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Abstract Mercury (Hg) is a chemical of health concern
worldwide that is now being acted upon through the
Minamata Convention. Operationalizing the Convention
and tracking its effectiveness requires empathy of the
diversity and variation of mercury exposure and risk in
populations worldwide. As part of the health plenary for
the 15th International Conference on Mercury as a Global
Pollutant (ICMGP), this review paper details how scientific
understandings have evolved over time, from tragic
poisoning events in the mid-twentieth century to
important epidemiological studies in the late-twentieth
century in the Seychelles and Faroe Islands, the Arctic and
Amazon. Entering the twenty-first century, studies on
diverse source-exposure scenarios (e.g., ASGM, amalgams,
contaminated sites, cosmetics, electronic waste) from
across global regions have expanded understandings and
exemplified the need to consider socio-environmental
variables and local contexts when conducting health
studies. We conclude with perspectives on next steps for
mercury health research in the post-Minamata Convention
era.

Keywords Environmental sciences - Epidemiology -
Methylmercury - Public health - Review - Toxicology

INTRODUCTION

Mercury is a chemical pollutant of human health concern
worldwide. The World Health Organization has listed
mercury as one of its top 10 chemicals of public health
concern (WHO 2020). International assessment projects
have documented that: (1) sources of mercury pollution are
globally distributed; (2) emission levels continue to
increase over time; and (3) these emissions are largely due
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to anthropogenic activities (UNEP 2019a). The levels of
mercury in certain aquatic and food items, consumer and
industrial products, and occupational settings can be at
levels deemed concerning to human health (UNEP &
WHO 2008). Human biomonitoring studies have estab-
lished that most people worldwide are exposed to some
amount of mercury, and that there are notable vulnerable
groups (e.g., Indigenous Peoples, artisanal and small-scale
gold miners (ASGM)) due to dietary or occupational fac-
tors (Basu et al. 2018).

Mercury and its compounds have many properties that
make them useful in society, though balancing these
essential uses against the metal’s toxic properties proves
challenging. In Goldwater’s historical examination, diverse
uses of mercury and its compounds were tracked back
several hundred years BC in China, India, and across the
Arabic world (Goldwater 1972). Alongside these, early
uses were many recorded instances of human poisoning
events, largely within the artisanal occupational sector
(e.g., alchemists, felt hat producers) or within medical
practices (e.g., treatment of syphilis and skin infections).
For example, Scopoli (1771) precisely described the
symptoms and signs of occupational poisoning with ele-
mental mercury in mining sites and specifically mentioned
the “unusually sad mental state of these workers.” As
noted by Woodall in 1639, mercurous or quicksilver is:
“The hottest, the coldest, a true healer, a wicked murderer,
a precious medicine, and a deadly poison, a friend that can
flatter and lye” (Woodall, n.d).

In the mid-twentieth century, catastrophic events at
Minamata Bay and elsewhere signaled to the world that
mercury pollution remains of great contemporaneous con-
cern. Since then, notable epidemiological studies from the
Faroe Islands, the Seychelles, New Zealand, the Amazon,
and the Arctic have demonstrated that mercury is of
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neurodevelopmental concern with growing evidence of
impacts on the cardiovascular and immune systems. Col-
lectively, there is a tremendous body of knowledge con-
cerning the impacts of mercury on human health, and this
has been summarized in recent exemplary review papers
(Ha et al. 2016; Basu et al. 2018; Eagles-Smith et al. 2018).

The Minamata Convention on Mercury entered into
legal force on August 16, 2017, and committed to control
the supply and trade of mercury (UNEP 2019b). This
multilateral agreement exemplified a global commitment to
protect human health and the environment from anthro-
pogenic sources of mercury. Article 16 of the Convention
encourages Parties to promote strategies to: (1) identify and
protect populations at risk; (2) adopt health guidelines
regulating mercury exposure; (3) develop and implement
educational and preventive programs; and (4) establish and
strengthen capacities to prevent, diagnose, treat, and
monitor health risks (UNEP 2019b). The expectation of
those who crafted the Convention is that by limiting the use
and environmental release of mercury, while also pro-
moting activities such as education, capacity building, and
knowledge sharing, will improve the health of humans and
the environment over time. However, the reality will

undoubtedly be more complicated and nuanced. Opera-
tionalizing the Convention and tracking its effectiveness
will require empathy and understanding of the diversity
and variation of mercury exposure, risk scenarios, and
socio-environmental aspects in populations worldwide.
Mercury is often found in association with phenomena that
have high societal and economic value (e.g., food safety
and security, mining and economic development, dentistry,
and oral health), but these situations vary worldwide.

Our understanding of mercury’s risk to human health
continues to evolve (Table 1). There was an early focus on
workplace safety and environmental disasters led by
scholars of occupational health, medicine, and toxicology,
and this was followed by studies of select vulnerable
population groups led by epidemiologists and exposure
scientists. Collectively, studies in these aforementioned
areas have formed an extensive knowledge base from
which robust evidence was leveraged to justify the Mina-
mata Convention. Moving forward, we continue to realize
that there are complex social and environmental contexts
within which mercury is found, and we posit that these are
best understood through multidisciplinary (e.g., medicine,
toxicology, epidemiology), inter-sectoral (e.g., academia,

Table 1 Evolution in our understanding of mercury (Hg) and health organized on a quarter-century basis

1950-1975 1975-2000 2000-2025 2025-onwards
Driving Occupational Toxicology Epidemiology Systems Science
discipline Medicine
Focused Acute Cohort studies on highly Cross-sectional and other studies on groups All population groups
population poisoning exposed groups exposed to diverse sources (e.g., ASGM,
events Hg containing products)
Population size  Very small Small (100 s to 1,000 s) Moderate (1,000 s to 10,000 s) Large (10,000 and up)
of study (10s to
groups 100 s);
Geographic Households ~ Community-level (few Community-level (many studies, including National and regional (especially
settings or studies) expansion into more vulnerable low- and middle-income), with
workplaces settings), with regional considerations global considerations
Geographic Scattered Few, largely in high-income Expansion across Asia Pacific, Africa, Global focus, while keeping
regions regions Latin America attention on local to regional
Exposure Acute, high  Chronic, lower dose Focus on different sources of exposure Integrative understandings, that
considerations dose exposures focused on (e.g., ASGM, other food items) and start to consider co-stressors,
exposures MeHg derived from chemical forms of Hg social factors, Hg-Hg
to Hg seafood consumption interactions, etc
Exposure Interview Dietary (and other) surveys Human biomonitoring Exposure modeling
assessment based to gauge intake, human

biomonitoring

Health study Case reports, Birth cohort studies, more

Complex epidemiological studies to reveal Public health studies that
mercury effects

prioritize prevention and
interventions

types few cross- cross-sectional studies
sectional
studies
Health outcomes Adverse Sub-clinical effects
clinical (neurodevelopment)
symptoms

Molecular to sub-clinical effects
(neurodevelopment, and other
physiological systems including
cardiovascular and immune)

Integrative understandings, that
start to consider co-stressors,
social factors, life course
aspects, etc
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industry, government), and participatory (e.g., community
members and advocates) approaches that in particular
involve those from the social sciences and global public
health communities. Accordingly, the objective of this
review paper is to help mercury scientists and other
stakeholders (e.g., those involved with the Minamata
Convention, NGOs, and communities vulnerable to mer-
cury pollution) to gain a deeper and more holistic under-
standing of the health risks associated with mercury. In
particular, this paper reviews how our scientific under-
standings have evolved over time and showcases contem-
poraneous source-exposure scenarios from across global
regions that exemplify the need to consider socio-envi-
ronmental variables and diversity when conducting health
studies.

METHOD

The authors of this paper were invited by the organizing
committee of the 15th International Conference on Mer-
cury as a Global Pollutant (July 2022, virtual format) to
serve on the Plenary Panel on Human Health. The co-au-
thors represent a diverse team of experts (disciplines,
research interests, career stages, geographic regions).
Through late 2021 and into 2022, discussions were facili-
tated through online meetings and email exchanges. Key
events from which feedback on this paper was obtained
from stakeholders included the following: (a) a “Minamata
Online” presentation to the global community on October
19, 2021'; (b) the plenary presentation at the 15th Inter-
national Conference on Mercury as a Global Pollutant on
July 26, 2022; and (c) participation in the International
Conference on Mercury as a Global Pollutant synthesis
workshop on September 1 and 2, 2022.

This paper is classified as a “critical review” based on
the typology outlined by Grant and Booth (2009) as our
work aims to identify the most important events in the field
in a narrative and conceptual model. The work is presented
temporally along a quarter-century basis to help organize
our evolved understandings (Table 1). The first and second
parts of the paper briefly reflect on important case studies
through the mid- and late-twentieth century that range from
acute poisoning events to focused cohort studies from
select locations. The third part of the paper presents upon
diverse source-exposure scenarios nowadays from across
global regions that exemplify the need to consider socio-
environmental variables. The final part of the paper con-
cludes with proposed next steps to conduct mercury health
research in the post-Minamata Convention era.

! https://www.youtube.com/watch?v=Ys94Q5Xvww8.
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1950 TO 1975: AN ERA OF TRAGIC MERCURY
POISONING EVENTS

The postwar period at the end of the 1940s coincided with a
defining industrial event involving mercury pollution—the
Minamata Bay disaster. This event was among the first and
most serious contamination events that helped define the
modern environmental awareness movement. Minamata
disease was first officially recognized in the Japanese city
of Minamata (Kumamoto Prefecture) in 1956 (Ekino et al.
2007). The Minamata factory, owned by the Chisso Cor-
poration, was a major industrial plant in Japan that pro-
duced various chemical products. One such chemical was
acetaldehyde, which generates methylmercury as a by-
product. The factory’s effluent contained methylmercury
which ended up contaminating Minamata Bay. Many
consumers of fish and shellfish from Minamata Bay
developed Minamata disease. A second Minamata disease
(called Niigata Minamata disease) was later reported in
1965 in Niigata Prefecture where the Showa Denko Kanose
Plant released methylmercury into the Agano Basin.

Some of the main symptoms of Minamata disease
include loss of sensation in hands and feet, narrow vision,
hearing difficulty, and slurred or unclear speech. The
severity of symptoms varies depending on the individual.
In the initial period of the outbreak, among individuals
with severe symptoms, some experienced convulsions, loss
of consciousness, and death (Takeuchi 1982). Some babies
were born with the symptoms of Minamata disease (“fetal
Minamata disease”). Neurodevelopment outcomes in
children that were born from mothers consuming mercury-
contaminated fish have been well documented (Harada
et al. 1999). These observations raised concerns over the
safety of fish consumption (especially during pregnancy),
and spurred investigations in other parts of the world as
outlined in the next section.

In addition to the events in Minamata, another infamous
mass poisoning took place in Iraq during the winter of
1971-1972. Seed grain treated with a methylmercury
fungicide was used to prepare homemade bread in rural
communities throughout Iraq (Bakir et al. 1973). Total
hospital admissions increased to over 6000, with most
individuals being admitted in January 1972. Around 460
deaths attributed to methylmercury were recorded in hos-
pital (Bakir et al. 1973). Aside from these well-known
environmental disasters, there were many reports of mer-
cury poisoning events from across the world. For example,
Cappelletti et al., (2019) identified 45 published papers
(consisting of 174 cases) across the medical literature
worldwide over the time frame of 100 years where expo-
sure to mercuric chloride was attributed to intoxication or
death.
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1975 TO 2000: TOXICOLOGICAL STUDIES
ON HIGHLY EXPOSED POPULATIONS

The aforementioned environmental disasters and poisoning
events raised concerns about the presence of methylmer-
cury in fish and seafood, and as such starting around the
1980s epidemiological research became quite active in
several areas, especially in the Seychelles and Faroe
Islands, as well as in the Arctic and Amazon. Collectively
these studies established associations between methylmer-
cury exposures, particularly in early life, and adverse
health outcomes with an initial focus on neurodevelopment
(Table 1). Additionally, these studies started to demon-
strate that a range of socio-environmental factors in addi-
tion to mercury exposure are important when conducting
health studies (Table 2).

Seychelles

The Seychelles child development study was designed to
investigate the adverse effects of methylmercury exposure
on children’s neurodevelopment. The Seychelles is a small-
island state, and its residents consume about 57 kg of fish
per person per year. These fish contain varying levels of
methylmercury, but most fish commonly consumed have
concentrations below 0.5 pg/g, a level comparable to
commercially available fish in developing countries. Fish is
not only an important source of protein in their diet but also
forms part of their cultural and economic activities. The
high fish consumption in this nation makes it an ideal place

to conduct a large-scale population study to assess the
effect of mercury exposure from fish consumption. The
Seychelles is advantageous as an epidemiological site since
there are minimal industries that cause environmental
pollution, consumption of sea mammals (i.e., animals with
highest level of methylmercury bioaccumulation) is illegal,
and education and healthcare are universally free and
accessible (Govinden et al. 2020).

Mothers in the main cohort (779 mother infant pairs
recruited in 1989-1990) had hair methylmercury concen-
trations in the range of 1-40 pg/g with a mean of 6.8 pg/g.
There were no adverse associations found between
methylmercury measured in maternal hair during preg-
nancy and child neurodevelopment up to 66 months of age.
The findings that children with higher prenatal exposure
showed better scores than children exposed to lower
methylmercury levels on some tests suggested that some
unmeasured variables such as nutrition might be playing an
important role (Myers et al. 2000). Further evaluation of
children at 107 months found no clear pattern of adverse
association with prenatal methylmercury exposure (Myers
et al. 2000).

There have been two additional cohorts with over 1600
mother—child pairs recruited, and further studies are being
conducted to understand possible health effects at prenatal
or postnatal stages as a consequence of methylmercury
exposure through consuming a high fish diet (Strain et al.
2015; Davidson et al. 2008). It should be noted that the
children in the different cohorts undergo extensive exam-
ination for neurodevelopmental assessments. Test batteries

Table 2 Characteristics of major mercury health studies conducted in the latter stages of the twentieth century

Location  Main source Amount of relevant food Blood total mercury levels * Key birth cohort Key socio-environmental
of mercury  consumed studies factors
exposure
Faroe Ocean fish  Pilot whale meat is the main 1987 (n = 1,022): 22.3 ug/LL The Birth Cohort Whaling has been a part of
Islands and mercury source; consumption 1995 (n = 182): 21.0 ug/L Studies of the Faroese culture for
marine can vary from none (women of B ) Faroe Islands centuries and an
mammals child-bearing age) to ~ 15 kg/ 1999 (n = 475): 12.4 ug/L important contribution to

yr in elderly men
Seychelles Ocean fish

2008 (n = 500): 4.6 ug/L
57 kg of ocean fish per person per 1989 (n = 779): 23.6 ug/L  Seychelles child

the nutrition in the past
Nutritional benefits

year 2001 (n = 300): 22.5 ug/L development associated with
2008 (n = 1,265): 11.7 ug/L study consumption of ocean fish
Arctic Marine Ringed seal liver (2 kg) and 8.6 ng/L Various studies Dietary transition driven by
mammals muscle (8 kg), and Arctic char (IQR:3.6-16.2 pg/L) economic considerations,
and fish (20 kg) per person per year 7472 climate variability, and
n=n public health messaging
Amazon  Riverine fish 11 to 148 kg/yr per person 15.4 pg/L Various studies Diverse mercury exposures
(IQR: 8.7-32.9 pg/L) that bring together
_ occupational and
n = 18,509 environmental
considerations

“Biomonitoring data extracted from UN Global Mercury Assessment 2018 (Basu et al. 2018)
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assess multiple neurodevelopmental domains including
cognition, psychomotor development, social communica-
tions, language development and executive functions.
Additionally, analysis of school achievements, including a
standardized academic assessment among Southern Afri-
can countries, showed a high achievement by the Sey-
chelles cohorts and no adverse mercury effects (Leste and
Davidson 2020).

Studies over the last 30 years have shown no adverse
effect on neurodevelopmental outcomes among Seychellois
children and young adults up to the age of 19 years, from
their mother’s or their own consumption of fish. The
absence of adverse effects over several decades and
cohorts, suggests that other factors could be involved in
providing a protective effect or enhancing development,
and that the levels of mercury in the fish consumed are too
low to have harmful effects on behavior and development.
Consequently, some of the cohorts recruited have explored
the nutritional benefits of eating fish. Results highlighted
that n3 and n6 Poly Unsaturated Fatty Acids (PUFAs) may
be playing a key role in modifying the influence of
methylmercury, especially the function of n3 fatty acids
being important for brain development (Strain et al.
2008, 2012). The role played by selenium in sequestering
methylmercury may also help in reducing the potential
toxic effects (Nuttall 1987).

Additionally, over 70 species of fish relevant to the
Seychelles’ diet have been analyzed for essential nutrients
(e.g., trace elements, fatty acids, proteins) and for con-
taminants, not only focusing on mercury but also on cad-
mium, lead, and persistent organic pollutants (POPs)
(Sabino et al. 2022). Fish located in diverse marine areas
are rich in essential trace elements, amino acids and
omega-3 fatty acids which have a variety of health benefits.
In terms of POPs, all were found to be lower than the EU
limit and much lower than in fish found in the Mediter-
ranean and Atlantic Ocean. Heavy metals in fish tested
were all below the EU limits and at levels that do not
present any risk for human health.

Faroe Islands

In 1986, a birth cohort study of 1022 participants was
established in the Faroe Islands with the goal of gauging
dietary methylmercury exposure (mainly from traditional
consumption of pilot whale meat) and neurodevelopmental
outcomes (Grandjean et al. 1992). Children’s prenatal
exposure was assessed from the mercury concentration in
cord blood, and maternal hair mercury concentrations were
also determined. Studies from this cohort determined
cognitive effects at age 7 years could be associated with
prenatal exposures (Grandjean et al. 1997), and that such
effects could persist through to 14 years of age (Yorifuji

© The Author(s) 2023
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et al. 2011). Clinical examinations of 847 cohort members
at 22 years of age were carried out in 2008-2009 using a
panel of neuropsychological tests that reflected major
functional domains. Deficits in Boston Naming Test (BNT)
and other tests of verbal performance were significantly
associated with the cord blood mercury concentration
(Debes et al. 2016). Deficits were also present in all other
tests applied, although most were not of statistical signifi-
cance. Structural equation models were developed to
ascertain the possible differences in vulnerability of
specific functional domains and the overall association
with general intelligence. All models for individual
domains showed negative associations, with mercury-as-
sociated changes with crystallized intelligence being highly
significant. There was also a highly significant negative
association between mercury exposure and general intelli-
gence (based on all domains), with an approximate deficit
that corresponds to about 2.2 IQ points at a tenfold increase
in prenatal methylmercury exposure. Although the cogni-
tive deficits observed were smaller than examinations at
younger ages, maternal diets with contaminated fish and
seafood were associated with adverse effects in this birth
cohort at age 22 years. The deficits affected major domains
of brain function as well as general intelligence. Thus,
based on findings from the Faroe Islands cohorts, prenatal
methylmercury exposure appears to cause permanent
adverse effects on cognition (Debes et al. 2016).

Through these cohort studies at the Faroe Islands, two
important dimensions became evident; whaling culture and
the dietary transition away from marine food containing
high levels of mercury. First, whaling has been an impor-
tant contribution to the nutrition of people in the Faroe
Islands, especially in times of insufficient food supply
(AMAP 2021). The distribution of the meat and blubber to
each household was regulated in detail. Currently, the food
supply from local fishing and farming and from import
markets has eliminated the nutritional need for whaling.
However, whaling is still an important part of the cultural
identity of the inhabitants though socioeconomically
insignificant.

Second, the role of dietary transition has been notable in
the Faroe Islands largely driven by increased importing
ability and household purchasing power (AMAP 2021).
The intake of fish has been steadily decreasing from about
4 meals to under two meals per week since the 1980s.
Health authorities have offered dietary advice to educate
the public about the nutritional values of fish consumption
and warned against eating contaminated marine food
including whale meat and blubber as well as information
on fish that were low in contaminants and high in nutrients
(AMAP 2021). The dietary advice from the Faroes Board
of Health has been effective for pregnant women in terms
of helping reduce mercury exposures, which was

@ Springer
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demonstrated in large birth cohort studies where mercury
concentrations in umbilical cord blood have decreased
from approximately 22.3 pg/L in 1987 to 4.6 pg/L in 2008
(AMAP 2021).

Arctic Inuit

The effects of prenatal mercury exposure have been studied
in several communities in the Arctic as reviewed in the
2021 Arctic Monitoring and Assessment Programme report
on mercury (Basu et al. 2022). A study in Nunavik children
at age 11 years showed that mercury exposure was asso-
ciated with weaker early processing of visual information
and memory functions, lower estimated IQ, poorer com-
prehension and perceptual reasoning, and increased risk of
attention problems and ADHD behavior (Boucher et al.
2009, 2010, 2011; Boucher et al. 2012a, b; Boucher et al.
2012a, b). Conflicting results have been reported regarding
the impact of prenatal mercury exposure on blood pressure
with 7-year-old Faroese children exhibiting elevated blood
pressure, compared to children from Nunavik, showing no
association between blood pressure and prenatal mercury
exposure (Grandjean et al. 1997). However, elevated blood
pressure was found to be associated with mercury exposure
among adults from the Faroe Islands and Nunavik.
Decreased heart rate variability was associated with cord
blood mercury concentrations in Faroese children at age 7
and age 14 years but not in children at age 11 years from
Nunavik. Contemporary blood mercury concentrations in
these children from Nunavik were associated with
decreased overall heart rate variability parameters, which
were also the case for adults from Nunavik and for James
Bay Cree.

Research from the region documents that blood mercury
levels measured in pregnant women in the Arctic have
declined steeply since the 1990s, but that levels in Nunavik
and Greenland remain 4 to 5 times higher than those in
other Arctic regions due to change in diet. The health
impacts of such dietary transitions in the Arctic are com-
plex (Basu et al. 2022). Studies from the Faroe Islands
(Basu et al. 2022) and the Inuit Health Survey of 36
communities in Arctic Canada (Rosol et al. 2016) clearly
show that northern populations are consuming less tradi-
tional foods such as fish, whale, and seal meat. There are
multiple factors driving this transition, with notable ones
being economic hindrances, climate change influences on
species distribution and biodiversity, and contaminant-re-
lated consumption advisories issued by health authorities
or that spread through social media. While the reduced
consumption of certain traditional foods has been associ-
ated with reductions in mercury exposure, researchers have
observed concerning trends associated with a shift toward a
market diet coupled with a more sedentary lifestyle.

Specifically, rates of obesity, diabetes, and other metabolic
diseases have been increasing in many communities. The
increased reliance on store-bought foods has also raised
concerns about food security in these communities.

Amazonian region

The Amazonian region is one that represents a major
source of mercury emissions worldwide, but also one in
which human exposures are of potential concern. In terms
of emissions, mercury is widely used in the amalgamation
process for silver and gold mining. From the 1980s, Brazil
has been one of the largest of producers of gold in South
America, with approximately 90% coming from small-
scale gold mining or “garimpos” (Malm 1998). The largest
“garimpo” region is found near the Tapajos River basin in
Brazil, with the peak production in 1989 reaching 4 tons of
gold per month and emitting up to 120 tons of mercury
annually throughout the 1990s (Veiga 1997). Despite a
decline in gold production in this region, the miners and
community members in this area have been exposed to
mercury since at least the 1980s and living in contaminated
environments (Berzas Nevado et al. 2010). High concen-
trations of mercury have been identified in the soil com-
position in the Amazon, and increased soil erosion from
human activities (i.e., gold mining, forest clearing) is a
source of mercury in local aquatic systems (Roulet et al.
1998, 1999).

In the review by Berzas Nevado et al. (2010), blood
mercury concentrations in fish-eating populations varied
from 36.1 to 90.4 ng/L. Recent studies continue to report
on relatively high levels of blood mercury from these
populations (i.e., range 19.6-105.0 pg/L) (Mendes et al.
2021). These blood mercury values among fish consumers
are higher than those reported (12.2 pg/L) in gold-
prospectors or garimpeiros (Berzas Nevado et al. 2010).
Though, in the urine samples of these miners, mercury
levels ranged from 4 to 450 pg/L which is more reflective
of their exposures to inorganic/elemental forms of mercury.
Similarly, while hair mercury (reflective of methylmercury
exposure from the diet) was higher in fish-eating popula-
tions, urine mercury concentrations were higher among
garimpeiros (Barbosa et al. 1997).

Frequency of fish intake in subsistence populations are
for the most part reported daily, and some families may
have more than one meal containing fish per day. The mean
daily fish consumption as reviewed recently may range
from 30 to 406 g/day for different types of populations and
measured by different methods (Mendes et al. 2021).
Furthermore, among traditional villagers, mercury hair
concentrations in traditional mothers are good predictors of
family mercury hair concentrations (Mendes et al. 2021).

© The Author(s) 2023
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In relation to the reference doses, human exposure to
mercury is strongly associated to fish consumption in the
Amazon region. The Amazon rain forest has a high
methylating potential which makes methylmercury a
prevalent component in fish-based diets. Therefore, in
comparison with populations consuming commercial fish,
methylmercury appears as a food component that poses
special challenges in traditional high fish consumers. In
these populations, it is difficult to identify a specific neg-
ative health condition directly related to fish consumption
amidst a myriad of stressors such as parasitic infections and
a threat of food insecurity (Ddrea and Marques 2016).
Additionally, Amazonian infants are exposed to
methylmercury from maternal fish consumption and
ethylmercury from thimerosal-containing vaccines (Mar-
ques et al. 2016). For example, during the first 6 months an
exclusive breastfed infant can receive an estimated
279.2 pg of mercury in breast milk in addition to 150 pg of
mercury (as ethylmercury from Thimerosal-containing
vaccines) (Ddrea 2007). Moreover, mercury fish advisories
may unintendedly cause undue anxiety and confusion
regarding real, rather than perceived, health threats to
subsistence fish consumption. However, there are benefi-
cial aspects to fish consumption, as noted above in the
examples from the Seychelles and Arctic regions. Never-
theless, neurological issues related to mercury exposure
through occupational routes and fish consumption remain
of concern in the Amazonian region (Dérea & Marques
2016).

2000 TO CURRENT: CONTEMPORARY
INVESTIGATIONS ON DIVERSE SOURCE-
EXPOSURE SCENARIOS

The earlier sections reviewed health studies based on acute
and high occupational exposures, and environmental dis-
asters (“1950 to 1975: An era of tragic mercury poisoning
events” section). These then spurred epidemiological
studies of select vulnerable population groups to establish a
strong evidence concerning the adverse human health
impacts of mercury pollution (“1975 to 2000: Toxicolog-
ical studies on highly exposed populations” section).
Taken together, these studies (largely conducted in the
twentieth century) have established the following four
points:

e Acute exposures to high levels of all mercury com-
pounds can be fatal.

e Chronic exposure to methylmercury (at relatively high
levels) is associated with adverse neurodevelopmental
outcomes, as well as cardiovascular risks.

© The Author(s) 2023
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e Methylmercury-contaminated fish, seafood, marine
mammals, and other items represent a critical dietary
pathway of exposure, though many of these same food
items provide health and social benefits which compli-
cate risk assessment and management.

e There are notable population groups vulnerable to
mercury either due to exposure pathways (e.g., Indige-
nous Peoples) or physiological factors (e.g., pregnant
women and newborns).

As we entered the twenty-first century, and with con-
tinued research, it has become clearer that the health
impacts of mercury extend beyond the points above (be-
sides fish and seafood, there are other food items of con-
cern; beyond pregnancy and fetal stages, all life stages are
vulnerable to mercury, etc.) (UNEP and WHO 2008; Ha
et al. 2016). There is greater awareness of the complex
socio-environmental contexts within which mercury is
found (Eagles-Smith et al. 2018), and we posit that these
are best understood through multidisciplinary (e.g., medi-
cine, toxicology, epidemiology), inter-sectoral (e.g., aca-
demia, industry, government), and participatory (e.g.,
community members and advocates) approaches that
involve those from the social sciences and global public
health communities.

In this section, we present key “sources” of contem-
poraneous mercury exposure and risk to human populations
that are garnering more attention. We also discuss these
from different perspectives so as to demonstrate the
importance of considering diversity and variance when
trying to understand mercury risk in populations worldwide
and a need to focus on context-specific data.

Food (including fish) intake

It is well established that the major pathway of
methylmercury exposure to most populations worldwide is
dietary and commonly through the consumption of con-
taminated fish and seafood. Mercury released into the
environment can be converted by microorganisms to
methylmercury, which bioaccumulates and biomagnifies
through the food web, particularly in aquatic systems
(Obrist et al. 2018). Sampling of seafood has found
widespread methylmercury contamination (GEMS/Food
Contaminants 2021), with some widely consumed preda-
tory species including tuna, swordfish, grouper, mackerel
being among the most highly contaminated. Therefore, for
many communities, dietary consumption of contaminated
fish, shellfish, and marine mammals is an important source
of exposure. Unfortunately, seafood is the main source of
protein for billions of people worldwide (FAO 2020).
Other foods, such as rice, grown in sites heavily contami-
nated with mercury may also represent a source of both
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organic and inorganic mercury exposure for some com-
munities to mercury (Miklavéi¢ et al. 2013; Rothenberg
et al. 2014). Finally, in some populations (e.g., Inuit), the
consumption of marine mammal tissues is the major source
of mercury exposure (Basu et al. 2022).

A need for site- and fish-specific data

Though we have known for a long time that fish con-
sumption is a major driver of mercury exposure into most
populations worldwide, many parts of the world lack data
on mercury levels in fish and other food items (UNEP
2019a). The World Health Organization recognizes the
importance of collecting site-specific data of mercury
concentrations in fish and seafood from around the world
as there is a high variation in levels across and within
species. To help fill data gaps, we can examine the work of
Lavoie et al. (2018) who analyzed global marine fisheries
trade flows coupled with knowledge on mercury levels in
41 fish groups in the FAO’s ’International Standard Sta-
tistical Classification for Aquatic Animals and Plants’
(ISSCAAP) to estimate the mean per capital methylmer-
cury intake for each country. The highest intake value was
recorded for the Maldives (23.0 pg/kg bw/week) followed
by Kiribati (9.0 ng/kg bw/week), Iceland (8.0 pg/kg bw/
week), Samoa (6.0 pg/kg bw/week) and Malaysia (5.9 pg/
kg bw/week). On a regional basis, the highest values were
recorded in countries located in the South-East Asia and
Western Pacific regions, according to the WHO Classifi-
cation. Overall, the researchers concluded that average
intake values in 67 (of 175 countries) exceed health pro-
tective guideline values.

Even when we have data on mercury levels in fish, the
amounts can vary tremendously making it challenging to
rely on database of average values. For example, a global
assessment of 92 fish species from 26 countries reveals
significant differences in mercury levels within a given
species with key drivers being trophic position, size class
of the fish, latitude, and ocean basin (Buck et al. 2019). A
scan of available minimum and maximum mercury levels
in the US FDA database reveals that the ratio varies from
2.2 (white croaker) to 200.8 (grouper) (US FDA 2022).
Such findings raise concerns when using default mercury
concentrations in risk assessment and management
activities.

Consumption patterns are also not static. For example,
the Food Balance Sheet (FAOSTAT) shows that increasing
per capita consumption of fish and shellfish is a global
trend, but especially in Asia and Oceania (U.S. FDA 2014),
where fish-eating habits are naturally strong, there is a
marked increase as living standards and economic access
improve. It is interesting to note that in some of the pop-
ulations in which mercury issues have been raised that

consumption is declining. In Sects. 3.2 and 3.3, we detailed
the dietary transition underway in the Faroe Islands and
Arctic regions, respectively. In the Seychelles, there has
also been a decline in fish consumption over the years. In
1995, pregnant women reported consuming 12 meals of
fish per week and in 2015, there was an average of 8.5
meals of fish per week. Furthermore, data collected from
the Seychelles Heart Study in 2004 showed that about 70%
of study participants consumed fish daily, which decreased
to around 25% of participants consuming fish daily in 2013
(Bovet et al. 2008).

Cultural considerations

Fish and food are cornerstones of all cultures and provides
more than 4.5 billion people with about 15% of the average
per capita intake of animal protein (Béné et al. 2015). As
discussed in “1975 to 2000: Toxicological studies on
highly exposed populations” section, the contamination of
culturally important food items (especially among Indige-
nous communities in the Arctic and Amazonian regions)
raises broader social issues ranging from identity and
spirituality to economic and recreational opportunities and
food security.

In small-island states, seafood is a key item for nutrition
as well as the economy. The Seychelles population con-
sumes a wide variety of sea food found from reefs, plateau
as well as fish found in the offshore. Thus, it is important to
understand the safety of such high fish consumption and
what are the micronutrients as well as risks of exposing to
contaminants. A recent study, the SEYFISH project, was
conducted to provide important baseline information on the
micronutrient supply and contaminant exposure in edible
parts of a total of 54 captured fisheries species from Sey-
chelles coastal and offshore waters majority (Sabino et al.
2022). Seychelles marine resources have total mercury
levels below the EU recommended limits, which is 1 pg/g
for large pelagic and 0.05 pg/g for all other species. This
level is considered low and comparable to commercially
available fish in developing countries. Mercury was found
to be lowest in benthic crustacean species. Importantly, the
study provided valuable nutrition information on the
accumulation of essential and non-essential trace elements
in these different types of fish consumed by the Seychellois
population.

Cultural connections and observations made in Japan,
which has a rich history of whale harvesting, have similarly
been made to pilot whales in the Faroe Islands as discussed
earlier (“Faroe Islands” section). Residents living in the
coastal town of Taiji, Japan, where traditional whaling
began 300 years ago, continue to commercially hunt bot-
tlenose dolphins (Tursiops truncatus), short-finned pilot
whales (Globicephala macrorhynchus), Risso’s dolphins
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(Grampus griseus) and striped dolphins (Stenella coer-
uleoalba). A previous study conducted in 2010 reported
that the geometric mean of the hair mercury levels of 50
residents in Taiji was 15.0 ng/g and that their hair mercury
levels correlated was correlated to frequent consumption of
whale meat (Endo and Haraguchi 2010). The National
Institute for Minamata Disease in Japan investigated the
impact on whale food culture and clinical neurological
symptoms (e.g., muscle weakness, rigidity, coordination,
gait) in 194 residents who were accustomed to consuming
whale meat (Nakamura et al. 2014). The geometric mean of
hair mercury levels was 14.9 ng/g, which was 8.2 times
higher than that of the Japanese population (Yasutake et al.
2003).

Across Africa, consumption of fish is widely practiced,
and these are usually freshwater or marine fish that are
consumed dried or fresh. The fish sector contributes to
socioeconomic growth and helps alleviate poverty and
improve the livelihoods of people in Africa (Chan et al.
2019). Given such fish consumption patterns, one would
assume that methylmercury exposures are relatively high
across the African continent. However, there are surprisingly
low mercury levels in fish across Africa (Hanna et al. 2015).
An examination of the few human biomonitoring studies
tends to support this as the levels of mercury in blood or hair
are also relatively low (Basu et al. 2018). One aspect that
makes it difficult to ascertain fish consumption is that many
African cultures do not eat fish as “discrete” food but mixed
into soups by many thus making it difficult to gauge expo-
sures. Another aspect that adds to the difficulty is that con-
sumption patterns are not homogeneous across African
regions as a result of accessibility, cultural preferences, and
social preferences (Chan et al. 2019). More research is
needed on mercury exposures across Africa.

Global change considerations

Global change (e.g., population growth, climate change)
has led to large alterations in the availability of fish and
seafood, which in turn will undoubtedly influence exposure
of human populations to mercury. In 2002, approximately
76% of the world’s fisheries were used for human con-
sumption, and at least 70% of global fish stocks are pre-
dicted to be either completely exploited, over exploited or
recovering from depletion (FAO 2004; Brander 2007).
Fishing poses a threat to global fish production and the
impacts of fishing and climate change are interrelated
(Brander 2007). For example, fishing causes a reduction in
the age, size, and biodiversity of marine ecosystems mak-
ing such environments more vulnerable to climate change.
Modeling studies from the Gulf of Maine (USA) have
estimated changes in mercury levels in Atlantic cod, spiny
dogfish and Atlantic bluefin tuna to overfishing and
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temperature changes (Schartup et al. 2019). From the 2021
AMAP report, researchers investigated the importance of
climate change on fish mercury levels and concluded that
“it is clear that the effects of climate change on fish mer-
cury concentrations are complex and difficult to predict”
(Chételat et al. 2022).

Artisanal and small-scale gold mining (ASGM)

The artisanal and small-scale gold mining (ASGM) sector
is estimated to employ between 14 and 19 million people
worldwide (Steckling et al. 2017). Upwards of 100 million
people live in ASGM communities predominantly within
East and Southeast Asia, Sub-Saharan Africa, and South
America (WHO 2013; UNEP 2019a; Doérea 2021). In
ASGM communities, the use of mercury to yield gold is of
particular concern to human health (Gibb & O’Leary 2014;
Steckling et al. 2017; UNEP 2019a). Once the gold-con-
taining silt is ground into a powder form, elemental mer-
cury is used to help form a stable amalgam (Esdaile &
Chalker 2018). The amalgam is then subsequently burned
to release the mercury to liberate the gold (Gibb and
O’Leary 2014). During the amalgamation process, inor-
ganic mercury is emitted, and the vapors may pose both an
occupational and environmental threat to miners and area
residents. In addition, mercury from mishandled mine
tailings can contaminate soils and water. These tailings are
often improperly maintained and eventually discharged
into water systems or stored in mining pits without treat-
ment (Rajaee et al. 2015). Mercury contamination within
human populations and ecological components has been
observed in many ASGM sites in countries including Brazil
(Lebel et al. 1998), Indonesia (Bose-O’Reilly et al.
2010a, b), Tanzania (Bose-O’Reilly et al. 2010a, b), and
Ghana (Basu et al. 2015a, b; Rajaee et al. 2015). In the
Amazon rainforest, alluvial gold extraction occurs in
riverbanks and in river sediments which involves heavy
digging and diving activities, respectively (Dérea 2021).
In ASGM sites, biomonitoring studies have shown high
exposures to mercury compounds (e.g., elemental mercury
and methylmercury) among miners and area residents
(Gibb and O’Leary 2014; Bose-O’Reilly et al. 2017). For
example, the 2018 UN Global Mercury Assessment syn-
thesized available data on mercury concentrations in urine
samples from ASGM workers worldwide and found that
the mean levels were approximately 30 to 200-fold higher
than levels measured in general population (Basu et al.
2018). Mercury exposure within ASGM communities has
been linked with neurotoxicity and other adverse health
outcomes notably associated with elemental mercury poi-
soning (e.g., erethism, irritability, insomnia, severe sali-
vation, gingivitis, tremors, kidney disease, acute
gastrointestinal effects, and in case of direct effects,
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chemical pneumonitis and pulmonary edema) (Gibb &
O’Leary 2014; Steckling et al. 2017).

ASGM workers worldwide tend to be relatively young
males, though women and children are often found in many
of these sites and nearby communities. The International
Labour Organization (ILO) approximate that 4-5 million
women and children participate in the ASGM sector across
70 countries worldwide (UNIDO 2007; Telmer and Veiga
2009). Although women make up a substantial portion of
the ASGM sector, women often face gendered stereotypes
as they are seen as incapable of performing certain tasks or
manage resources (IGF/IISD, 2018). Additionally, women
are also prohibited from the pit areas and thus unaware of
the consequences of the minerals that they are mining
(IGF/MISD, 2018). Child labor is also prevalent in many
ASGM sites. Children are affected by mercury exposure in
these communities as several studies have found associa-
tions between increased mercury levels and neurological
abnormalities (e.g., increased deep tendon reflexes, poor
leg coordination, decreased performance on visuospatial
organization tests, and reduction in motor function, atten-
tion, visual contrast sensitivity, and manual dexterity). For
example, a study conducted in the Philippines reported on
associations between mercury levels and adverse neuro-
logical abnormalities within children residing near a gold
mill and a processing plant (WHO 2013). Additional health
concerns beyond mercury exposure exist among commu-
nity members including dust and noise exposure, unsani-
tary working conditions, and lack of personal protective
equipment (PPE) (Gibb and O’Leary 2014; Basu et al.
2015a, b). There is little known about mercury’s interaction
with these and other stressors typically found in ASGM
sites.

ASGM represents one of the most hazardous work
environments worldwide and these work environments
greatly differ from one another. Mercury exposure at
ASGM sites can vary widely since sites are different in
structure, size, and ecosystem characteristics. Some ASGM
sites are rudimentary operations with no safety protocols,
whereas others mimic industrial operations with state-of-
the-art equipment and heavy machinery. While in some
communities, exposures may be considered as para-occu-
pational (i.e., processing takes place inside or near the
home), and there are other situations in which the ASGM
sites are far removed from communities. Concerning the
latter, artisanal gold miners may sell their gold to shops in
the city, which are typically located in the urban core. The
gold is often processed further inside the shops to release
any residual mercury from the amalgamation process. Gold
shop workers have reported on mercury symptoms related
to mercury intoxication including dizziness, tremors, and
insomnia (Akagi et al. 1995). Urban centres of Segovia
(Colombia) and Andacollo (Chile) with gold shops have

measured mercury in the air at levels of 1.26 and 0.338 mg/
m’, respectively (Cordy et al. 2013). According to WHO
standards, these are relatively high mercury levels and thus
area residents are at risk of adverse health impacts.

The Minamata Convention on Mercury aims to assess
ASGM activities that are more than insignificant to develop
and implement a national action plan (NAP) that includes
public health approaches to protect vulnerable populations
(i.e., Article 7 and Annex C). As mentioned by the Mina-
mata Convention (Annex C 1-¢), the International Labour
Organization (ILO) and other researchers, formalizing the
ASGM sector is important in addressing these issues within
the ASGM sector (ILO 1999; Siegel and Veiga 2009; Basu
et al. 2015a, b;). In many countries that participate in
ASGM, approximately 70 to 80% of miners are informal in
their practice (IGF/IISD, 2018). Although there are few
empirical studies of this notion, the formalization of this
sector will help improve health and safety ASGM sites. For
example, a recent study from Ghana found that the median
urinary mercury concentration among those from unregis-
tered mines was nearly threefold higher than those from the
registered mines (18.5 versus 6.6 mg/L) (Ovadje et al.
2021). A study found that the injury rate was higher
between miners working in unlicensed mines in compar-
ison to licensed miners in a mining region in Ghana (Calys-
Tagoe et al. 2017). In addition to physical injuries, findings
suggest that licensed mines’ informal mining creates larger
disparities in health and environmental issues, and ulti-
mately that licensed mines have the potential to be safer for
human and environmental health (IGF/IISD 2018).

Skin-lightening products

Skin-lightening is the process of using chemical products
to obtain a lighter skin complexion (Gillbro & Olsson
2011). The practice of skin-lightening is a global phe-
nomenon that is widely practiced among women and men
in parts of Asia, Africa, and the Caribbean (Mahé et al.
2007; Dadzie and Petit 2009; Uram et al. 2010; Lewis et al.
2011; Gbetoh and Amyot 2016). Many individuals in these
communities believe that having lighter skin increases
attractiveness, self-esteem, marriage prospects, and social
and occupational mobility (Mahe et al. 2003; Ly et al.
2007; Hunter 2011; Thomas 2012; Dlova et al. 2015).
Historically, inorganic mercury salts (e.g., mercurous
chloride (calomel), mercuric chloride, mercurous oxide,
ammoniated mercuric chloride and mercuric iodide,
ammoniated mercury) were added as an active ingredient
to cosmetics and eventually into skin-lightening products
(Al-Saleh and Al-Doush 1997; Risher and DeWoskin 1999;
Risher and De Rosa 2007; Olumide et al. 2008; McKelvey
et al. 2011; Copan et al. 2015). Inorganic mercury is
readily absorbed into the skin and can interfere with the
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copper enzyme needed for tyrosinase activity, inactivating
the melanocyte enzyme responsible for melanin produc-
tion, preventing the skin from producing melanin (Denton
et al. 1952; Lerner 1952; Sun et al. 2017; Chen et al. 2020).
Implications of mercury-added skin-lightening cosmetics
on human health are dependent on factors including dermal
absorption rate, frequency and duration of usage, and
mercury concentration in a given product (Park and Zheng
2012; Rice et al. 2014; Gbetoh and Amyot 2016). How-
ever, prolonged use of mercury-added skin-lightening
cosmetics may lead to nephrotoxicity, contact dermatitis,
and peripheral neuropathy (Palmer et al. 1998; Chan 2011;
Ladizinski et al. 2011). Many women who use these
products are of child-bearing age, and the potential transfer
of mercury from mother to fetus could have implications
resulting in neurological and nephrological disorders
(Counter and Buchanan 2004; Bose-O’Reilly et al.
2010a, b).

Many governmental agencies worldwide have imple-
mented regulations for usage of mercury in skin-lightening
cosmetics. The Minamata Convention mandates that all
Parties must prohibit the manufacture, import, and export
of cosmetics including creams and soaps with a mercury
concentration that exceeds 1 pg/g mercury by 2020 (UNEP
2019b). Despite the restrictions on mercury, skin-lighten-
ing products containing mercury enter countries through
informal pathways (e.g., online sales) making it difficult for
compliance with regulations (Glenn 2008; Bocca et al.
2014).

Quantitative data on exposure to inorganic mercury
from skin-lightening cosmetics are limited. Though a
recent assessment using a systematic review methodology,
Bastiansz et al. (2022) compiled and analyzed evidence
from 41 peer-reviewed scientific papers from 22 countries
worldwide published between 2000 and 2020. In total,
mercury concentration values from 787 skin-lightening
product samples (overall pooled central median mercury
level was 0.49 pg/g, IQR: 0.02-5.9) and 1,042 human
biomarker measurements from 863 individuals were
obtained. This research also synthesized usage information
from 3,898 individuals, and self-reported health impacts
associated with using mercury-added products from 832
individuals. It is evident that mercury still widely exists as
an active ingredient in skin-lightening products and that
there is large variability in human exposures.

Dental amalgam

There remains concern worldwide among some groups
about the potential health effects of exposure to mercury
vapor that may be released from dental amalgam restora-
tions. This form of restoration has been used for over
100 years, and most standard formulations contain
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approximately 50% elemental mercury. Expert panels from
across Europe, the United States, Canada, and Australia
among others have concluded that there is no strong sci-
entific evidence to make a causal link between dental
amalgam restorations and adverse health outcomes except
for some rare cases of hypersensitivity in certain individ-
uals (Brownawell et al. 2005). Nonetheless, research con-
tinues in this area. Foremost is that mercury exposures have
been steadily declining among dental professionals in
many regions. For example, in Japan, the about 5 200 kg of
mercury was used in amalgams in 1970, and this has
reduced to ~ 700kg in 1999, ~ 100kg in 2006,
and ~ 20kg in 2010 (Japan dental chamber association
2010). Through a biomonitoring program run by the
American Dental Association on their membership,
researchers have shown a decrease of nearly tenfold in the
urinary mercury values between 1975 and 2012 (Goodrich
et al. 2016). Dental amalgam constitutes an important
source of exposure to elemental mercury in many popula-
tion groups, with estimates of daily intake from amalgam
restorations ranging from 1 to 27 pg/day with the majority
of dental amalgam holders being exposed to less than 5 pg
mercury/day (WHO 2003). Dental amalgam remains the
prevailing dental restoration material in most countries
worldwide. However, the situation differs between coun-
tries and regions. For example, in reviewing data from the
Minamata Initial Assessments (MIAs), only encapsulated
forms were reported being used across 35 European
countries (with the majority of Europeans using mercury
free fillings), whereas in data from 14 African nations,
there was a combination of both liquid mercury and
encapsulated forms being used (UNEP 2018). From these
MIAs, the amount of mercury reportedly used also varies
significantly with estimates ranging from 25 to 56 t/y in the
EU to 10 kg to 5t in Africa.

Contaminated sites

Areas adjacent to anthropogenic activities that either use
mercury and/or release it as a by-product may be con-
taminated and thus pose health risks to workers and com-
munity members. Major source sectors, based on data
compiled for the 2018 UN Global Mercury Assessment
(UNEP 2019a), include ASGM (see “Faroe Islands” sec-
tion; 37.7% of emissions from anthropogenic source sec-
tors), coal combustion power plants (13.1%), cement
production (10.5%), and non-ferrous metal production
(mainly zinc, copper, and lead; 10.3%). In addition, mer-
cury contamination risks at chlor-alkali plants, pulp and
paper mills, battery and light manufacturing centers, and
mercury mines have been well documented (Risher and
DeWoskin 1999; Jarosinska et al. 2008). In terms of the
location of these sites, most are in Europe (40%) and Asia—
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Pacific (38%) (UNEP 2019a). Compared to other popula-
tion groups, there are fewer human health projects con-
cerning groups that either work and/or reside near
contaminated sites. Community members of anthro-
pogenically mercury-polluted areas can be constantly
exposed to mercury vapor and inorganic mercury and also
to methylmercury from consumption of local fish and
locally grown foods that have been found to contain
increased mercury concentrations (Miklavéic et al. 2013;
Jiménez-Oyola et al. 2020). Mercury concentrations in
human biomarkers in such areas are shown to be high in
comparison with controls and reference values. Due to
exposure to mixture of mercury compounds at mercury-
contaminated sites, the use of appropriate exposure
biomarkers and adequate interpretation of results are cru-
cial. It is important to consider that people in such areas are
exposed not only to mercury, but also to noise, dust, cad-
mium, arsenic, lead, etc., that also contribute to adverse
health effects and require further investigation (Ha et al.
2016; Branco et al. 2017). From the 2018 UN Global
Mercury Assessment, mercury levels among populations
from contaminated sites were approximately 3 and 1.5
times higher for urine and blood, respectively, when
compared to background populations (Basu et al. 2018).

Electronic waste recycling

Electronic waste (e-waste) results from the disposal of elec-
trical equipment and electronic waste (EEE) (i.e., products with
circuits or electrical components and a power or batter supply)
(Heacock et al. 2018). The rapid production and use of elec-
trical products, with relatively few repair and recycling options,
has increased the generation of e-waste growing by approxi-
mately 3—5% annually, with Asia generating the largest amount
of e-waste overall (24.9 Mt total and 5.6 kg per capita) and
Europe generating the largest amount of e-waste per capita (12
Mt total and 16.2 kg per capita) (Forti et al. 2020). In low- and
middle-income countries, approximately 80% of global
e-waste is informally handled through “backyard recycling”
that lacks adequate management and safety infrastructure,
creating unsound handling of heavy metals including mercury
(Forti et al. 2020).

Several EEE products contain mercury (e.g., fluorescent
lights, switches, batteries, phones, and computers) and after
these products are burned and broken down for recycling,
mercury may be released into the surrounding environment
(Kyere et al. 2017; Forti et al. 2020). Through a systematic
review of the scientific literature, the average mercury
concentration in 1,103 e-waste products was 0.65 pg/g,
with the highest values found in fluorescent lights, batter-
ies, and LCD backlights (Aubrac et al. 2022). In this same
study, which examined 78 papers published between 2005
and 2022, mercury concentrations were reported from
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diverse media including water, dust, food, air, and plants.
The work also synthesized mean mercury levels in human
biomarker samples (i.e., 0.60 pg/L from 399 blood sam-
ples, 0.7 pg/L from 128 serum samples, 0.104 pg/L from
273 urine samples, and 0.72 pg/g from 151 hair samples).
These mercury levels are higher than those found in dental
workers but less than those working in ASGM. Similar to
ASGM, there is great diversity in the structure, size, and
operation of e-waste recycling sites and thus a need for
more studies in this area to appreciate the full range of
mercury exposure and risk scenarios.

CONCLUDING REMARKS

In this final section of the paper, we conclude with pro-
posed next steps to conduct mercury health research in the
post-Minamata Convention era (Table 1). We focus first on
what we—as health researchers—can contribute to the
Minamata Convention. Second, we focus on the need to
continue to study the health risks of mercury pollution
given that investigations that enable us to both deepen and
broaden our understandings can have broader impacts in
the field and beyond.

Evaluating the effectiveness of the Minamata
Convention

Article 1 of the Minamata Convention represents a global
commitment by governments to reduce the use and environ-
mental release of mercury in order to protect human health and
the environment. Health features prominently in other Articles
of the Convention including Article 16 titled “Health Aspects,”
and Article 19 titled “Research, Development and Monitoring”
which emphasizes a need to focus on vulnerable populations. It
is important for Parties to educate and make the public aware of
environmental and human health effects of mercury and mer-
cury compounds, as well as alternatives or management solu-
tions to phase-out mercury.

To protect human health means to ensure that exposures to
mercury are reduced to levels that pose insignificant threats.
As such, gauging exposures to mercury represent the most
objective, cost-effective, and sensible approach to evaluating
the effectiveness of the Convention (vs. risk or hazard-based
approaches). Human biomonitoring of mercury (i.e., mercury
measures in hair, urine, and/or blood) is well understood,
practiced by some national governments, and can help assess
the efficacy of policy actions (WHO 2018; HBM4EU 2019;
UNEP 2019a), and as such has been proposed as a key
measure in evaluating the effectiveness of the Minamata
Convention. Human biomonitoring data can help to address
core policy questions that drive effectiveness evaluation. First,
quality measures of mercury levels in human biological
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Fig. 1 Population groups with relatively high exposures to mercury and its compounds

samples provide direct evidence of exposure in a given
population from which judgements can be made. Second,
such measures may offer insights into possible sources and
routes of exposure from which attributions may be deduced.
Third, temporal changes can be gleaned if monitoring is
repeated in the same population over time. Fourth, biomoni-
toring data can be inputted into established risk assessment
frameworks to estimate health impacts including burden of
disease, as well as to assess the efficacy of different risk
management strategies.

In terms of identifying populations that may be at risk of
mercury exposure and health impacts, a guidance docu-
ment was produced through a collaboration between the
UN Environment Programme and the WHO (UNEP and
WHO 2008). From the 2018 UN Global Mercury Assess-
ment report (Basu et al. 2018), four populations of concern
were identified based on existing datasets: (1) Arctic pop-
ulations (mainly Inuit) who consume fish and marine
mammals; (2) tropical riverine communities (especially
Amazonian) who consume fish, and in some cases may be
exposed to mining operations; (3) coastal and/or small-
island communities (including Indigenous Peoples) who
rely substantially on seafood; and (4) individuals who
either work or reside among ASGM sites. Such populations
were discussed in the current paper, though there is a need
to broaden investigations to other population groups
ranging from members of the general public who experi-
ence chronic exposures to background levels to relatively
under-studied groups with elevated exposures (e.g., users
of skin-lightening products, populations associated with
contaminated sites, e-waste recyclers) (Fig. 1).

National programs to understand mercury exposures and
risk are particularly important as they may yield robust data
(i.e., large sample size, use of quality laboratory measures)
that is representative of a particular place. There have been
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plenty of studies on methylmercury exposures across
countries within North America, for example. Using data
from the 2012 National Health and Nutrition Survey of
Mexico involving 10 096 participants, the mean annual
intake of seafood was 3.65 kg with canned tuna, sunfish,
shrimp being the top 3 food items. Canned tuna and school
shark contributed to 75% of the population’s exposure to
methylmercury (Cantoral et al. 2017). In Canada, using
data from the Canadian Community Health Survey, the
average Canadian consumed 6.2 kg of fish per year with
salmon, tuna, and shrimp being most common (Hu and
Chan 2021). National dietary surveys can help identify
species that contribute to population-level exposures and
thus may be helpful for targeted interventions. Some of
these national programs also conduct human biomonitor-
ing. For example, an analysis of blood mercury levels from
the Canadian Health Measures Survey (CHMS, Canada)
and US National Health and Nutrition Examination Survey
reveals annual decreases of ~ 2% over the past 10 years.

An additional aspect to consider when assessing the
effectiveness of measures developed to reduce mercury
exposure should be based on a coherent framework for
communicating fish consumption advice to vulnerable
groups, especially pregnant women. For example, within
the framework of the European project “HBM4EU-MOM”
(“Control of methylmercury in expectant mothers with the
help of appropriate nutritional advice for pregnancy”), an
intervention study was carried out for the first time, which
developed a coordinated framework for communicating
advice on fish consumption to pregnant women. This study
also demonstrated the usefulness of mercury biomonitoring
for the evaluation of the effectiveness of fish consumption
advice (i.e., to promote fish consumption in a way that
maintains consumers below the health-based guidance
values of EFSA and the WHO) (Katsonouri 2022).
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A need for more research

With a global policy instrument now in place one may
instinctively conclude that additional health research on
mercury pollution is unwarranted. Experts in the field,
including us, challenge this notion and propose that now is
the time to further escalate our research efforts so as to
realize a wider range of benefits and broader understand-
ings (Evers et al. 2016; Gustin et al. 2016; Basu 2018;
Chen et al. 2018).

First, we have amassed a large knowledge base for
mercury, and from this, we have been able to break new
frontiers not only in mercury sciences but also across the
health sciences (Eagles-Smith et al. 2018). For example, in
recent years, researchers have documented that: (a) mer-
cury’s seven stable isotopes, when measured with highly
precise and accurate methods and coupled with clever
calculations, can reveal new insights into source, fate,
bioaccumulation pathways to better understand human
exposures (Li et al. 2022); (b) the toxic impacts of mercury
extend far beyond the nervous system with evidence of
cardiovascular and immune system impacts (Ha et al.
2016); (c) gene-environment interaction studies, such as
genetic polymorphisms or epigenetics, may help explain
inter-individual differences in exposure and risk, as well as
deepen understanding of toxic mechanisms of action and
life stage differences (Basu et al. 2014; Tratnik et al. 2017);
(d) socioeconomic costs of mercury pollution are in the
billions of dollars per year (Trasande et al. 2005), from
which similar cost impacts of other chemicals have been
performed (Landrigan et al. 2018). These examples, and
many more, arising from mercury health studies have
helped increase the understanding of core principles that
underpin diverse scientific fields such as biogeochemistry,
genetics, human behavior, and economics. These obser-
vations have also been extended to help increase the
understanding of risks posed by other contaminants.

Second, mercury continues to complicate matters of
public health (e.g., seafood consumption, amalgam) and
economic prosperity (e.g., mining), and we remain chal-
lenged in our ability to understand, manage, and explain
the risks and benefits. We are just starting to scratch the
surface of the overall burden of disease caused by mercury
with some examples emerging from ASGM (Steckling
et al. 2017) and prenatal exposures (Grandjean and Bel-
langer 2017). Mercury exposure occurs in combination
with other toxic substances as well as non-chemical stres-
sors (e.g., nutrition) and factors (e.g., genetics), and the
cumulative effects are poorly resolved. Even the health
implications of combined exposure to both organic and
inorganic mercury (i.e., mercury-mercury mixtures) are not
well known. As discussed earlier, the neurodevelopmental
impacts of mercury exposure have been documented in

some cases, though further research is needed to see how
early-life exposures extend into potential effects across the
entire lifespan. Prenatally exposed members of some
cohort studies (e.g., Seychelles and Faroe Islands) are
entering adulthood, from which necessary studies continue
to unfold. All of these aspects are important to consider
when performing risk—benefit analyses.

Finally, despite thousands of scientific articles and
decades of research, there are relatively poorly understood
yet important aspects concerning mercury’s human health
risk that remain unresolved. Notably there are very few
studies from low- and middle-income countries even
though population groups from these areas remain among
the most vulnerable worldwide. In affluent countries, most
studies tend to focus on methylmercury exposure from fish/
seafood consumption, in contrast to low- and middle-in-
come countries where exposures tend to be more diverse
(Doérea 2021). A central tenet of this paper is that source-
exposure scenarios differ worldwide as do pertinent socio-
environmental variables and population characteris-
tics. Though we tend to draw analogies and infer external
validity through comparison results of exposure-outcome
studies ranging from Inuit adults in the Arctic to prenatally
exposed newborns in a small-island nation to ASGM
workers in Latin America to members of the general
population in Asian cities, there are stark differences that
must be considered and thus a need to focus on the gen-
eration and use of context-specific data.

Acknowledgements We thank support from Celia Chen (Dartmouth
University) for organizing the plenary teams for the 15th International
Conference on Mercury as a Global Pollutant. The author affiliated
with the World Health Organization (WHO) is alone responsible for
the views expressed in this publication and they do not necessarily
represent the decisions or policies of the WHO.

Author contributions NB contributed to conceptualization, investi-
gation, writing—original and draft, writing—review and editing,
visualization, project administration, and supervision. AB, JGD, MF,
MH, ES, PW JGD, and IZ contributed to conceptualization, investi-
gation, writing—original and draft, and writing—review and editing.

Funding No funding was received for this work.
Data availability Not applicable.
Declarations

Competing interest All authors are active in mercury research and
as such were invited to serve on the health plenary panel for the 15th
International Conference on Mercury as a Global Pollutant (ICMGP).
No financial competing interests are declared. The author affiliated
with the World Health Organization (WHO) is alone responsible for
the views expressed in this publication and they do not necessarily
represent the decisions or policies of the WHO.

Ethical approval Not applicable.

© The Author(s) 2023

@ Springer

www.kva.se/en



Ambio 2023, 52:877-896

891

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

REFERENCES

Akagi, H., O. Malm, F.J.P. Branches, Y. Kinjo, Y. Kashima, J.R.D.
Guimaraes, R.B. Oliveira, and K. Haraguchi. 1995. Human
exposure to mercury due to goldmining in the Tapajos River
Basin, Amazon, Brazil: Speciation of mercury in human hair,
blood and urine. Water, Air, and Soil Pollution 80: 85-94.

Al-Saleh, 1., and 1. Al-Doush. 1997. Mercury content in skin-
lightening creams and potential hazards to the health of Saudi
women. Journal of Toxicology and Environmental Health 51:
123-130. https://doi.org/10.1080/00984109708984016.

AMAP. (2021). AMAP Assessment 2021 Human Health in the Arctic.

Aubrac, G., A. Bastiansz, and N. Basu. 2022. Systematic review and
meta-analysis of mercury exposure among populations and
environments in contact with electronic waste. International
Journal of Environmental Research and Public Health 19:
11843. https://doi.org/10.3390/ijerph191911843.

Bakir, F., S.F. Damluji, L. Amin-Zaki, M. Murtadha, A. Khalidi, N.Y.
Al-Rawi, S. Tikriti, and H.I. Dhabhir. et al. 1973. Methylmercury
Poisoning in Iraq. 181: 49096.

Barbosa, A.C., AM. Garcia, and J.R. de Souza. 1997. Mercury
contamination in hair of riverine populations of Apiacas Reserve
in the Brazilian Amazon. Water, Air, and Soil Pollution 97: 1-8.

Bastiansz, A., J. Ewald, V. Rodriguez Saldafia, A. Santa-Rios, and N.
Basu. 2022. A systematic review of mercury exposures from
skin-lightening products. Environmental Health Perspectives
130: 116002. https://doi.org/10.1289/EHP10808.

Basu, A., S. Phipps, R. Long, and N. Basu. 2015a. Identification of
response options to artisanal and small-scale gold mining
(ASGM) in Ghana Via the Delphi process. International Journal
of Environmental Research and Public Health 12: 11345-11363.

Basu, N., E. Clarke, A. Green, R. Long, B. Calys-Tagoe, H. Chan, M.
Dzodzomenyo, and J. Fobil. 2015b. Integrated assessment of
artisanal and small-scale gold mining in Ghana-Part 1: Human
health review. International Journal of Environmental Research
and Public Health 12: 5143-5176. https://doi.org/10.3390/
ijerph120505143.

Basu, N., M. Horvat, D.C. Evers, 1. Zastenskaya, P. Weihe, and J.
Tempowski. 2018. A state-of-the-science review of mercury
biomarkers in human populations worldwide between 2000 and
2018. Environmental Health Perspectives 126: 1-14. https://doi.
org/10.1289/EHP3904.

Basu, N.2018. The Minamata convention on mercury and the role for the
environmental sciences community. Environmental Toxicology
and Chemistry 37: 2951-2952. https://doi.org/10.1002/etc.4269.

Basu, N., K. Abass, R. Dietz, E. Kriimmel, A. Rautio, and P. Weihe.
2022. The impact of mercury contamination on human health in
the Arctic: A state of the science review. Science of the Total
Environment. https://doi.org/10.1016/j.scitotenv.2022.154793.

© The Author(s) 2023
www.kva.se/en

Basu, N., J.M. Goodrich, and J. Head. 2014. Ecogenetics of mercury:
From genetic polymorphisms and epigenetics to risk assessment
and decision-making. Environmental Toxicology and Chemistry
33: 1248-1258. https://doi.org/10.1002/etc.2375.

Béné, C., M. Barange, R. Subasinghe, P. Pinstrup-Andersen, G.
Merino, G.I. Hemre, and M. Williams. 2015. Feeding 9 billion
by 2050—Putting fish back on the menu. Food Security 7:
261-274. https://doi.org/10.1007/s12571-015-0427-z.

Berzas Nevado, J.J., R.C. Rodriguez Martin-Doimeadios, F.J. Guz-
man Bernardo, M. Jiménez Moreno, A.M. Herculano, and do
Nascimento, J. L. M., and Crespo-Lépez, M. E. 2010. Mercury
in the Tapajos River Basin, Brazilian Amazon: A review.
Environment International 36: 593-608. https://doi.org/10.1016/
j-envint.2010.03.011.

Bocca, B., A. Pino, A. Alimonti, and G. Forte. 2014. Toxic metals
contained in cosmetics: A status report. Regulatory Toxicology
and Pharmacology 68: 447-467. https://doi.org/10.1016/j.yrtph.
2014.02.003.

Bose-O’Reilly, S., L. Bernaudat, U. Siebert, G. Roider, D. Nowak,
and G. Drasch. 2017. Signs and symptoms of Mercury-exposed
gold miners. International Journal of Occupational Medicine
and Environmental Health 30: 249-269. https://doi.org/10.
13075/ijomeh.1896.00715.

Bose-O’Reilly, S., G. Drasch, C. Beinhoff, S. Rodrigues-Filho, G.
Roider, B. Lettmeier, A. Maydl, and S. Maydl et al. 2010a.
Health assessment of artisanal gold miners in Indonesia. The
Science of the Total Environment 408: 713-725. https://doi.org/
10.1016/j.scitotenv.2009.10.070.

Bose-O’Reilly, S., K.IM. McCarty, N. Steckling, and B. Lettmeier.
2010b. Mercury exposure and children’s health. Current Prob-
lems in Pediatric and Adolescent Health Care 40: 186-215.
https://doi.org/10.1016/j.cppeds.2010.07.002.

Boucher, O., C.H. Bastien, D. Saint-Amour, E. Dewailly, P. Ayotte,
J.L. Jacobson, S.W. Jacobson, and G. Muckle. 2010. Prenatal
exposure to methylmercury and PCBs affects distinct stages of
information processing: An event-related potential study with
Inuit children. Neurotoxicology 31: 373-384. https://doi.org/10.
1016/j.neuro.2010.04.005.

Boucher, O., M.J. Burden, G. Muckle, D. Saint-Amour, P. Ayotte, E.
Dewailly, C.A. Nelson, and S.W. Jacobson et al. 2011.
Neurophysiologic and neurobehavioral evidence of beneficial
effects of prenatal omega-3 fatty acid intake on memory function
at school age. American Journal of Clinical Nutrition 93:
1025-1037. https://doi.org/10.3945/ajcn.110.000323.

Boucher, O., M.J. Burden, G. Muckle, D. Saint-Amour, P. Ayotte, E.
Dewailly, C.A. Nelson, and S.W. Jacobson et al. 2012a.
Response inhibition and error monitoring during a visual Go/
No-Go task in Inuit children exposed to lead, polychlorinated
biphenyls, and methylmercury. Environmental Health Perspec-
tives 120: 608—615. https://doi.org/10.1289/ehp.1103828.

Boucher, O., S.W. Jacobson, P. Plusquellec, E. Dewailly, P. Ayotte,
N. Forget-Dubois, J.L. Jacobson, and G. Muckle. 2012b.
Prenatal methylmercury, postnatal lead exposure, and evidence
of attention deficit/hyperactivity disorder among Inuit children in
Arctic Québec. Environmental Health Perspectives 120:
1456-1461. https://doi.org/10.1289/ehp.1204976.

Boucher, O., G. Muckle, D. Saint-Amour, E. Dewailly, P. Ayotte,
S.W. Jacobson, J.L. Jacobson, and C.H. Bastien. 2009. The
relation of lead neurotoxicity to the event-related potential P3b
component in Inuit children from arctic Québec. Neurotoxicol-
ogy 30: 1070-1077. https://doi.org/10.1016/j.neuro.2009.06.008.

Bovet, P., J. William, B. Viswanathan, G. Madeleine, S. Romain, P.
Yerly, F. Paccaud, and Gabriel, A. 2008. The Seychelles Heart
Study 2004: methods and mainfindings. 1, 1-100.

Branco, V., S. Caito, M. Farina, J. Teixeira da Rocha, M. Aschner,
and C. Carvalho. 2017. Biomarkers of mercury toxicity: Past,

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/00984109708984016
https://doi.org/10.3390/ijerph191911843
https://doi.org/10.1289/EHP10808
https://doi.org/10.3390/ijerph120505143
https://doi.org/10.3390/ijerph120505143
https://doi.org/10.1289/EHP3904
https://doi.org/10.1289/EHP3904
https://doi.org/10.1002/etc.4269
https://doi.org/10.1016/j.scitotenv.2022.154793
https://doi.org/10.1002/etc.2375
https://doi.org/10.1007/s12571-015-0427-z
https://doi.org/10.1016/j.envint.2010.03.011
https://doi.org/10.1016/j.envint.2010.03.011
https://doi.org/10.1016/j.yrtph.2014.02.003
https://doi.org/10.1016/j.yrtph.2014.02.003
https://doi.org/10.13075/ijomeh.1896.00715
https://doi.org/10.13075/ijomeh.1896.00715
https://doi.org/10.1016/j.scitotenv.2009.10.070
https://doi.org/10.1016/j.scitotenv.2009.10.070
https://doi.org/10.1016/j.cppeds.2010.07.002
https://doi.org/10.1016/j.neuro.2010.04.005
https://doi.org/10.1016/j.neuro.2010.04.005
https://doi.org/10.3945/ajcn.110.000323
https://doi.org/10.1289/ehp.1103828
https://doi.org/10.1289/ehp.1204976
https://doi.org/10.1016/j.neuro.2009.06.008

892

Ambio 2023, 52:877-896

present, and future trends. Journal of Toxicology and Environ-
mental Health-Part B 20: 119-154. https://doi.org/10.1080/
10937404.2017.1289834.

Brander, K.M. 2007. Global fish production and climate change.
Proceedings of the National Academy of Sciences of the United
States of America 104: 19709-19714. https://doi.org/10.1073/
pnas.0702059104.

Brownawell, A.M., S. Berent, R.L. Brent, J.V. Bruckner, J. Doull,
E.M. Gershwin, R.D. Hood, and G.M. Matanoski. 2005. The
potential adverse health effects of dental amalgam. Toxicological
Reviews 24: 1-10. https://doi.org/10.2165/00139709-
200524010-00001.

Buck, D.G., D.C. Evers, E. Adams, J. DiGangi, B. Beeler, J.
Samanek, J. Petrlik, and M.A. Turnquist. 2019. A global-scale
assessment of fish mercury concentrations and the identification
of biological hotspots. Science of the Total Environment 687:
956-966. https://doi.org/10.1016/j.scitotenv.2019.06.159.

Calys-Tagoe, B.N.L., E. Clarke, T. Robins, and N. Basu. 2017. A
comparison of licensed and un-licensed artisanal and small-scale
gold miners (ASGM) in terms of socio-demographics, work
profiles, and injury rates. BMC Public Health 17: 1-8. https://
doi.org/10.1186/s12889-017-4876-5.

Cantoral, A., C. Batis, and N. Basu. 2017. National estimation of
seafood consumption in Mexico: Implications for exposure to
methylmercury and polyunsaturated fatty acids. Chemosphere
174: 289-296. https://doi.org/10.1016/j.chemosphere.2017.01.
109.

Cappelletti, S., D. Piacentino, V. Fineschi, P. Frati, S. D’Errico, and
M. Aromatario. 2019. Mercuric chloride poisoning: Symptoms,
analysis, therapies, and autoptic findings. A review of the
literature. Critical Reviews in Toxicology 49: 329-341. https://
doi.org/10.1080/10408444.2019.1621262.

Chan, C.Y., N. Tran, S. Pethiyagoda, C.C. Crissman, T.B. Sulser, and
M.J. Phillips. 2019. Prospects and challenges of fish for food
security in Africa. Global Food Security 20: 17-25. https://doi.
org/10.1016/j.gfs.2018.12.002.

Chan, T.Y.K. 2011. Inorganic mercury poisoning associated with
skin-lightening  cosmetic  products.  Clinical  Toxicology
(Philadelphia, PA) 49: 886-891. https://doi.org/10.3109/
15563650.2011.626425.

Chen, C.Y., C.T. Driscoll, C.A. Eagles-Smith, C.S. Eckley, D.A. Gay,
H. Hsu-Kim, S.E. Keane, and J.L. Kirk. 2018. A critical time for
mercury science to inform global policy. Environmental Science
and Technology 52: 9556-9561. https://doi.org/10.1021/acs.est.
8b02286.

Chen, J., Y. Ye, M. Ran, Q. Li, Z. Ruan, and N. Jin. 2020. Inhibition
of tyrosinase by mercury chloride: Spectroscopic and docking
studies. Frontiers in Pharmacology. https://doi.org/10.3389/
fphar.2020.00081.

Chételat, J., M.A. McKinney, M. Amyot, A. Dastoor, T.A. Douglas,
L.E. Heimbiirger-Boavida, J. Kirk, and K.K. Kahilainen. 2022.
Climate change and mercury in the Arctic: Abiotic interactions.
Science of the Total Environment. https://doi.org/10.1016/j.
scitotenv.2022.153715.

Copan, L., J. Fowles, T. Barreau, and N. McGee. 2015. Mercury
toxicity and contamination of households from the use of skin
creams adulterated with mercurous chloride (Calomel). Interna-
tional Journal of Environmental Research and Public Health 12:
10943-10954. https://doi.org/10.3390/ijerph120910943.

Cordy, P., M. Veiga, B. Crawford, O. Garcia, V. Gonzalez, D.
Moraga, M. Roeser, and D. Wip. 2013. Characterization,
mapping, and mitigation of mercury vapour emissions from
artisanal mining gold shops. Environmental Research 125:
82-91. https://doi.org/10.1016/j.envres.2012.10.015.

@ Springer

Counter, S.A., and L.H. Buchanan. 2004. Mercury exposure in
children: A review. Toxicology and Applied Pharmacology 198:
209-230. https://doi.org/10.1016/j.taap.2003.11.032.

Dadzie, O.E., and A. Petit. 2009. Skin bleaching: Highlighting the
misuse of cutaneous depigmenting agents. Journal of the
European Academy of Dermatology and Venereology 23:
741-750. https://doi.org/10.1111/j.1468-3083.2009.03150.x.

Davidson, P.W., J.J. Strain, G.J. Myers, S.W. Thurston, M.P.
Bonham, C.F. Shamlaye, A. Stokes-Riner, and J.M.W. Wallace.
2008. Neurodevelopmental effects of maternal nutritional status
and exposure to methylmercury from eating fish during
pregnancy. Neurotoxicology 29: 767-775. https://doi.org/10.
1016/j.neuro.2008.06.001.

de Sousa Parreira, J., C. da Cabral, and S., Crispim, P. di T. B., Ott, A.
M. T., Dorea, J. G., and Bastos, W. R. 2022. Mercury in the brain
(tumor tissues) and in markers (hair and blood) of exposure in
Western Amazonia patients. Journal of Trace Elements in
Medicine and Biology. https://doi.org/10.1016/j.jtemb.2022.
126994.

Debes, F., P. Weihe, and P. Grandjean. 2016. Cognitive deficits at age
22 years associated with prenatal exposure to methylmercury.
Cortex 74: 358-369. https://doi.org/10.1016/j.cortex.2015.05.
017.

Denton, C.R., A.B. Lerner, and T.B. Fitzpatrick. 1952. Inhibition of
melanin formation by chemical agents. The Journal of Inves-
tigative Dermatology 18: 119-135. https://doi.org/10.1038/jid.
1952.16.

Dlova, N.C., S.H. Hamed, J. Tsoka-Gwegweni, and A. Grobler. 2015.
Skin lightening practices: An epidemiological study of South
African women of African and Indian ancestries. British Journal
of Dermatology 173: 2-9. https://doi.org/10.1111/bjd.13556.

Doérea, J.G. 2007. Exposure to mercury during the first six months via
human milk and vaccines: Modifying risk factors. American
Journal of Perinatology 24: 387-400. https://doi.org/10.1055/s-
2007-982074.

Dérea, J.G. 2021. Neurodevelopment and exposure to neurotoxic
metal(loid)s in environments polluted by mining, metal scrap-
ping and smelters, and e-waste recycling in low and middle-
income countries. Environmental Research. https://doi.org/10.
1016/j.envres.2021.111124.

Dérea, J.G., and R.C. Marques. 2016. Mercury levels and human
health in the Amazon Basin. Annals of Human Biology 43:
349-359. https://doi.org/10.1080/03014460.2016.1192682.

Eagles-Smith, C.A., E.K. Silbergeld, N. Basu, P. Bustamante, F.
Diaz-Barriga, W.A. Hopkins, K.A. Kidd, and J.F. Nyland. 2018.
Modulators of mercury risk to wildlife and humans in the context
of rapid global change. Ambio 47: 170-197. https://doi.org/10.
1007/s13280-017-1011-x.

Ekino, S., M. Susa, T. Ninomiya, K. Imamura, and T. Kitamura. 2007.
Minamata disease revisited: An update on the acute and chronic
manifestations of methyl mercury poisoning. Journal of the
Neurological Sciences 262: 131-144. https://doi.org/10.1016/j.
jns.2007.06.036.

Endo, T., and K. Haraguchi. 2010. High mercury levels in hair
samples from residents of Taiji, a Japanese whaling town.
Marine Pollution Bulletin 60: 743-747. https://doi.org/10.1016/j.
marpolbul.2009.11.020.

Esdaile, L.J., and J.M. Chalker. 2018. The mercury problem in
artisanal and small-scale gold mining. Chemistry A 24:
6905-6916. https://doi.org/10.1002/chem.201704840.

Evers, D.C., S.E. Keane, N. Basu, and D. Buck. 2016. Evaluating the
effectiveness of the Minamata Convention on Mercury: Princi-
ples and recommendations for next steps. Science of the Total
Environment  569-570: 888-903. https://doi.org/10.1016/j.
scitotenv.2016.05.001.

FAO. 2004. The state of world fisheries and aquaculture (Vol. 15).

© The Author(s) 2023
www.kva.se/en


https://doi.org/10.1080/10937404.2017.1289834
https://doi.org/10.1080/10937404.2017.1289834
https://doi.org/10.1073/pnas.0702059104
https://doi.org/10.1073/pnas.0702059104
https://doi.org/10.2165/00139709-200524010-00001
https://doi.org/10.2165/00139709-200524010-00001
https://doi.org/10.1016/j.scitotenv.2019.06.159
https://doi.org/10.1186/s12889-017-4876-5
https://doi.org/10.1186/s12889-017-4876-5
https://doi.org/10.1016/j.chemosphere.2017.01.109
https://doi.org/10.1016/j.chemosphere.2017.01.109
https://doi.org/10.1080/10408444.2019.1621262
https://doi.org/10.1080/10408444.2019.1621262
https://doi.org/10.1016/j.gfs.2018.12.002
https://doi.org/10.1016/j.gfs.2018.12.002
https://doi.org/10.3109/15563650.2011.626425
https://doi.org/10.3109/15563650.2011.626425
https://doi.org/10.1021/acs.est.8b02286
https://doi.org/10.1021/acs.est.8b02286
https://doi.org/10.3389/fphar.2020.00081
https://doi.org/10.3389/fphar.2020.00081
https://doi.org/10.1016/j.scitotenv.2022.153715
https://doi.org/10.1016/j.scitotenv.2022.153715
https://doi.org/10.3390/ijerph120910943
https://doi.org/10.1016/j.envres.2012.10.015
https://doi.org/10.1016/j.taap.2003.11.032
https://doi.org/10.1111/j.1468-3083.2009.03150.x
https://doi.org/10.1016/j.neuro.2008.06.001
https://doi.org/10.1016/j.neuro.2008.06.001
https://doi.org/10.1016/j.jtemb.2022.126994
https://doi.org/10.1016/j.jtemb.2022.126994
https://doi.org/10.1016/j.cortex.2015.05.017
https://doi.org/10.1016/j.cortex.2015.05.017
https://doi.org/10.1038/jid.1952.16
https://doi.org/10.1038/jid.1952.16
https://doi.org/10.1111/bjd.13556
https://doi.org/10.1055/s-2007-982074
https://doi.org/10.1055/s-2007-982074
https://doi.org/10.1016/j.envres.2021.111124
https://doi.org/10.1016/j.envres.2021.111124
https://doi.org/10.1080/03014460.2016.1192682
https://doi.org/10.1007/s13280-017-1011-x
https://doi.org/10.1007/s13280-017-1011-x
https://doi.org/10.1016/j.jns.2007.06.036
https://doi.org/10.1016/j.jns.2007.06.036
https://doi.org/10.1016/j.marpolbul.2009.11.020
https://doi.org/10.1016/j.marpolbul.2009.11.020
https://doi.org/10.1002/chem.201704840
https://doi.org/10.1016/j.scitotenv.2016.05.001
https://doi.org/10.1016/j.scitotenv.2016.05.001

Ambio 2023, 52:877-896

893

FAO. 2020. The state of world fisheries and aquaculture 2020.
Sustainability in Action. https://doi.org/10.4060/ca9229en.
Forti, V., C.P Baldé, R. Kuehr, and G. Bel. 2020. The Global E-waste
Monitor 2020: Quantities, Flows, and the Circular Economy
Potential. In United Nations University (UNU)/United Nations
Institute for Training and Research (UNITAR) — co-hosted
SCYCLE Programme, International Telecommunication Union
(ITU) & International Solid Waste Association (ISWA), Bonn/
Geneva/Rotterdam. https://collections.unu.edu/view/UNU:

7737#.YmFDOI2v_Hs.mendeley

Gbetoh, M.H., and M. Amyot. 2016. Mercury, hydroquinone and
clobetasol propionate in skin lightening products in West Africa
and Canada. Environmental Research 150: 403—410. https://doi.
org/10.1016/j.envres.2016.06.030.

GEMS/Food Contaminants. 2021. Global Environment Monitoring
System—Food Contamination Monitoring and Assessment
Program..

Gibb, H., and K.G. O’Leary. 2014. Mercury exposure and health
impacts among individuals in the artisanal and small-scale gold
mining community: A comprehensive review. Environmental
Health Perspectives 122: 667-672. https://doi.org/10.1289/ehp.
1307864.

Gillbro, J M., and M.J. Olsson. 2011. The melanogenesis and
mechanisms of skin-lightening agents—existing and new
approaches. International Journal of Cosmetic Science 33:
210-221. https://doi.org/10.1111/j.1468-2494.2010.00616.x.

Glenn, E.N. 2008. Yearning for lightness: Transnational circuits in the
marketing and consumption of skin lighteners. Gender and
Society 22: 281-302. https://doi.org/10.1177/
0891243208316089.

Goldwater, L.J. 1972. Mercury; a history of quicksilver.

Goodrich, J.M., H.N. Chou, S.E. Gruninger, A. Franzblau, and N.
Basu. 2016. Exposures of dental professionals to elemental
mercury and methylmercury. Journal of Exposure Science and
Environmental Epidemiology 26: 78-85. https://doi.org/10.1038/
jes.2015.52.

Govinden, P., J. Henderson, Z. Rizvi, V. Seth, and H. Shamlaye.
2020. Maternal and child health in Seychelles. Neurotoxicology
81: 238-245. https://doi.org/10.1016/j.neuro.2020.09.011.

Grandjean, P., P. Weihe, T. Viderg, P.J. Jorgensen, T. Clarkson, and
E. Cernichiari. 1992. Impact of maternal seafood diet on fetal
exposure to mercury, selenium, and lead. Archives of Environ-
mental Health 47: 185-195. https://doi.org/10.1080/00039896.
1992.9938348.

Grandjean, P., P. Weihe, R.F. White, F. Debes, S. Araki, K.
Yokoyama, K. Murata, and N. Sgrensen. 1997. Cognitive deficit
in 7-year-old children with prenatal exposure to methylmercury
environmental pollution food contamination methylmercury
compounds neuropsychological tests prenatal exposure delayed
effects preschool child. Neurotoxicology and Teratology 19:
417-428.

Grandjean, Philippe, and M. Bellanger. 2017. Calculation of the
disease burden associated with environmental chemical expo-
sures: Application of toxicological information in health eco-
nomic estimation. Environmental Health 16: 1-13. https://doi.
org/10.1186/512940-017-0340-3.

Grant, M.J., and A. Booth. 2009. A typology of reviews: An analysis
of 14 review types and associated methodologies. Health
Information and Libraries Journal 26: 91-108. https://doi.org/
10.1111/j.1471-1842.2009.00848..x.

Gustin, M.S., D.C. Evers, M.S. Bank, C.R. Hammerschmidt, A.
Pierce, N. Basu, J. Blum, and P. Bustamante. 2016. Importance
of Integration and Implementation of Emerging and Future
Mercury Research into the Minamata Convention. Environmen-
tal Science and Technology 50: 2767-2770. https://doi.org/10.
1021/acs.est.6b00573.

Ha, E., N. Basu, S. Bose-O’Reilly, and Drea, J. G., McSorley, E.,
Sakamoto, M., and Chan, H. M. 2016. Current progress on
understanding the impact of mercury on human health. Envi-
ronmental Research 152: 419-433. https://doi.org/10.1016/j.
envres.2016.06.042.

Hanna, D.E.L., C.T. Solomon, A.E. Poste, D.G. Buck, and L.J.
Chapman. 2015. A review of mercury concentrations in fresh-
water fishes of Africa: Patterns and predictors. Environmental
Toxicology and Chemistry 34: 215-223. https://doi.org/10.1002/
etc.2818.

Harada, M., H. Akagi, T. Tsuda, T. Kizaki, and H. Ohno. 1999.
Methylmercury level in umbilical cords from patients with
congenital Minamata disease. Science of the Total Environment
234: 59-62. https://doi.org/10.1016/S0048-9697(99)00255-7.

HBMA4EU. 2019. Prioritised list of biomarkers, matrices and
analytical methods for the 2 nd prioritisation round of
substances.

Heacock, M., B. Trottier, S. Adhikary, K.A. Asante, N. Basu, M.N.
Brune, J. Caravanos, D. Carpenter, et al. 2018. Prevention-
intervention strategies to reduce exposure to e-waste. Reviews on
Environmental Health 33: 219-228. https://doi.org/10.1515/
reveh-2018-0014.

Hu, X.F., and HM. Chan. 2021. Seafood consumption and its
contribution to nutrients intake among canadians in 2004 and
2015. Nutrients 13: 1-11. https://doi.org/10.3390/NU13010077.

Hunter, M. 2011. Buying Racial Capital: Skin-Bleaching and
Cosmetic Surgery in a Globalized World. Journal of Pan
African Studies 4: 142.

IGF/ISD. 2018. Global trends in Artisanal and Small-Scale Mining
(ASM): A review of key numbers and issues. In The Interna-
tional Institute for Sustainable Development. http://pubs.iied.org/
pdfs/G04266.pdf

ILO. 1999. Social and Labour Issues in Small-scale Mines. In Report
for Discussion at the Tripartite Meeting on Social and Labour
Issues in Small-scale Mines.

Jarosifiska, D., M. Horvat, G. Sillsten, B. Mazzolai, B. Dabkowska,
A. Prokopowicz, M. Biesiada, and L. Barregard. 2008. Urinary
mercury and biomarkers of early renal dysfunction in environ-
mentally and occupationally exposed adults: A three-country
study. Environmental Research 108: 224-232. https://doi.org/10.
1016/j.envres.2008.06.005.

Jiménez-Oyola, S., M.J. Garcia-Martinez, M.F. Ortega, D. Bolonio,
C. Rodriguez, J.M. Esbri, J.F. Llamas, and P. Higueras. 2020.
Multi-pathway human exposure risk assessment using Bayesian
modeling at the historically largest mercury mining district.
Ecotoxicology and Environmental Safety 201: 110833. https://
doi.org/10.1016/j.ecoenv.2020.110833.

Katsonouri, A. 2022. Substance report. June.

Kyere, V.N., K. Greve, S.M. Atiemo, and J. Ephraim. 2017. Spatial
assessment of potential ecological risk of heavy metals in soils
from informal e-waste recycling in Ghana. Environmental
Health and Toxicology 32: €2017018. https://doi.org/10.5620/
eht.e2017018.

Ladizinski, B., N. Mistry, and R.V. Kundu. 2011. Widespread Use of
toxic skin lightening compounds: Medical and psychosocial
aspects. Dermatologic Clinics 29: 111. https://doi.org/10.1016/j.
det.2010.08.010.

Landrigan, P.J., R. Fuller, N.J.R. Acosta, O. Adeyi, R. Arnold, N.
Basu, A. B. Baldé, and R. Bertollini et al. 2018. The Lancet
Commission on pollution and health. The Lancet 391: 462-512.
https://doi.org/10.1016/S0140-6736(17)32345-0.

Lavoie, R.A., A. Bouffard, R. Maranger, and M. Amyot. 2018.
Mercury transport and human exposure from global marine
fisheries. Scientific Reports 8: 1-9. https://doi.org/10.1038/
$41598-018-24938-3.

© The Author(s) 2023

www.kva.se/en

@ Springer


https://doi.org/10.4060/ca9229en
https://collections.unu.edu/view/UNU:7737#.YmFDOI2v_Hs.mendeley
https://collections.unu.edu/view/UNU:7737#.YmFDOI2v_Hs.mendeley
https://doi.org/10.1016/j.envres.2016.06.030
https://doi.org/10.1016/j.envres.2016.06.030
https://doi.org/10.1289/ehp.1307864
https://doi.org/10.1289/ehp.1307864
https://doi.org/10.1111/j.1468-2494.2010.00616.x
https://doi.org/10.1177/0891243208316089
https://doi.org/10.1177/0891243208316089
https://doi.org/10.1038/jes.2015.52
https://doi.org/10.1038/jes.2015.52
https://doi.org/10.1016/j.neuro.2020.09.011
https://doi.org/10.1080/00039896.1992.9938348
https://doi.org/10.1080/00039896.1992.9938348
https://doi.org/10.1186/s12940-017-0340-3
https://doi.org/10.1186/s12940-017-0340-3
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1111/j.1471-1842.2009.00848.x
https://doi.org/10.1021/acs.est.6b00573
https://doi.org/10.1021/acs.est.6b00573
https://doi.org/10.1016/j.envres.2016.06.042
https://doi.org/10.1016/j.envres.2016.06.042
https://doi.org/10.1002/etc.2818
https://doi.org/10.1002/etc.2818
https://doi.org/10.1016/S0048-9697(99)00255-7
https://doi.org/10.1515/reveh-2018-0014
https://doi.org/10.1515/reveh-2018-0014
https://doi.org/10.3390/NU13010077
http://pubs.iied.org/pdfs/G04266.pdf
http://pubs.iied.org/pdfs/G04266.pdf
https://doi.org/10.1016/j.envres.2008.06.005
https://doi.org/10.1016/j.envres.2008.06.005
https://doi.org/10.1016/j.ecoenv.2020.110833
https://doi.org/10.1016/j.ecoenv.2020.110833
https://doi.org/10.5620/eht.e2017018
https://doi.org/10.5620/eht.e2017018
https://doi.org/10.1016/j.det.2010.08.010
https://doi.org/10.1016/j.det.2010.08.010
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1038/s41598-018-24938-3
https://doi.org/10.1038/s41598-018-24938-3

894

Ambio 2023, 52:877-896

Lebel, J., D. Mergler, F. Branches, M. Lucotte, M. Amorim, F.
Larribe, and J. Dolbec. 1998. Neurotoxic effects of low-level
methylmercury contamination in the Amazonian basin. Envi-
ronmental Research. https://doi.org/10.1006/enrs.1998.3846.

Lerner, A.B. 1952. Effect of ions on melanin formation. The Journal
of Investigative Dermatology 18: 47-52. https://doi.org/10.1038/
jid.1952.6.

Leste, A., and P.W. Davidson. 2020. Monitoring the educational
achievement of primary school children: An international
collaboration. Neurotoxicology 81: 339-346. https://doi.org/10.
1016/j.neuro.2020.09.026.

Lewis, K.M., N. Robkin, K. Gaska, and L.C. Njoki. 2011. Investi-
gating motivations for women’s skin bleaching in Tanzania.
Psychology of Women Quarterly 35: 29-37. https://doi.org/10.
1177/0361684310392356.

Li, M.-L., S.Y. Kwon, B.A. Poulin, M.T.-K. Tsui, L.C. Motta, and M.
Cho. 2022. Internal dynamics and metabolism of mercury in
biota: A review of insights from mercury stable isotopes.
Environmental Science & Technology. https://doi.org/10.1021/
acs.est.1c08631.

Ly, F., A.S. Soko, D.A. Dione, S.O. Niang, A. Kane, T.I. Bocoum,
M.T. Dieng, and B. Ndiaye. 2007. Aesthetic problems associated
with the cosmetic use of bleaching products. International
Journal of Dermatology 46: 15-17. https://doi.org/10.1111/j.
1365-4632.2007.03456.x.

Mahe, A., F. Ly, G. Aymard, and J.M. Dangou. 2003. Skin diseases
associated with the cosmetic use of bleaching products in women
from Dakar, Senegal. British Journal of Dermatology 148:
493-500. https://doi.org/10.1046/j.1365-2133.2003.05161.x.

Mahé, A., J.L. Perret, F. Ly, F. Fall, J.P. Rault, and A. Dumont. 2007.
The cosmetic use of skin-lightening products during pregnancy
in Dakar, Senegal: A common and potentially hazardous
practice. Transactions of the Royal Society of Tropical Medicine
and Hygiene 101: 183-187. https://doi.org/10.1016/j.trstmh.
2006.06.007.

Malm, O. 1998. Gold mining as a source of mercury exposure in the
Brazilian Amazon. Environmental Research 77: 73-78.

Marques, R.C., L. Abreu, J.V.E. Bernardi, and J.G. Dérea. 2016.
Neurodevelopment of Amazonian children exposed to ethylmer-
cury (from Thimerosal in vaccines) and methylmercury (from
fish). Environmental Research 149: 259-265. https://doi.org/10.
1016/j.envres.2015.12.022.

McKelvey, W., N. Jeffery, N. Clark, D. Kass, and P.J. Parsons. 2011.
Population-based inorganic mercury biomonitoring and the
identification of skin care products as a source of exposure in
New York City. Environmental Health Perspectives 119:
203-209. https://doi.org/10.1289/ehp.1002396.

Mendes, T.A.A., R.S.C. Nascimento, R.S. Veras, M.E. Almeida, and
L.G. Knauer. 2021. Geological knowledge advances on the Alto
Rio Negro region, northwestern Amazonian Craton, Brazil: a
review. Journal of the Geological Survey of Brazil 4: 209-222.
https://doi.org/10.29396/jgsb.2019.v2.n1.4.

Miklavcic, A., D. Mazej, R. Ja¢imovié, T. Dizdarevio, and M. Horvat.
2013. Mercury in food items from the Idrija Mercury Mine area.
Environmental Research 125: 61-68. https://doi.org/10.1016/j.
envres.2013.02.008.

Myers, G.J., P.W. Davidson, C. Cox, C. Shamlaye, E. Cernichiari,
and T.W. Clarkson. 2000. Twenty-seven years studying the
human neurotoxicity of methylmercury exposure. Environmental
Research 83: 275-285. https://doi.org/10.1006/enrs.2000.4065.

Nakamura, M., N. Hachiya, K. Murata, Y.I. Nakanishi, T. Kondo, A.
Yasutake, K. Miyamoto, and S.P.H. Ichiro et al. 2014.
Methylmercury exposure and neurological outcomes in Taiji
residents accustomed to consuming whale meat. Environment
International 68: 25-32. https://doi.org/10.1016/j.envint.2014.
03.005.

Nuttall, K.L. 1987. A model for metal selenide formation under
biological conditions. Medical Hypotheses 24: 217-221. https://
doi.org/10.1016/0306-9877(87)90107-1.

Obrist, D., J.L. Kirk, L. Zhang, E.M. Sunderland, M. Jiskra, and N.E.
Selin. 2018. A review of global environmental mercury
processes in response to human and natural perturbations:
Changes of emissions, climate, and land use. Ambio 47:
116-140. https://doi.org/10.1007/s13280-017-1004-9.

Olumide, Y.M., A.O. Akinkugbe, D. Altraide, T. Mohammed, N.
Ahamefule, S. Ayanlowo, C. Onyekonwu, and N. Essen. 2008.
Complications of chronic use of skin lightening cosmetics.
International Journal of Dermatology 47: 344-353.

Ovadje, L., B.N. Calys-Tagoe, E. Clarke, and N. Basu. 2021.
Registration status, mercury exposure biomarkers, and neu-
ropsychological assessment of artisanal and small-scale gold
miners (ASGM) from the Western Region of Ghana. Environ-
mental Research 201: 111639. https://doi.org/10.1016/j.envres.
2021.111639.

Palmer, R., D. Godwin, and P. McKinney. 1998. Transdermal kinetics
of a mercurous chloride beauty cream an in vitro human skin
analysis. Annual Meeting of the North American Congress of
Clinical Toxicology, Orlando, Florida, USA, September 9-15,
1998. Journal of Toxicology Clinical Toxicology 36: 528-529.

Park, J.D., and W. Zheng. 2012. Human exposure and health effects
of inorganic and elemental mercury. Journal of Preventive
Medicine and Public Health. 45: 344-352.

Rajaee, M., S. Obiri, A. Green, R. Long, S. Cobbina, V. Nartey, D.
Buck, and E. Antwi, et al. 2015. Integrated assessment of
artisanal and small-scale gold mining in Ghana—part 2: Natural
sciences review. [International Journal of Environmental
Research and Public Health 12: 8971-9011. https://doi.org/10.
3390/ijerph120808971.

Rice, K.M., EXM. Walker, M. Wu, C. Gillette, and E.R. Blough. 2014.
Environmental mercury and its toxic effects. Journal of
Preventive Medicine and Public Health 47: 74-83. https://doi.
org/10.3961/jpmph.2014.47.2.74.

Risher, J., and R, DeWoskin. 1999. Report: Toxicological profile for
mercury. U.S. Department of Health and Human Services.
Public Health Service. Agency for Toxic Substances and Disease
Registry, March, 1-676.

Risher, J. F., and C.T. De Rosa. 2007. Inorganic: the other mercury.
Journal of Environmental Health 70, 9-16; discussion 40.
[Journal of environmental heal].

Rosol, R., S. Powell-Hellyer, and L.H.M. Chan. 2016. Impacts of
decline harvest of country food on nutrient intake among Inuit in
Arctic Canada: Impact of climate change and possible adaptation
plan. International Journal of Circumpolar Health. https://doi.
org/10.3402/ijch.v75.31127.

Rothenberg, S.E., L. Windham-Myers, and J.E. Creswell. 2014. Rice
methylmercury exposure and mitigation: A comprehensive
review. Environmental Research 133: 407-423. https://doi.org/
10.1016/j.envres.2014.03.001.

Roulet, M., M. Lucotte, N. Farella, G. Serique, H. Coelho, C.J. Sousa
Passos, E.D.J. Da Silva, and P.S. De Andrade et al. 1999. Effects
of recent human colonization on the presence of mercury in
Amazonian ecosystems. Water, Air, and Soil Pollution 112:
297-313. https://doi.org/10.1023/A:1005073432015.

Roulet, M., M. Lucotte, A. Saint-Aubin, S. Tran, I. Rhéault, N.
Farella, J. D. Silva De, E., and Dezencourt et al. 1998. The
geochemistry of mercury in central Amazonian soils developed
on the Alter-do-Chao formation of the lower Tapajos River
Valley, Para state, Brazil. Science of the Total Environment 223:
1-24. https://doi.org/10.1016/S0048-9697(98)00265-4.

Sabino, M.A., N. Bodin, R. Govinden, R. Arrisol, C. Churlaud, H.
Pethybridge, and P. Bustamante. 2022. The role of tropical
small-scale fisheries in trace element delivery for a Small Island

© The Author(s) 2023

@ Springer

www.kva.se/en


https://doi.org/10.1006/enrs.1998.3846
https://doi.org/10.1038/jid.1952.6
https://doi.org/10.1038/jid.1952.6
https://doi.org/10.1016/j.neuro.2020.09.026
https://doi.org/10.1016/j.neuro.2020.09.026
https://doi.org/10.1177/0361684310392356
https://doi.org/10.1177/0361684310392356
https://doi.org/10.1021/acs.est.1c08631
https://doi.org/10.1021/acs.est.1c08631
https://doi.org/10.1111/j.1365-4632.2007.03456.x
https://doi.org/10.1111/j.1365-4632.2007.03456.x
https://doi.org/10.1046/j.1365-2133.2003.05161.x
https://doi.org/10.1016/j.trstmh.2006.06.007
https://doi.org/10.1016/j.trstmh.2006.06.007
https://doi.org/10.1016/j.envres.2015.12.022
https://doi.org/10.1016/j.envres.2015.12.022
https://doi.org/10.1289/ehp.1002396
https://doi.org/10.29396/jgsb.2019.v2.n1.4
https://doi.org/10.1016/j.envres.2013.02.008
https://doi.org/10.1016/j.envres.2013.02.008
https://doi.org/10.1006/enrs.2000.4065
https://doi.org/10.1016/j.envint.2014.03.005
https://doi.org/10.1016/j.envint.2014.03.005
https://doi.org/10.1016/0306-9877(87)90107-1
https://doi.org/10.1016/0306-9877(87)90107-1
https://doi.org/10.1007/s13280-017-1004-9
https://doi.org/10.1016/j.envres.2021.111639
https://doi.org/10.1016/j.envres.2021.111639
https://doi.org/10.3390/ijerph120808971
https://doi.org/10.3390/ijerph120808971
https://doi.org/10.3961/jpmph.2014.47.2.74
https://doi.org/10.3961/jpmph.2014.47.2.74
https://doi.org/10.3402/ijch.v75.31127
https://doi.org/10.3402/ijch.v75.31127
https://doi.org/10.1016/j.envres.2014.03.001
https://doi.org/10.1016/j.envres.2014.03.001
https://doi.org/10.1023/A:1005073432015
https://doi.org/10.1016/S0048-9697(98)00265-4

Ambio 2023, 52:877-896

895

Developing State community, the Seychelles. Marine Pollution
Bulletin 181: 113870. https://doi.org/10.1016/j.marpolbul.2022.
113870.

Schartup, A.T., C.P. Thackray, A. Qureshi, C. Dassuncao, K.
Gillespie, A. Hanke, and E.M. Sunderland. 2019. Climate
change and overfishing increase neurotoxicant in marine preda-
tors. Nature 572: 648-650. https://doi.org/10.1038/541586-019-
1468-9.

Scopoli, J. A. nd. De hydrargyro Idriensi tentamina physico-
chymico-medica. 1. De minera hydrargyri. Il. De vitriolo
Idriensi. IlI: De morbis fossorum hydrargyri/[ Giovanni Antonio
Scopoli]. Contributors. 44, 1723-1788.

Siegel, S., and M.M. Veiga. 2009. Artisanal and small-scale mining as
an extralegal economy: De Soto and the redefinition of
“formalization.” Resources Policy. https://doi.org/10.1016/].
resourpol.2008.02.001.

Steckling, N., M. Tobollik, D. Plass, C. Hornberg, B. Ericson, R.
Fuller, and S.B. Reilly. 2017. Global burden of disease of
mercury used in artisanal small-scale gold mining. Annals of
Global Health 83: 234-247. https://doi.org/10.1016/j.a0gh.2016.
12.005.

Strain, J.J., P.W. Davidson, M.P. Bonham, E.M. Duffy, A. Stokes-
Riner, S.W. Thurston, J.M.W. Wallace, and P.J. Robson. 2008.
Associations of maternal long-chain polyunsaturated fatty acids,
methyl mercury, and infant development in the Seychelles Child
Development Nutrition Study. Neurotoxicology 29: 776-782.
https://doi.org/10.1016/j.neuro.2008.06.002.

Strain, J.J., P.W. Davidson, S.W. Thurston, D. Harrington, M.S.
Mulhern, A.J. McAfee, E. van Wijngaarden, C.F. Shamlaye,
et al. 2012. Maternal PUFA status but not prenatal methylmer-
cury exposure is associated with children’s language functions at
age five years in the Seychelles. Journal of Nutrition 142:
1943-1949. https://doi.org/10.3945/jn.112.163493.

Strain, J.J., AJ. Yeates, E. Van Wijngaarden, S.W. Thurston, M.S.
Mulhern, E.-M. McSorley, G.E. Watson, and T.M. Love. 2015.
Prenatal exposure to methyl mercury from fish consumption and
polyunsaturated fatty acids: Associations with child development
at 20 mo of age in an observational study in the Republic of
Seychelles. American Journal of Clinical Nutrition 101:
530-537. https://doi.org/10.3945/ajen.114.100503.

Sun, G.-F., W.-T. Hu, Z.-H. Yuan, B.-A. Zhang, and H. Lu. 2017.
Characteristics of mercury intoxication induced by skin-lighten-
ing products. Chinese Medical Journal 130: 3003. https://doi.
org/10.4103/0366-6999.220312.

Takeuchi, T. 1982. Pathology of Minamata disease. With special reference
to its pathogenesis. Acta Pathologica Japonica 32: 73-99.

Telmer, K.H., and M.M. Veiga. 2009. World emissions of mercury
from artisanal and small scale gold mining. In Mercury fate and
transport in the global atmosphere, ed. M. Pirrone and R.
Mason. New York: Springer.

Thomas, L.M. 2012. Skin lighteners, black consumers and Jewish
entrepreneurs in South Africa. History Workshop Journal 73:
259-283. https://doi.org/10.1093/hwj/dbr017.

Trasande, L., P.J. Landrigan, and C. Schechter. 2005. Public health
and economic consequences of methyl mercury toxicity to the
developing brain. Environmental Health Perspectives 113:
590-596. https://doi.org/10.1289/ehp.7743.

Tratnik, J.S., I. Falnoga, A. Trdin, D. Mazej, V. Fajon, A. Miklav¢ic,
A.B. Kobal, and J. Osredkar et al. 2017. Prenatal mercury
exposure, neurodevelopment and apolipoprotein E genetic
polymorphism. Environmental Research 152: 375-385. https://
doi.org/10.1016/j.envres.2016.08.035.

U.S. FDA. 2014. Mercury Levels in Commercial Fish and Shellfish
(1990-2012). https://www.fda.gov/food/metals-and-your-food/
mercury-levels-commercial-fish-and-shellfish-1990-2012

© The Author(s) 2023
www.kva.se/en

UNEP. 2018. Minamata Convention Initial Assessments (MIAs).
https://www.mercuryconvention.org/en/parties/minamata-initial-
assessments

UNEP. 2019. Global Mercury Assessment 2018.

UNEP. 2019b. Minamata Convention Text and Annexes.

UNEP, & WHO. 2008. Guidance for ldentifying Populations At Risk
From Mercury Exposure.

UNIDO. 2007. Global impacts of mercury supply and demand in
small-scale gold mining.

US FDA. 2022. Mercury levels in commercial fish and shellfish
(1990-2012). US Food and Drug Administration. https://www.
fda.gov/food/metals-and-your-food/mercury-levels-commercial-
fish-and-shellfish-1990-2012

Uram, E., B.P. Bischofer, and S. Hagermann. 2010. Market analysis
of some mercury containing products and their mercury-free
alternatives in selected regions. In Gesellschaft fiir Anlagenund
Reaktorsicherheit, Brunswick, Germany (2015).

Veiga, M. M. 1997. Introducing new technologies for abatement of
global mercury pollution in Latin America. In United Nations
Industrial Development Organization (UNIDO), University of
British Columbia (UBC), Center of Mineral Technology (CETEM).

WHO. 2003. Concise International Chemical Assessment Document
50: Elemental mercurcy and inorganic mercury compounds:
Human health aspects. 50.

WHO. 2013. Mercury exposure and health impacts among individuals
in the artisanal and small-scale gold mining (ASGM) commu-
nity. WHO. https://doi.org/10.1021/cen-v069n005.p016.

WHO. 2018. Assessment of prenatal exposure to mercury: human
biomonitoring survey The first survey protocol. World Health
Organization 15: 1-59.

WHO. 2020. 10 chemicals of public health concern.

Woodall, J. nd.. The Surgeons Mate or Military & Domestique
Surgery (p. 256).

Yasutake, A., M. Matsumoto, M. Yamaguchi, and N. Hachiya. 2003.
Current hair mercury levels in Japanese: Survey in five districts. In
Tohoku Journal of Experimental Medicine (Vol. 199, pp. 161-169).
https://www jstage.jst.go.jp/article/tjem/199/3/199_3_161/_pdf

Yorifuji, T., F. Debes, P. Weihe, and P. Grandjean. 2011. Prenatal
exposure to lead and cognitive deficit in 7- and 14-year-old
children in the presence of concomitant exposure to similar molar
concentration of methylmercury. Neurotoxicology and Teratology
33: 205-211. https://doi.org/10.1016/j.ntt.2010.09.004.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

AUTHOR BIOGRAPHIES

Niladri Basu (D<) is a Professor at McGill University where he holds
the Canada Research Chair in Environmental Health Sciences. His
research concerns the design, validation, and application of new
approach methods to address chemical pollution with a focus on
mercury (and more broadly, chemicals management) as well as on
vulnerable populations.

Address: McGill University, 204 CINE Building, Ste. Anne de
Bellevue, Montreal, QC H9X 3V9, Canada.

e-mail: Niladri.basu@mcgill.ca

Ashley Bastiansz is a Research Assistant at McGill University where
she recently completed her Master of Science with the Department of
Natural Resource Sciences. Her research is focused on human and
environmental impacts of mercury-added skin-lightening products.
Address: McGill University, 204 CINE Building, Ste. Anne de
Bellevue, Montreal, QC H9X 3V9, Canada.

e-mail: ashley.bastiansz@mail.mcgill.ca

@ Springer


https://doi.org/10.1016/j.marpolbul.2022.113870
https://doi.org/10.1016/j.marpolbul.2022.113870
https://doi.org/10.1038/s41586-019-1468-9
https://doi.org/10.1038/s41586-019-1468-9
https://doi.org/10.1016/j.resourpol.2008.02.001
https://doi.org/10.1016/j.resourpol.2008.02.001
https://doi.org/10.1016/j.aogh.2016.12.005
https://doi.org/10.1016/j.aogh.2016.12.005
https://doi.org/10.1016/j.neuro.2008.06.002
https://doi.org/10.3945/jn.112.163493
https://doi.org/10.3945/ajcn.114.100503
https://doi.org/10.4103/0366-6999.220312
https://doi.org/10.4103/0366-6999.220312
https://doi.org/10.1093/hwj/dbr017
https://doi.org/10.1289/ehp.7743
https://doi.org/10.1016/j.envres.2016.08.035
https://doi.org/10.1016/j.envres.2016.08.035
https://www.fda.gov/food/metals-and-your-food/mercury-levels-commercial-fish-and-shellfish-1990-2012
https://www.fda.gov/food/metals-and-your-food/mercury-levels-commercial-fish-and-shellfish-1990-2012
https://www.mercuryconvention.org/en/parties/minamata-initial-assessments
https://www.mercuryconvention.org/en/parties/minamata-initial-assessments
https://www.fda.gov/food/metals-and-your-food/mercury-levels-commercial-fish-and-shellfish-1990-2012
https://www.fda.gov/food/metals-and-your-food/mercury-levels-commercial-fish-and-shellfish-1990-2012
https://www.fda.gov/food/metals-and-your-food/mercury-levels-commercial-fish-and-shellfish-1990-2012
https://doi.org/10.1021/cen-v069n005.p016
https://www.jstage.jst.go.jp/article/tjem/199/3/199_3_161/_pdf
https://doi.org/10.1016/j.ntt.2010.09.004

896

Ambio 2023, 52:877-896

José G. Dorea is an Emeritus Professor at the University of Brasilia.
His research interests are neurotoxic metals (cadmium, lead, mercury,
and aluminum) exposure during pregnancy, lactation, and throughout
childhood.

Address: Faculdade de Ciencias da Saude, Universidade de Brasilia,
Brasilia 70919-970, Brazil.

e-mail: jg.dorea@gmail.com

Masatake Fujimura is a Research Director at National Institute for
Minamata Disease where he is in charge of Basic Medical Sciences.
His research aims to clarify the causal factors and the characteristics
in methylmercury-induced neural dysfunction and then to apply these
results to aid in diagnosis, prevention, and treatment.

Address: National Institute for Minamata Disease, Minamata,
Kumamoto 867-0008, Japan.

e-mail: masatake_fujimura@env.go.jp

Milena Horvat is a Head of the Department of Environmental
Sciences at the Jozef Stefan Institute, Slovenia, and a Dean and
Professor at International Postgraduate School Jozef Stefan, Ljubl-
jana, Slovenia. Her research work in the field of mercury is distinctly
interdisciplinary and covers the development of analytical methods,
the cycling of mercury in the environment, clean technologies, and
the impact on human health.

Address: Department of Environmental Sciences, JoZef Stefan Insti-
tute, Ljubljana, Slovenia.

e-mail: milena.horvat@ijs.si

Emelyn Shroff is a Research Director at the Public Health Authority
of Seychelles. Her research interest is in assessing subtle toxicity
effects that can occur at very low level of mercury exposure on
children development.

Address: Public Health Authority of Seychelles, Mont Fleuri, Mahe,
Seychelles.

e-mail: emelyn.shroff @health.gov.sc

Pal Weihe is the head of Department of Occupational Medicine and
Public Health in the Faroese Hospital System. He is a medical doctor
specialized in occupational medicine and holds a position as an
adjunct professor of public health at the University of Faroe Islands.
His main research area for the last four decades has been birth cohort
studies regarding the impact of methylmercury on the development of
children’s brains.

Address: Department of Occupational Medicine and Public Health,
Sigmundarggta 5, 100 Torshavn, Faroe Islands.

e-mail: pal@health.fo

Irina Zastenskaya is a Technical Officer for Chemical Safety in
WHO European Centre for Environment and Health. Her research is
in the area of chemicals and human health, sound chemicals man-
agement, development of tools and instrument for assessment of
exposure to and risk from hazardous chemicals including mercury,
and promotion of implementation of multilateral agreements in the
health sector.

Address: WHO European Centre for Environment and Health, Platz
Der Vereinten Nationen 1, 53113 Bonn, Germany.

e-mail: zastenskayai@who.int

© The Author(s) 2023

@ Springer

www.kva.se/en



	Our evolved understanding of the human health risks of mercury
	Abstract
	Introduction
	Method
	1950 to 1975: An era of tragic mercury poisoning events
	1975 to 2000: Toxicological studies on highly exposed populations
	Seychelles
	Faroe Islands
	Arctic Inuit
	Amazonian region

	2000 to current: Contemporary investigations on diverse source-exposure scenarios
	Food (including fish) intake
	A need for site- and fish-specific data
	Cultural considerations
	Global change considerations

	Artisanal and small-scale gold mining (ASGM)
	Skin-lightening products
	Dental amalgam
	Contaminated sites
	Electronic waste recycling

	Concluding remarks
	Evaluating the effectiveness of the Minamata Convention
	A need for more research

	Author contributions
	Data availability
	References




