health by ingestion of heavy metals that
are present in the water and plants [176,264–266].

Given the implications of mercury on the environment and health, the reason for
the emergence of research that highlights the importance of cooperation between gov-
ernment, regional, and local organisations to improve mineral extraction and processing
processes through legalisation, financial support, technological innovation, and train-
ing [9,212,267,268], as well as studies focused on reducing pollution to ensure human and
environmental health [202,269,270], is evident. These include analyses that seek to min-
imise the use of mercury through price increases [219], laws (agreements) that prohibit its
use in mining [269,271–273], promotion of appropriate technology [154,274], and training
on improved technologies for gold extraction [275] (e.g., use of cassava to leach gold [276]).
Finally, it is essential to highlight how local participation in decision making [277] and in-
digenous participation due to their ecological knowledge [278] are alternatives to achieving
sustainability in ASM mineral processing.

Cluster 4 (Yellow Colour): ASM as Livelihood

In this cluster, the most frequent studies are those related to ASM as a subsistence
activity in rural communities with limited resources. Within her research, the women’s
role in ASM as a means of subsistence due to poverty is emphasised [227,279,280], as well
as the need for policies that improve the economic wellbeing of people who depend on
ASM regardless of gender [229,281]. On the other hand, considering that several countries
chose to ban this type of mining, there is also research related to alternative livelihood
strategies for miners who were displaced from their activity [282,283]. Some examples of
these strategies are promoting agriculture as an alternative economic source [179,284] or
complementary [178], and promoting government support in ASM through regulations
that allow regulating activity [194].

3.2.2. Co-Citation Network of Cited Authors

The analysis carried out allowed for the identification of co-cited authors and authors
that make up the scientific base of the area studied [285]. This type of analysis proposes
that two authors share the same area of research if their documents are cited jointly by
one or more documents [286–288]. The author co-citation network (Figure 7), built in the
VOSviewer software, groups 512 authors (nodes) into six clusters representing similarities
in the topics investigated with more than twenty co-citations.
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Figure 7. Co-citation network of authors in ASM.

Cluster 1 (red colour), “ASM and implications in society”, comprises 206 authors,
including Hilson, G.M. (2212), Maconachie, R. (456); Spiegel, S.J. (363); Bryceson, D.F. (353);
y Banchirigah, S.M. (337) due to its high number of co-citations. This group of researchers
carried out studies within ASM that include: (i) positive and negative effects of artisanal
mining formalization [194,197,198,215,289], (ii) ASM and agriculture as a means of subsis-
tence [47,180,284,290,291], and (iii) analysis of alternatives that improve mineral extraction
or processing systems [269,292–294].

Within cluster 2 (green colour), “consequences and challenges of Mercury in ASM”,
the researchers Veiga, M.M.; Beinhoff, C.; Bose-O’reilly, S.; Telmer, K.H.; and y Drasch, G.
represent the top five co-cited authors, in a cluster with a total of 166 authors. This
research includes studies of mercury contamination in gold mining areas [41,295,296],
evaluation of risks to human health due to exposure to mercury by operators, women, and
children [167,295,297,298], and strategies to reduce this type of contamination based on the
modernization of mineral processing in obtaining gold [148,199,219,299–302].

Cluster 3 (blue colour), “Implications of ASM in health”, composed of 73 authors,
in which Basu, N.; Pardie, S.; Obiri, S.; Aryee, B.N.A.; and Amankwah, R.K. are the
most coveted authors. This cluster mainly includes studies of risk to human health due
to exposure to mercury [48,303], environmental impacts of ASM [49], consumption of
contaminated food or water [304], or multiple heavy metals [305]. Likewise, the authors
expose an interest in providing strategies to reduce pollution produced by ASM, mainly
due to the use of mercury [155,216,217,234,242,306].

Finally, cluster 4 (yellow colour) with 67 authors, called “Effects of artisanal mercury
extraction”, leads to the top five most co-cited authors, represented by Feng, X.B.; Qiu,
G.L.; Li, P.; Wang, J.C.; and Wang, S.F. This group of authors dedicate their studies to topics
related to Hg contamination in the air [307], water [308], sediments, soil, or crops [309–312]
in mercury mining areas, mainly in China. They also analyse the risk posed to miners and
people in mining areas when exposed to Hg or methylmercury [313–315].

3.2.3. Journal Co-Citation Network

The analysis considers the similarity between a group of journals based on the citations
received when two or more journals are cited jointly by several related documents [316].
The objective of this analysis is based on understanding the structures of the academic areas.

Figure 8 shows the co-citation network of 152 journals (nodes) with more than 20 citations,
grouped into four different clusters (differentiated by colours) and their other connections.
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Figure 8. Journal co-citation network in ASM.

Cluster 1 (red colour), “Management, Policy and Development”, contains 70 journals
representing 8757 citations. In this group, the journals Resources Policy (1799 citations,
United Kingdom), Extractive Industries and Society (939 citations, The Netherlands), World
Development (578 citations, United Kingdom), Natural Resources Forum (526 citations, United
Kingdom), and Development and Change (502 citations, UK) are shown as the top five of the
most talked-about magazines. The studies within this cluster comprise analyses of ASM’s
political, economic, environmental, and social aspects in different parts of the world.

Cluster 2 (green colour), “Environmental Science and Pollution”, with 58 journals and
5675 citations, mainly exposes studies associated with the environmental contamination
of ASM and its human implications. In this group are journals such as Science of the
Total Environment (1170 citations, The Netherlands), Environmental Science & Technology
(365 citations, United States), Environmental Pollution (245 citations, United Kingdom),
Chemosphere (205 citations, United Kingdom), and Water, Air and Soil Pollution (205 citations,
The Netherlands), among others.

Cluster 3 (blue), “Environmental Science and Health”, has 16 journals and 1327 cita-
tions. The journals with the highest citations include Environmental Research (322 citations,
United States), Environmental Health Perspectives (230 citations, United States), International
Journal of Environmental Research and Public Health (230 citations, Switzerland), Minerals
Engineering (101 citations, United Kingdom), and International Journal of Occupational and
Environmental Health (68 citations, UK). Within this cluster, the primary studies focus on
evaluating the impact of ASM on human health due to direct or indirect exposure to
heavy metals.

Cluster 4 (yellow colour), “Renewable Energy, Sustainability and the Environment”,
consists of 8 journals with 1305 citations. These journals include research papers focused on
mineral extraction and processing sustainability in ASM. The top five most-cited journals
are Journal of Cleaner Production (1000 citations, UK), Environmental Science & Policy (65 cita-
tions, The Netherlands), Ecological Economics (57 citations, The Netherlands), Sustainability
(57 citations, Switzerland), and Journal of Sustainable Mining (54 citations, Poland).

4. Discussion

The systematic process applied in this study made it possible to identify the intellec-
tual structure of artisanal and small-scale mining (ASM) in the world. Considering the
performance analysis carried out, it is apparent that the scientific production of ASM began
in 1919, being until 1980 a scarce production (eight articles). Furthermore, the range of
years analysed (distributed in three periods) indicates that the research remained relatively
constant since 1980 (periods I and II). However, as of 2010 (period III), ASM research
increased exponentially worldwide, representing 74.21% of the articles produced (Figure 3).
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This marked difference in scientific production could refer to the artisanal mining boom
that the world experienced in the last decade, mainly due to the increase in poverty within
rural areas. The rise of ASM, characterised by extraction and processing techniques without
technical and environmental considerations, clearly represents a risk to humanity and the
environment. This is why the increase mentioned above in scientific production focuses its
studies on ASM contamination [173,174], mining conflicts [185,186], illegal ASM [187–189],
as well as strategies to solve these types of problems [196,197,200,201].

On the other hand, when analyzing scientific production by country, the United States,
the United Kingdom, and Canada represent the most significant contributions to research
related to ASM (Table 1). Of these countries, the United Kingdom is characterised by its
high number of citations (Table 1) and its extensive collaboration (greater than 70%) in
studies carried out in African countries (e.g., Ghana and Tanzania). Likewise, this country
occupies the number one position with the Resource Policy magazine, contributing the
highest number of ASM publications (116 articles) (Table 2). On the other hand, the United
States and Canada collaborate in studies mainly in South American countries such as Brazil,
Peru, and Colombia, and Africa, mainly in Ghana.

Considering the analysis of the intellectual structure through three scientific maps, the
study of the co-occurrence of author keywords (Figure 6) made it possible to define, through
clusters, four research areas of ASM. Within these areas, “Social conditioning factors of the
ASM” and “Mercury contamination and its implication in health and environment” are the
most studied topics (e.g., [34,192,209,218,240,252]). On the other hand, it is essential to high-
light that cluster 2 (“ASM environmental impacts”) and cluster 3 (“Mercury contamination
and its implication in health and environment”) are strongly related (Figure 6), with studies
focused on the impacts of ASM on the environment (e.g., [249,251,258,309]) and health
(e.g., [261,263,265]). However, considering a specific orientation and significant scientific
production related to mercury, the results reflect the study of mercury as a particular area
in this analysis.

Cluster 4 (ASM as livelihood) is an ASM area with relatively less scientific production,
strongly related to cluster 1. The objective of ASM as a livelihood area includes research in
which ASM is analysed as a means of subsistence and the search for strategies to propose
alternative or complementary activities that benefit the living conditions of people who
depend economically on this type of activity (e.g., [179,194,280]).

To complement the analysis of the co-occurrence of keywords, the co-citation analysis
of authors was carried out, which allowed for the identifying of the relationships between
different authors in the references of the research works carried out ion ASM. The results
obtained reflect the existence of 512 authors grouped into four clusters, representing the
author’s areas or lines of research (Figure 7). These areas are very well defined in specific
topics; however, they are all within a large area called “Effects of ASM and mitigation mea-
sures”. Of the clusters obtained, clusters 2 and 3 are firmly related, presenting studies that
address similar issues regarding the use and effects of mercury in ASM [216,219,297,303].
On the other hand, it is important to highlight an area aimed at research related to the
artisanal extraction of mercury (Cluster 4), in which authors such as Feng, X.B.; Qiu, G.L.; Li,
P.; Wang, J.C.; and Wang, S.F. carried out works that include the contamination generated
by mercury mines in the soil, water, and air [307–309], as well as the risk it represents for
human health [310,313].

Finally, the co-citation analysis of journals was carried out to understand the different
academic areas in which ASM studies are published. The results show us four main
academic areas (clusters) (Figure 8), defined based on the research topics. For example, in
the cluster with the highest number of co-cited journals (cluster 1), the journals Resources
Policy and Extractive Industries stand out with the highest number of co-citations in works
oriented to ASM’s political, economic, social, and environmental aspects. Likewise, it
is essential to highlight that clusters 2 and 3 show related academic areas in which the
journals publish research topics on environmental pollution of ASM and its health risks. In
these clusters, the journals with the highest number of co-citations correspond to Science
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of the Total Environment (cluster 2) and Environmental Research (cluster 3), which add up to
1170 and 322 citations, respectively.

On the other hand, the connection offered by cluster 4 (Renewable Energy, Sustain-
ability, and the Environment) with the other clusters is visible. Being in the centre of
the clusters obtained (Figure 8), despite its limited number of journals (eight), its high
number of co-citations (1305) highlights the importance of its research topics focused on
the socio-environmental aspects of ASM, with the Journal of Cleaner Production as the most
prominent journal.

Specifically, ASM research exposes excellent studies that identify the causes and effects of
the leading social, economic, and environmental problems that compromise environmental and
human wellbeing in the short, medium, and long term (e.g., [9,34,73,157,173,218,223,317]).
These studies lay the groundwork for issues that must be mitigated and eliminated. The
analysed database reflects that, over time, studies developed that focus on solutions to
problems generated by ASM (e.g., [238,239,241,253,256,268,278,294,318,319]). However,
despite the worldwide importance and impact of research aimed at ASM solutions, it is
still scarce (less than 20% of the analysed database). For this reason, the possibility arises
that the different authors in ASM strengthen this type of study to the point that in the best
of cases, it is considered one of the top research areas in ASM.

The analysis made it possible to evaluate the evolution and trends of research in ASM
and propose strengthening innovative studies regarding ASM’s environmental, social,
legal, and economical solutions. Therefore, this type of research can be included by
the representative authors and journals of ASM as a new booming field that represents
sustainable solutions for the effects produced by this type of mining activity.

5. Conclusions

The bibliometric analysis allowed us to evaluate the structure of ASM research field
within the last four decades. Within the performance analysis, the results obtained show a
scientific production with exponential growth in ASM research, with the collaboration of
46 countries, highlighting the United States, United Kingdom, and Canada as the countries
with the highest scientific production that address ASM research in mainly Latin American
and African countries, respectively. Furthermore, the works are the products of 512 authors
published in 468 journals, qualifying ASM as a booming research field.

By analysing the co-occurrence of keywords, four areas of research in ASM were
defined: (i) social conditioning factors of ASM, (ii) environmental impacts generated by
ASM, (iii) mercury contamination and its implication on health and the environment,
and (iv) ASM as a livelihood. Within these areas, a clear trend of studies related to the
implications of ASM from the political, social, economic, and environmental points of
view is apparent. On the other hand, it is essential to highlight the effects of mercury on
the environment and health as topics on the rise, mainly in health risk assessment and
strategies that minimise the impact of mercury on ASM. However, studies aimed at finding
solutions in ASM to date are scarce and need to be strengthened.

Despite limiting the study to only one database (Scopus) and considering only one type
of document (articles) in the English language, the proposed research establishes a global
analysis of the ASM study. This analysis can serve as a reference for future researchers in
the field for the most researched topics, authors, and outstanding journals; and raise the
possibility of forming collaborative networks inside and outside your country.
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Abstract: Gold is one of the most valuable materials but is frequently extracted under circumstances
that are hazardous to artisanal and small-scale gold miners’ health. A common gold extraction
method uses liquid mercury, leading to a high exposure in workers. Therefore, a systematic review
according to the PRISMA criteria was conducted in order to examine the health effects of occupational
mercury exposure. Researching the databases PubMed®, EMBASE® and Web of ScienceTM yielded in
a total of 10,589 results, which were screened by two independent reviewers. We included 19 studies
in this review. According to the quantitative assessment, occupational mercury exposure may cause a
great variety of signs and symptoms, in particular in the field of neuro-psychological disorders, such
as ataxia, tremor or memory problems. However, many reported symptoms were largely unspecific,
such as hair loss or pain. Most of the included studies had a low methodological quality with an
overall high risk of bias rating. The results demonstrate that occupational mercury exposure seriously
affects miners’ health and well-being.

Keywords: work; health; disease; intoxication; heavy metal; neuro-psychological disorders

1. Introduction

1.1. Gold Mining

Since ancient times, gold has been one of the most desired and noble elements in the
world, with an outstanding variety of application areas. One of the most impressive exam-
ples for its use in art is the world-famous death mask of the Egyptian pharaoh Tutankhamun.
The jewellery industry processes gold for all conceivable kinds of products. Furthermore,
gold is also of considerable relevance as a financial reserve for national banks. Germany,
for instance, possessed about 3400 t of gold ingots in 2020 [1]. Hence, the gold price has
shown an overall upward trend over the last five decades and amounted to approximately
1800 USD/fine troy ounce in 2020 [2,3], indicating it to remain a promising market.

The total annual gold production is, according to the U.S. Geological Survey, about
3300 t in 2019 [4], of which artisanal and small-scale gold mining (ASGM) is estimated
to account for 380–450 t per year [5]. As defined by the United Nations (U.N.), artisanal
and small-scale gold miners (ASG miners) are persons who engage in mining as “individ-
ual miners or [in] small enterprises with limited capital investment and production” [6].
Nevertheless, official figures on the exact number of labourers are, to our knowledge, not
obtainable, but approximate values suggest that about 16 million people work as ASG
miners [5]. This form of gold mining is predominantly practised in countries of the global
south, for example, in Ghana, Ecuador and Indonesia [5].

Gold mining, and ASGM in particular, is of great importance for low- and middle-
income countries where it reveals both positive and negative aspects. On the one hand, a
striking positive aspect is its economic weight, for which Ghana is presented as an example:
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the gold mining industry alone amounted to 7.1% of Ghana’s national gross domestic
product (GDP) in 2019 (provisional data) [7] with a general increase in revenues [8]. In
addition, the companies that are members of the Ghana Chamber of Mines also support
society by, for example, financially sponsoring projects in the fields of health or education [8].
On the other hand, negative effects concern the environment [9–12], with parts of the
tropical rainforest in South America being destroyed in the context of gold mining [9].
Mining waste including chemicals such as cyanide or mercury can pollute the environment,
such as water, sediments and soil, finally affecting the human food chain, as well [10–12].
In addition, the workers’ health is harmed by their work itself. Nakua et al. observed that
ASG miners have a high risk of being injured at work, while the safety precautions are at a
low standard [13]. Mercury exposure is known to cause a considerable burden of disease
in miners, being responsible for up to more than 2 million DALYs per year, especially in
countries of the global south [14].

In general, the mining process can be carried out using various methods, depending
on available materials, equipment and knowledge [15,16]. Among other methods, the
mercury amalgamation is still used for extracting gold [15,16]. Here, gold-containing rocks
are ground and afterwards pulverized into small pieces, and the material thus obtained
is mixed with elemental mercury to form an amalgam out of gold and mercury [15,16].
After gathering, this gold amalgam is further processed by smelting, so that the mercury
vaporizes and the gold remains behind [15,16].

1.2. Mercury

Mercury (also known as Hg or quicksilver) is a chemical element with a silver–grey
colour. It is the only metal that exists in a liquid aggregate state under standard condi-
tions and evaporates on contact with the ambient air. According to an official European
Union directive, mercury is categorized as a threat to aquatic ecosystems, as toxic through
inhalation and as hazardous to human’s health [17].

Natural processes, such as volcanism, cause atmospheric mercury emissions. However,
anthropogenic sources, such as coal combustion or ASGM contribute to at least three-fold
higher mercury masses in the atmosphere [18–20]. Currently, the ASGM sector is the largest
contributor to anthropogenic—man-made, non-natural—mercury emissions [20]. In 2015,
its airborne emissions amounted up to 838 t, which represents approximately 38% of the
total mercury emissions worldwide [20].

The consequences of mercury exposure are highly dependent on its chemical form
(organic or inorganic compounds) as well as its dose and exposure pathway. Mercury
can be absorbed via different pathways. ASG miners heat the amalgam to extract gold,
leading to an evaporation of metallic (inorganic) mercury [15,16]. Therefore, this paper
puts the emphasis on the metallic form. The main absorption route of elemental mercury
is via inhalation. In an experimental setting, exposed individuals absorbed 67–87% of
the entire inhaled mercury vapour [21]), while absorption of vapour through skin contact
and gastrointestinal absorption of ingested metallic mercury played only a subordinate
role [22,23]. The exhalative half-life of mercury amounts approximately 2 days [24,25],
while the half-life for the urinary excretion is 63 days [25]. However, mercury accumulation
occurs in organ tissues, but its exact distribution depends on its chemical form [26,27]. After
inhalation of inorganic mercury, the distribution takes place via blood as it crosses most
cell membranes, such as the blood–brain barrier or the placenta. The oxidation of elemental
mercury in the erythrocytes influences the uptake in the brain with its corresponding
typical mercury-related signs and symptoms. In contrast, occupational exposure to organic
mercury compounds can be found exemplarily in the production of mercury fulminate.
Organic mercury is highly lipophilic and is mainly absorbed via skin and inhalation. The
main target organ of organic mercury compounds is the brain.

Internal human mercury burden can be detected in certain biological materials such
as blood or urine, but due to the varying specificity for the different forms of Hg, other
materials are suitable for the measurements, such as hair [28].
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Acute cases of mercury poisoning can occur after contact with its metallic form [29–31].
Due to the inhalation of toxic fumes, the resulting symptoms affect, in particular, the
pulmonary system with cough and dyspnoea up to acute respiratory distress syndrome
(ARDS) [29–31]. Additionally, mercury exposure can lead to other unspecific symptoms,
such as nausea, diarrhoea, fever or lymphadenopathy [30,31]. The course of mercury
poisoning can end lethal, depending on its severity [31]. Likewise, chronic exposure to
elemental Hg vapour can trigger a multitude of symptoms, mainly neuro-psychological
disorders, such as tremor or erethism [32,33], which may persist in a reduced intensity
even after the end of the exposure [32,34]. Further typical symptoms include a dark
discolouration of the gum, gingivitis and renal damage [32,33].

In order to curb anthropogenic mercury pollution and to avoid the resulting health
and environmental impacts in the future, the U.N. adopted the Minamata Convention on
Mercury in 2013 [6]. This convention provided and established regulations to diminish
mercury-using practices [6]. Although most of the participating countries have already
signed and ratified this convention [35], mercury pollution in the artisanal and small-scale
gold mining sector remains a major challenge. The aim of this systematic review was to
examine the situation of occupational mercury exposure and mercury-related health effects
among ASG miners in middle- and low-income countries in order to give a comprehensive
overview on affected workers and their symptoms and diseases.

2. Materials and Methods

2.1. Conceptualization and Literature Research

The foundation of this systematic review was the “The Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA)” checklist [36]. A systematic study pro-
tocol was submitted to and accepted by the International prospective register of systematic
reviews (PROSPERO), in order to ensure the methodological quality of this review. The
review protocol is available online (PROSPERO-ID: CRD42021235289).

The main research question was developed according to the PECO (Population, Expo-
sure, Comparison, Outcome) criteria [37]: How does a direct ongoing occupational mercury
exposure (E) among gold miners (P) influence their health (such as mercury-related symp-
toms, diseases and intoxication) (O) in comparison to individuals without an occupational
mercury exposure (C) (Table 1)?

Exclusively, studies with a peer-reviewed full-text article in English or German were
included. These articles had to be published between 1 January 1980 and 31 December
2020. The study design was restricted to the inclusion of prospective studies, observational
studies, cross-sectional studies, case-control studies, systematic reviews, non-systematic
reviews and meta-analyses. All other kinds of studies were intentionally excluded. Fur-
thermore, only studies that use the amalgam method (or another mercury-related method
of gold mining) as well as studies in low- and middle-income countries were included.

To perform a systematic literature research, a search string was created considering
three categories: population, exposure and outcome. The selected keywords were combined
with the Boolean operators AND (to combine the topics) and OR (to combine the words
in a category) to ensure the creation of senseful and complete results. Several words
were also ended with *, so that all possible endings were included in the search (for
example, symptom* can mean symptom as well as symptoms or symptomatic etc.). For
every database (PubMed®, EMBASE® and Web of Science™), a specific search string was
individually established according to the given guidelines.

The research was implemented on the 16 February 2021 by one reviewer (Kira Taux).
In addition, the complete reference lists of certain key reviews [38–42] were also screened
for eligible literature.
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Table 1. Inclusion and Exclusion Criteria.

PECO Scheme Inclusion Criteria Exclusion Criteria

Population

Workers (adults as well as children
and adolescents under the age of

18 years) with an ongoing
occupation as gold miner in middle-

and low-income countries

Adults as well as children and
adolescents under the age of

18 years with no activity in gold
mining; gold miners who

interrupted their gold mining
activities; former gold miners;
residents; workers from high

income countries

Exposure

Ongoing direct occupational-related
mercury exposure; use of the

amalgamation method for gold
extraction

No ongoing direct
occupational-related mercury

exposure; use of other methods for
gold extraction (e.g., cyanide)

Comparison
(if available)

Adults as well as children and
adolescents under the age of 18

years with no direct gold mining
activities; residents

Workers (children and adolescents
under the age of 18 years and

adults) with direct relation to gold
mining activities; former gold

miners

Outcome

Primary outcome:
all health outcomes must be a direct
consequence of mercury exposure;

mercury-related diseases;
symptoms of acute and chronic
mercury intoxication; long-time

health

Studies that do not match the
inclusion criteria

2.2. Screening Process

All duplicates were removed from the list of results; then the selection of literature
started according to the a priori designed review protocol. The entire screening process
was conducted by the same two independent reviewers (Kira Taux and Andrea Kaifie).

A screening of the articles’ titles, then abstracts and finally full texts was performed by
these reviewers to determine whether the aforementioned inclusion criteria were met or
not. After suitable studies were selected by each reviewer, the results were compared, and
disagreement was solved by discussion until consensus was achieved. Each exclusion of a
study was individually documented, including the specific reason for exclusion.

2.3. Data Extraction (Quantitative Assessment)

A table containing the following categories was created to outline all relevant data:
author, year, study design, setting, time, participants, exposure, measurements, outcome,
effect parameters.

Depending on the given statistics, the statistical mean was preferred to report any
kind of socio-demographic data (e.g., age or working time), while median values were
reported as outcome (for example, laboratory parameters). If no effect parameters were
given, odds ratios (OR) were calculated by one author (Andrea Kaifie) if the underlying
data were available [43–48].

All data were extracted and summarized by one reviewer (Kira Taux), while the second
reviewer (Andrea Kaifie) controlled the precision and completeness of the data extraction.
Although considered, the creation of a meta-analysis out of the selected studies was not
possible because the given data were too heterogeneous.
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2.4. Bias Assessment (Qualitative Assessment)

The methodological quality evaluation of each included study was based on the
assessment of the following items: selection bias, performance bias, detection bias, attrition
bias, reporting bias and other source(s) of bias. Considering this classification, a table for
the assessment was established according to the following references.

To evaluate the selection bias, two subsidiary categories (bias and confounder) were
considered according to questions 14–26 of the checklist first published by Downs and
Black [49]. Answer options were yes, no or unable to determine. If all questions were
answered with no, this category was rated as low risk; if at least one question was answered
with yes, the category was rated as high risk. If at least one question was answered with
unable to determine, the category was rated as unable to determine. The checklist had to be
adapted to the design of the included studies, which was mainly cross-sectional. Therefore,
questions about participants’ blinding and their compliance concerning the intervention
(numbers 14 and 19) were considered as not applicable since the studies did not deal with
any intervention. The questions concerning the follow-up (numbers 17 and 26) could not
be answered adequately because none of the studies had a follow-up. Ultimately, the
questions dealing with random sequence generation and allocation concealment (numbers
23 and 24) were omitted since none of the studies was randomized.

The remaining bias categories (performance, detection, attrition, reporting and other
source(s) of bias) were evaluated according to the Cochrane Collaboration [50]. Each topic
was rated in analogy to the aforementioned categories: the rating was low risk when
all questions of an item were judged as low risk, the rating was high risk when at least
one question was assessed as high risk and the rating was unclear risk when at least one
question was answered as unable to determine.

A conclusive judgement over all categories was done after all items were evaluated
and controlled: studies with an overall low risk of bias had all items assessed as low risk,
studies with an overall high risk of bias had at least one category rated as high risk and
studies with an unclear risk of bias had at least one category judged as unable to determine.

A blank protocol for this bias assessment is attached as Supplemental Material
(Table S1).

3. Results

3.1. Literature Research and Screening Process

The literature research yielded in a total of 10,589 results. After the exclusion of du-
plicates, 6562 publications were finally taken into consideration. Although the reviewed
publications included studies from all over the world, a major portion had to be excluded
due to failure to meet the aforementioned inclusion criteria. Title and abstract screen-
ing led to the further exclusion of 6464 studies, while the literature review of selected
articles [38–42] yielded 5 additional studies to be included in the full-text screening. The
subsequent evaluation of the remaining 103 full-texts resulted in the exclusion of 84 articles
due to their failure to fulfil the following eligibility criteria: study population (n = 55),
outcome (n = 16), exposure (n = 6), study design (n = 4), language (n = 2) or context (n = 1).
Eventually, 19 publications were included in this systematic review [43–48,51–63] (Figure 1).
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Figure 1. Flow chart of literature research and screening process.

3.2. Data Extraction (Quantitative Assessment)

The selected articles included 18 cross-sectional studies [43–47,51–63] and 1 case
series [48], whose publication years ranged from 1993 to 2020 [43–48,51–63]. The following
geographical regions were covered:

1. Africa: Ghana [43,44,51,52], Tanzania [45,53], Zimbabwe [46,54], Sudan [55], Burkina
Faso [56], Uganda [57].

2. Asia: Indonesia [46,47,58], Pakistan [59,60].
3. South America: Brazil [48,61], Ecuador [62,63] (all Table 2).
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3.2.1. Africa
Ghana

The first study by Afrifa et al. focused on mercury’s impact on kidney function and
discovered that Hg exposure among gold miners was significantly positively associated
with elevated levels of urine protein and serum creatinine, while its association with eGFR
was significantly negative [43]. None of the surveyed symptoms showed any statistically
significant association with mercury exposure [43].

Concerning the thyroid function of gold miners, Afrifa and co-authors found a signifi-
cantly negative association between mercury blood levels with T3 as well as T4 concentra-
tions; in contrast, its association with TSH was non-significantly positive [51]. However, all
measured thyroid values were still in a physiological range [51].

The connection of mercury with blood pressure was illustrated by the study from
Rajaee et al. [44]. A significant association between mercury exposure and hypertension
could not be demonstrated for miners versus residents [44].

Mensah et al. observed in their study that mercury exposure did not show signifi-
cant associations with any medical symptoms for all miners, while the association with
numbness was statistically significant for the sub-group with previous work experience in
another mine [52].

Tanzania

The first study described a variety of symptoms to be more frequent in exposed than in
controls, in particular neuro-psychological symptoms, increased salivation or discoloured
gums [45]. However, the association between the surveyed symptoms and Hg exposure
lacked significance for miners compared to residents [45].

The second study detected a variety of symptoms, such as neuro-psychological dis-
orders (e.g., trembling or numbness), gingivitis or several respiratory symptoms in gold
miners [53]. The combination of certain observed symptoms with elevated mercury levels
in hair led to the diagnosis of mercury intoxication in approximately 10% of the examined
miners [53].

Zimbabwe

Bose-O’Reilly et al. investigated the medical consequences of occupational mer-
cury exposure in children in Zimbabwe and Indonesia [46]. Certain symptoms, such as
neuro-psychological disorders (e.g., ataxia or dysdiadochokinesia), increased salivation or
discoloured gums, were more frequent in exposed children [46]. In addition, mercury expo-
sure was significantly associated with certain neuro-psychological disorders, for example,
ataxia or dysdiadochokinesia [46].

The situation in Zimbabwe was also analysed regarding the disease burden presented
in DALYs (Disability-Adjusted Life Years) [54]. The examinations also revealed that a
number of symptoms were significantly more common in miners, for example, certain
neuro-psychological symptoms [54]. Approximately 3% of the Zimbabwean population
was occupationally exposed to Hg, while a total of 2% (which was equivalent to be around
72% of all miners) was considered to be intoxicated, which corresponded to 95,400 DALYs
triggered by Hg exposure in the context of ASGM [54].

Sudan

Concerning gold miners in Sudan, one study determined variations in thyroid hor-
mones and demonstrated that both TSH and TT4 were significantly elevated in miners in
comparison to a control group, while FT3, FT4 and TT3 were significantly reduced [55].
These results were considered generally compatible to the laboratory parameters of hy-
pothyroidism [55].
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Burkina Faso

Highly exposed workers showed certain medical symptoms, such as neuro-psychological
disorders (for example, headache or trembling), thoracic pain or cough [56]. A statistically
significant positive association was observed between the mercury values in urine with
problems to grab as well as with thoracic pain [56].

Uganda

Wanyana et al. described that observed symptoms showed a significant different dis-
tribution according to sex: males reported more frequently about headache, while females
reported more frequently about psychiatric disorders or memory problems [57]. In addi-
tion, mercury exposure was statistically significantly associated with neuro-psychological
disorders (such as headache, numbness, dizziness), certain kinds of pain and respiratory
symptoms [57].

3.2.2. Asia
Indonesia

Following Bose-O’Reilly et al., the examination revealed that certain symptoms, such
as certain neuro-psychological disorders, were significantly more frequent in exposed
persons [47]. Moreover, cases of mercury intoxication were significantly more frequent in
exposed participants [47].

Ekawanti and Krisnayanti focused on changes in haematological and renal parameters
and highlighted that miners’ haemoglobin and haematocrit was significantly reduced in
comparison to a control group, which led to a higher frequency of anaemia [58]. In addition,
urine protein was significantly elevated as well, leading to a frequent proteinuria among
miners [58].

Pakistan

Khan et al. demonstrated that miners complained about various symptoms, such as
neuro-psychological disorders, kidney diseases or different kinds of pain [59].

The second study by Riaz et al. also observed that gold miners showed a wide
variety of symptoms, for example, gastrointestinal disorders, kidney diseases or respiratory
symptoms [60].

3.2.3. South America
Brazil

Lacerda et al. examined the visual performance of gold miners and observed a reduced
perimetric area in gold miners. In addition, the colour vision was also significantly worse
compared to controls [61]. However, none of the calculated associations or correlations
were statistically significant for miners [61].

The study by Branches et al. detected various symptoms in gold miners, for example,
neuro-psychological disorders, certain kinds of pain or gingivitis [48]. Nevertheless, the
associations between mercury exposure and diagnosed symptoms were not statistically
significant [48].

Ecuador

The first study presented a significantly positive association between mercury in blood
and urine with both tremor and reaction time, while their association with postural sway
showed a significantly inverse association [62].

The second study highlighted that a fluctuating proportion of the clinically exam-
ined gold miners manifested particular symptoms, such as neuro-psychological disorders,
discolouration of the gums or social problems [63]. A statistically significantly positive
correlation between the urinary mercury content and the number of medical symptoms
could be detected [63].
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3.3. Risk of Bias Assessment (Qualitative Assessment)

The detailed results of the methodological quality assessment can be found in Table 3.
The overall risk of bias rating is attached in the Supplemental Material (Table S2). Four
studies were evaluated with an overall low risk of bias [43,45–47], while fifteen studies
were assessed with an overall high risk of bias [44,48,51–63]. This rating as high-risk
was based on a substantial potential for internal validity bias [44,48,52,53,55,56,58–62],
internal validity confounder [48,52–56,58–60,62], detection bias [44,48,53,54,56–59,61,63]
and/or attrition bias [44,48,51,53,55,56,58–61]. Other remarks that could not be assigned
to the fixed categories but could lead to an increased risk of bias were identified for nine
studies [43,48,53,54,57–61].

Table 3. Bias assessment. (XS: cross sectional study).

Study
Study

Design

Internal
Validity—

Bias

Internal
Validity—

Confounder
(Selection

Bias)

Perform-
ance
Bias

Detection
Bias

Attrition
Bias

Reporting
Bias

Others

Afrifa et al.
(2017) [43] XS low risk low risk low risk low risk low risk low risk

contradictory data
(The text (page 6)
reports a different

odds ratio for serum
creatinine than the

corresponding table
(page 7).)

Afrifa et al.
(2018) [51] XS low risk low risk low risk low risk high risk low risk none

Rajaee et al.
(2015) [44] XS high risk low risk low risk high risk high risk low risk none

Mensah et al.
(2016) [52] XS high risk high risk low risk low risk low risk low risk none

Bose-O’Reilly
et al. (2010a) [45] XS low risk low risk low risk low risk low risk low risk none

Harada et al.
(1999) [53] XS high risk high risk low risk high risk high risk low risk

(1) H–Hg as general
marker for Hg

exposure
(2) MeHg values: n = 9

Bose-O’Reilly
et al. (2008) [46] XS low risk low risk low risk low risk low risk low risk none

Steckling et al.
(2014) [54] XS low risk high risk low risk high risk low risk low risk

only the study in
Zimbabwe could be
taken into account

Tayrab (2017)
[55] XS high risk high risk low risk low risk high risk low risk none

Tomicic et al.
(2011) [56] XS high risk high risk low risk high risk high risk low risk none

Wanyana et al.
(2020) [57] XS low risk low risk low risk high risk low risk low risk

contradictory data
(The text says that

75.8% of the miners
use PPE (page 5),

while the table says
that 75.8% of the

miners do not use PPE
(Table 2).)

Bose-O’Reilly
et al. (2010b) [47] XS low risk low risk low risk low risk low risk low risk none
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Table 3. Cont.

Study
Study

Design

Internal
Validity—

Bias

Internal
Validity—

Confounder
(Selection

Bias)

Perform-
ance
Bias

Detection
Bias

Attrition
Bias

Reporting
Bias

Others

Ekawanti and
Krisnayanti
(2015) [58]

XS high risk high risk low risk high risk high risk low risk

no detailed
information about
child labour in the

control group

Khan et al. (2012)
[59] XS high risk high risk low risk high risk high risk low risk

(1) contradictory data
(The text (page 2)

gives the
concentrations of
T–Hg in RBC and

plasma for children,
who work as miners,
in another order than

the table (Table 1).)
(2) missing data

(There is no number of
participants reported

(n=unknown).)

Riaz et al. (2016)
[60] XS high risk high risk low risk low risk high risk low risk

contradictory data
(The text says that the
values of T–Hg in hair
are higher for female
miners, although this
is—according to the
reported data—not

the case.)

Lacerda et al.
(2020) [61] XS high risk low risk low risk high risk high risk low risk

(1) H–Hg as general
marker for Hg

exposure
(2) contradictory data

(The text (page 2)
reports different ages
for the gold miners

and the riverines than
Table 1.)

Branches et al.
(1993) [48]

Case
series high risk high risk low risk high risk high risk low risk

contradictory data
(The number of urban
inhabitants differs in

the text (n = 21 on
page 4, n = 22 on page

8).)

Harari et al.
(2012) [62] XS high risk high risk low risk low risk low risk low risk none

Schutzmeier et al.
(2016) [63] XS low risk low risk low risk high risk low risk low risk none

4. Discussion

4.1. Data Extraction (Quantitative Assessment)

Although a systematic literature research was conducted, the eligibility criteria only
applied to 19 studies, which indicates that there is only limited literature available on the
specific topic of mercury-related health effects in ASG miners.

In summary, mercury exposure in the ASGM sector was reported to cause an extraor-
dinarily wide variety of symptoms in diverse organ systems [43–48,51–63]. Interestingly,
many symptoms such as pain, hair loss or cough were largely unspecific [43–48,51–63] and
not easy to relate to mercury exposure. However, a substantial part of the reported symp-
toms could be classified to mercury-related neuro-psychological disorders (e.g., tremor,
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ataxia, memory problems) [43,45–48,52–54,56,57,59,62,63], although the extent varied con-
siderably among the studies. It also has to be considered that working in the ASGM sector
in low- or middle-income countries is related to low safety standards and a high probability
to suffer from work-related injuries [13]. Challenging working conditions can lead to a
high psychological burden, which may cause unspecific somatic symptoms. In a variety of
countries with ASGM, medical care availability is often restricted, in particular in terms
of occupational health. Therefore, a medical undersupply of work- and non-work-related
diseases has to be assumed. Nevertheless, it must be underlined that mercury-related
symptoms mean a severe burden of disease in affected persons, in particular for gold
miners, who show a high risk of occupational-related mercury exposure.

The organ specific toxicity of mercury exposure has been described in animal studies
before [64–66]. Akgül and colleagues showed that exposure to mercury vapour caused
histological renal damage in rats [64]. Renal damage caused by mercury exposure also
has been described in humans, where significantly elevated levels of urine protein or
serum creatinine could be observed [43,58]. However, two included studies in this re-
view could not demonstrate significant changes in proteinuria [46,54]. Regarding neuro-
psychological abnormalities, Altunkaynak and colleagues observed histological damages
in rats’ cerebellum after exposure to mercury vapour [65]. In addition, a further toxi-
cological study in mice detected that post-natal exposure to mercury vapour affects the
neuro-behavioral function, such as locomotive activity [66]. These observations support
our findings that mercury exposure is in particular connected to neuro-psychological
abnormalities [43,45–48,52–54,56,57,59,62,63].

Occupational mercury exposure is not limited to ASGM; it can also occur in other
industrial sectors [67–69], such as in fluorescent lamp production companies [67]. Mercury-
exposed labourers from the fluorescent lamp industry showed statistically significant more
frequent psychological symptoms and a worse performance in neuro-psychological tests
in comparison to non-exposed controls [67]. These findings confirmed our results, where
mercury-exposed gold miners suffered significantly more often from neuro-psychological
disorders [45–47,54] and showed somewhat significant worse results in neuro-psychological
tests [45–47,54].

Another sector with an occupational exposure to mercury is the e-waste industry [68].
Decharat et al. examined e-waste workers and highlighted that neuro-psychological disor-
ders, such as headache, were statistically significantly more frequent in exposed workers
in comparison to office staff from the same company [68]. These results only partly agree
with the findings of this review. For example, we could not observe statistically significant
differences for headache between exposed and non-exposed groups [43,45,46]. Only one
study could observe a statistically significant association between mercury exposure and
headache [57]. However, headache must be considered as an unspecific symptom, which
can be caused by a wide range of circumstances and diseases, such as migraine, meningitis
or intra-cranial tumours. Consequently, this symptom could have also been caused by
other circumstances or pre-existing conditions.

In addition, chlor-alkali workers are occupationally exposed to mercury [69]. These
workers showed, according to Neghab et al., a statistically significant association between
mercury exposure and neuro-psychological disorders (e.g., memory problems), while
other associations with symptoms, such as tremor, showed no statistical significance [69].
However, only two studies in this review found significant differences regarding memory
problems [45,47], but in contrast, we detected three studies with non-significant differ-
ences [45,46,54]. The reviewed studies used different methods to detect memory problems,
from self-reported outcomes to objective neuro-psychological tests [45–47,54]. In particular,
self-reported memory problems [45,46] are difficult to compare because of a missing gener-
ally applicable definition of memory problems, which makes them prone to a recall bias.
Similar differing findings have been observed for tremor in miners or mercury-exposed
participants [45–47,54], where the results differed both in subjective symptoms and clinical
examinations [45–47,54]. In has to be considered that health consequences of mercury
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exposure are highly dependent of its chemical form, exposure pathway and dose. In partic-
ular the inhalation of inorganic mercury during the amalgamation process leads to a high
absorption of and therefore high body burden of toxic metallic mercury. Although ASGM
activities are mainly related to occupational inorganic mercury exposure, a burden with
organic mercury compounds may be attributed by nutritional habits, such as fish or the
ingestion of plant production products. These variables could at least partly explain the
differing results.

4.2. General Methodology

Since all included studies were cross-sectional studies or case series, none of them was
able to randomize their participants into groups [43–48,51–63]. In addition, a follow-up
was not available [43–48,51–63]. This would have been helpful in order to understand the
long-term effects of mercury and the clinical course in an exposed population.

Considering the study design, the availability of a control group was handled differently
among the studies. The majority of the studies had a control group [44–48,53–56,58,59,61,62];
only six studies lacked a comparable group [43,51,52,57,60,63]. In addition, the composi-
tion of control groups was very heterogeneous among the studies. Some control groups
consisted exclusively of indirectly exposed participants (e.g., residents from the same
area) [48,56,58,59,62] or non-exposed controls (e.g., participants with no known mercury
exposure) [54,55]. In contrast, six studies included more than one control group, respec-
tively [44–47,53,61].

The included studies also differed in terms of data collection and diagnostic
procedures [43–48,51–63]. The data were mainly collected through measurements
of defined parameters [43–48,51–63], surveys [43–48,51–53,56–62] and/or clinical
examinations [44–48,53–57,61–63]. Since no generally applicable definition of the signs
and symptoms of a mercury intoxication existed, the diagnosis standards varied between
studies, as well [45–47,53,54,63].

4.3. Specific Methodology

Six studies reported contradictory data in their manuscripts (see Table 3) [43,48,57,59–61].
In addition, one of these studies did not provide all the required information, such as the
total number of included participants [59], which made it difficult to assess the results.

Another methodological aspect was the inhomogeneous inclusion of different job cate-
gories in the miners’ study groups or in the control group. Exemplarily, three studies also
included other occupations, such as gold traders, in the miners’ exposure group [56,57,63].
Therefore, a comparability between the individual studies in general, and in particular their
specific results, was limited. Moreover, the study conducted by Ekawanti and Krisnayanti
also included child gold miners in the control group [58]. Unfortunately, this point was
only mentioned in the Section 4, and no further information was made available in this
regard [58].

4.4. Strengths and Limitations of This Review

The key strength of this review is the application of a systematic methodology ac-
cording to the PRISMA scheme [36]. The underlying review protocol was drafted in
advance and submitted to PROSPERO (PROSPERO-ID: CRD42021235289) to secure stan-
dard methodological claims and transparency. A further strength was the risk of bias
assessment, which was created on the basis of relevant literature in order to classify the
different findings of the included studies [49,50]. This review provided an overview of the
extensive health-related problems caused by ongoing inorganic mercury exposure.

In contrast, the major limitation of this review was the failed attempt to carry out a
meta-analysis due to the unsuitable data for this procedure. Another restriction was the
limited publication period, ending on 31 December 2020. Therefore, articles that were
published later and could have also fulfilled the eligibility criteria could not be considered.
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5. Conclusions

This systematic review underlines the substantial adverse health effects in ASG miners
in low- and middle-income countries. Research should therefore continue to focus on the
situation of workers in the ASGM sector. More high-quality studies are urgently necessary,
as most of the included studies only had a low methodological quality, resulting in a high
risk of bias. These should include a defined control group, a clear definition of mercury-
related diseases and a diagnostic standard to detect mercury intoxication. A comprehensive
assessment of confounding factors of reported symptoms and diseases is necessary, as well,
since a variety of symptoms observed in the included studies were quite unspecific. Due
to the cross-sectional design, a causal relation was difficult to derive. Prospective studies
that detect a clear causation between mercury exposure and mercury-related outcome
are urgently required in order to increase the pressure for change. Mercury remains a
significant health threat; this has been described in several toxicological animal studies
before and should be underlined by epidemiological analyses in humans in the ASGM
sector [64–66].

In the past, a first attempt was made to reduce the mercury burden with the Minamata
Convention that initiates National Action Plans in the affected countries [6,35]. As the
presented results indicate, these efforts were not as sufficient as intended. Mercury still
causes serious health problems in ASG miners, and the topic demands intensified attention.
Awareness must be raised in miners and their environment. Mercury-related symptoms
can persist for a long time, even after termination of the corresponding exposure [32,34].
Hence, governments should take action to improve the working conditions for miners.
Miners need to be convinced of replacing mercury-containing practices in gold extraction
with non-hazardous techniques, as have already been attempted in model projects [70,71].
Finally, mercury-intoxicated miners must also be given the opportunity to receive sufficient
medical care.
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Abbreviations

ASG miner artisanal and small-scale gold miner
ASGM artisanal and small-scale gold mining
B–Hg mercury concentration in blood
H–Hg mercury concentration in hair
HBM human biological monitoring
Hg mercury
I–Hg inorganic mercury concentration
MeHg methylmercury
N–Hg mercury concentration in nails
O–Hg organic mercury concentration
P–Hg mercury concentration in plasma
T–Hg total mercury concentration
U–Hg mercury concentration in urine
UBA German Umweltbundesamt, German Environment Agency
μg/gCR microgram per gram creatinine
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