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Abstract

Mercury (Hg) contamination associated with artisanal and small-scale gold mining (ASGM) is a persistent
environmental issue in the Brazilian Amazon. While ASGM is widely recognized as a major source of Hg,
elevated concentrations in soils and sediments cannot always be attributed to mining alone. Geogenic enrichment,
long-term atmospheric deposition, and landscape processes such as erosion and sediment transport can also
contribute substantially to Hg distribution. In highly disturbed Amazonian landscapes, this overlap complicates
contamination attribution and can bias risk assessments when regional geochemical baselines are not defined. In
this context, this thesis investigates Hg contamination in superficial soils from Jardim do Ouro village (Para State),
comparing three ASGM sites with contrasting activity histories (active, deactivated in January 2024, and
deactivated for ~30 years) against a control area without ASGM records used as a regional geogenic baseline. The
study integrates total mercury (THg) concentrations and ecological risk indices with particle-size distribution,
mineralogical and surface characterization (XRD and ATR-FTIR), thermogravimetric data (TG/DSC), and basic
physicochemical properties (WHC and pH). This approach was designed to clarify both the persistence of legacy
Hg in post-ASGM landscapes and the soil fractions controlling Hg retention under different disturbance histories.
Soils from the ASGM site deactivated for ~30 years still exhibited elevated THg concentrations (27 to 8,862 ng
g'; median = 324 ng g') and ecological risk levels above regulatory thresholds, demonstrating that Hg
contamination can remain environmentally relevant decades after mining activity has ceased. In contrast, the
active and recently deactivated sites generally displayed THg concentrations close to the regional baseline (178
ng g '), with exceedances largely restricted to localized hotspots directly associated with ASGM operations. These
results indicate that current mining activity does not necessarily translate into higher median THg at the site scale,
whereas long-term deactivated areas can retain a strong contamination legacy. In the long-term deactivated site,
fine particle content explained 73% of the variability in log;o-transformed THg, revealing a robust texture control
on Hg retention. Mineralogical analyses indicated broadly similar frameworks dominated by quartz and kaolinite-
group minerals, consistent with highly weathered tropical soils developed on granitic parent material. However,
accessory phases such as gibbsite, mica-type phyllosilicates, smectites, and sporadically occurring feldspars
highlighted meaningful sample-scale variability linked to weathering intensity, soil development, and disturbance
history. The association between Fe—-Mn (oxyhydr)oxides and THg was not uniform across sites, supporting a

context-dependent role of reactive phases in Hg retention and redistribution. Thermogravimetric profiles were



dominated by mass loss in the 380—600 °C interval, and the strongest between-site contrasts were expressed in
this range, indicating that site-related differences are primarily reflected in major soil fractions controlling thermal
behavior. THg was systematically associated with thermogravimetric fractions, particularly in the ~30 years
deactivated site, where strong correlations across all temperature intervals linked Hg enrichment to multiple soil
components. WHC was positively associated with THg only in the long-term deactivated site, consistent with
preferential Hg enrichment in fine-textured soils with higher water retention capacity. Soil pH showed no
significant relationship with THg in any site. Overall, this thesis demonstrates that Hg risk in ASGM landscapes
is not defined solely by the presence of active mining, but by the interaction between contamination legacy, soil
texture, physical properties, reactive mineral phases, and disturbance history. These findings reinforce the need
for regional geochemical baselines, long-term monitoring, and soil-informed approaches to Hg risk assessment

and management in the Brazilian Amazon.



1. Introduction

Artisanal and small-scale gold mining (ASGM) remains one of the most persistent and
complex sources of mercury (Hg) contamination in the Brazilian Amazon (Crespo-Lopez et
al., 2021; Lourenco et al., 2025). Despite being widely recognized as an environmental and
public health issue, ASGM continues to expand and reconfigure across the region. In Brazil,
this activity is often associated with illegal operations, which tend to occur in highly dynamic
riverine and forest environments where monitoring is limited and enforcement is intermittent
(Neto et al., 2024). Within this context, Hg contamination has become one of the most
challenging legacies of ASGM, not only because of its toxicity, but also because of its
persistence, mobility, and ability to re-enter ecological cycles long after mining has ceased

(Dhiman, 2023; Uddin et al., 2024).

Mercury use in gold extraction is particularly problematic because it involves direct
handling and release of elemental Hg, which can contaminate air, water, and soils (e.g.,
Lourenco et al., 2025). Once introduced into the environment, Hg can undergo complex
transformations and redistribution processes, including long-range atmospheric transport,
sediment burial, re-mobilization, and microbial methylation (e.g., Jackson, 1997; Amos et al.,
2014; Helmrich et al., 2022; Peng et al., 2024). In Amazonian systems, the conversion of
inorganic Hg into methylmercury (MeHg) is of special concern due to its high bioavailability
and strong biomagnification in aquatic food webs (Nyholt et al., 2022; Pierezan et al., 2024).
As a result, Hg contamination linked to ASGM has been consistently associated with
occupational exposure in miners, as well as dietary exposure through fish consumption in
riverine and Indigenous communities (e.g., Basta et al.,, 2021; Lourenco et al., 2025;

Lucchini et al., 2025). These impacts reinforce that Hg is not only an environmental
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contaminant, but also a One Health issue, connecting ecosystem integrity with human and

animal health outcomes.

While ASGM is a major driver of Hg release in the Amazon (Crespo-Lopez et al., 2021;
Castilhos & Domingos, 2024), the environmental distribution of Hg is not exclusively
controlled by mining activity (e.g., Figueiredo et al., 2018; Gerson et al., 2022). Naturally
enriched soils, long-term atmospheric deposition, and geomorphological processes such as
erosion and sediment transport can produce spatially heterogeneous Hg concentrations that
may overlap with ASGM-impacted areas. In addition, landscape-scale disturbances such as
deforestation, road opening, and dam construction can mobilize both geogenic and legacy Hg
(Diringer et al., 2019; Lourenco et al., 2025). This makes Hg attribution particularly
challenging in tropical settings, where weathered soils, high rainfall, and intense sediment
redistribution create a highly dynamic geochemical environment (Wasserman et al., 2003;

Yuan et al., 2024).

In this scenario, soils represent a critical but still underexplored compartment for
understanding Hg persistence ASGM landscapes with different history. Soils can act
simultaneously as sinks, reservoirs, and secondary sources of Hg, depending on physical
disturbance, hydrological connectivity, and geochemical conditions (e.g., Lima et al., 2022;
Hou, 2023; Paiva et al.,, 2024). In active ASGM sites, mechanical reworking and the
continuous turnover of substrate can redistribute Hg across soil fractions and expose new
reactive surfaces (e.g., Blouin et al., 2005). In recently deactivated areas, soils may retain a
strong imprint of disturbance while beginning to reorganize physically and chemically. In long-
term deactivated sites, Hg can remain stored in soil matrices for decades, potentially sustaining
environmental risk through gradual release, erosion, or transformation processes (Wei et al.,

2025). Importantly, this persistence is not necessarily reflected by visible signs of ASGM
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activity, meaning that post-ASGM landscapes may remain environmentally relevant even when

they appear “recovered” at first glance.

The behavior of Hg in soils is strongly influenced by the interaction between substrate
properties and environmental context (Singh et al., 2023; Qin et al., 2023). In highly
weathered tropical soils, mineralogical assemblages are typically dominated by quartz and
kaolinite-group minerals, often accompanied by variable proportions of gibbsite, Fe—Mn
(oxyhydr)oxides, and phyllosilicates (Souza et al., 2018; Rocha et al., 2022). These phases
can influence Hg retention through sorption, complexation, and co-precipitation mechanisms,
but their roles are not uniform and can shift depending on redox dynamics, organic matter
composition, and physical disturbance (Blouin et al., 2005; Waychunas et al., 2005; Debure
et al., 2020; McLagan et al., 2024). In addition, particle-size distribution is a key factor
controlling Hg concentrations, since fine fractions generally provide higher surface area and
greater sorption capacity (e.g., Wang et al., 2024; Elsaid & Roushdi, 2025). Therefore, Hg
enrichment in soils cannot be interpreted solely in terms of contamination inputs; it also reflects
how soil texture, mineralogy, and physicochemical properties control retention and

redistribution over time.

Despite the relevance of these processes, many studies on Hg in ASGM settings focus
primarily on water and biota due to its direct impact on human health (e.g. Basta et al., 2021;
Lucchini et al., 2025), while soil compartments are often treated as secondary or characterized
only by bulk concentration measurements. Moreover, even when soil Hg is measured, the
interpretation is frequently limited by the absence of regional geochemical baselines, which
makes it difficult to distinguish anthropogenic enrichment from naturally elevated background
levels. This limitation is especially critical in Amazonian areas developed on geologically
diverse terrains, where Hg can be naturally enriched in certain parent materials. Without

baseline values defined at the regional scale, there is a risk of misattribution (Sahoo et al.,
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2023; Louren¢o et al.,, 2025), potentially leading to distorted risk assessments and

inappropriate policy or remediation priorities.

Another key gap concerns the long-term evolution of Hg retention mechanisms after
ASGM cessation. In many post-ASGM landscapes, the assumption is that environmental
relevance decreases once mining stops. However, evidence from different Amazonian settings
indicates that Hg can persist for decades in soils and sediments, especially in fine-textured
materials and in compartments associated with reactive mineral phases. At the same time, the
mechanisms controlling this persistence remain poorly resolved, particularly when considering
how disturbance history affects soil structure, hydration, organic matter distribution, and the
availability of reactive surfaces. Addressing this gap requires not only quantifying total Hg
concentrations, but also integrating different soil data that can clarify why some sites retain Hg

more efficiently than others, and how this retention evolves across different ASGM histories.

In this thesis, these questions are addressed through a comparative study design that
explicitly incorporates disturbance history as a central interpretative framework. By
investigating surface soils from three ASGM sites with contrasting activity histories (i.e.,
active, recently deactivated, and deactivated for ~30 years) and comparing them with a control
area without ASGM records, the study evaluates how legacy Hg persists and how soil
properties influence its distribution. This approach recognizes that “ASGM contamination” is
not a single state, but a continuum of disturbance stages with different physical and
geochemical conditions. It also acknowledges that site-scale patterns can only be interpreted
meaningfully when anchored in a regional baseline, particularly in settings where geogenic Hg

may be significant.

To strengthen mechanistic interpretation, the study integrates multiple lines of evidence.

Total Hg (THg) concentrations and ecological risk indices are combined with particle-size

17



distribution to test whether Hg enrichment is systematically associated with fine fractions and
to quantify the extent to which texture explains variability. Qualitative mineralogical and
surface characterization (XRD and ATR-FTIR) provides context for interpreting reactive
phases, surface hydration, and organic matter signals. Thermogravimetric analysis (TG/DSC)
is used as an additional proxy to explore the contribution of soil fractions linked to moisture-
related losses, organic matter decomposition, and mineral dehydroxylation processes, offering
a complementary perspective on soil matrix differences across sites. Finally, basic
physicochemical properties such as water holding capacity (WHC) and pH are incorporated to
evaluate whether physical retention capacity and acidity contribute to THg patterns at the site

scale.

By combining these approaches within one of the most critical illegal ASGM settings in
Brazil, this thesis aims to clarify not only whether Hg persists after mining, but also how and
why it persists in soils with different disturbance histories. Ultimately, this contributes to a
more context-sensitive understanding of Hg contamination in Amazonian ASGM landscapes,
supporting improved monitoring strategies, more realistic risk assessments, and better-

informed decisions for environmental management and remediation.

In this context, this thesis investigates mercury contamination in surface soils across three
ASGM sites with contrasting activity histories (active, deactivated in January 2024, and
deactivated for ~30 years), using a regional control area without ASGM records as a geogenic
baseline in Jardim do Ouro village, Pard State, Brazilian Amazon. By integrating THg
measurements and ecological risk indices with particle-size distribution, qualitative
mineralogical and surface characterization (XRD and ATR-FTIR), thermogravimetric data
(TG/DSC), and basic physicochemical properties (WHC and pH), the study aims to clarify both
the persistence of legacy Hg in post-mining landscapes and the context-dependent soil fractions

controlling Hg retention. Therefore, the specific objectives of this thesis are:
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To quantify total mercury (THg) concentrations in soils across ASGM sites with
contrasting activity histories (active, deactivated in January 2024, ~30 years
deactivated) and a control area without ASGM records in Jardim do Ouro, Para,
Brazilian Amazon,;

To evaluate the persistence of legacy mercury contamination and ecological risk in
soils decades after ASGM cessation;

To assess the influence of particle-size distribution on THg retention, testing
whether fine fractions systematically concentrate Hg across sites and explaining
within-site variability;

To characterize soil mineralogical and surface-related properties (XRD and ATR-
FTIR) and assess their relevance for Hg retention,;

To investigate thermogravimetric signatures (TG/DSC) as indicators of soil
fractions linked to THg enrichment, and to determine whether these signatures
differ across ASGM contexts;

To integrate soil physical properties (WHC, pH) with mineralogical and thermal
data to develop a context-dependent interpretation of mercury retention

mechanisms across ASGM histories.

The thesis is structured as follows: Section 2 presents a systematic review on Hg

contamination linked to ASGM (garimpos, in Brazilian Portuguese) in Brazil; Section 3 is

dedicated to providing regional socio-environmental, geological and metallogenetic context,

as well as sampling strategy, and field and soil descriptions; in Section 4 THg data and its

distributions are presented, as well as an ecological risk assessment across ASGM contexts;

and in Section 5 soil mineralogical, physicochemical and thermogravimetric data are presented

and discussed to provide insights on the controls of THg retention and distribution in the

studied sites. Together, these Sections provide an integrated interpretation of how disturbance
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history from ASGM and soil properties control Hg persistence and retention in the studied soils

from one of the most critical illegal ASGM settings in Brazil.
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2. Mercury contamination in Brazil related to (historical)
artisanal and small-scale gold mining activity: a

narrative review with quantitative synthesis

This chapter reproduces the content of the article published by Lourenco et al. (2025) in
Environmental Geochemistry & Health. The text is included in this thesis with minor editorial

adjustments, in order to integrate the published results into the body of the doctoral dissertation.

Artisanal and Small-Scale Gold Mining (ASGM), locally known as garimpo, remains one
of the most important sources of mercury (Hg) contamination worldwide and continues to pose
significant risks to environmental integrity and human health. In Brazil, where ASGM has been
practiced for centuries, mercury pollution reflects a complex interaction between natural
geological backgrounds and multiple anthropogenic processes associated with gold extraction.
Elevated Hg concentrations in affected regions result not only from the intentional release of
elemental mercury during gold amalgamation, but also from the large-scale mechanical
disturbance of soils and sediments that mobilizes previously stored mercury, including both
legacy contamination from historical mining and naturally accumulated Hg derived from

geogenic sources and long-term atmospheric deposition.

This chapter synthesizes evidence from peer-reviewed studies addressing mercury
contamination associated with ASGM activities in Brazil, covering a wide range of
environmental and biological matrices, including soils, sediments, water, air, aquatic and
terrestrial biota, and human tissues. Particular emphasis is placed on the Amazon region, which
emerges as a global hotspot of mercury contamination due to the convergence of exceptionally
high natural Hg backgrounds with intense historical and ongoing artisanal gold mining. In this

context, mercury cycling is strongly influenced by regional geological substrates, extensive
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weathering profiles, hydrological connectivity, and biogeochemical conditions that favor

mercury retention, remobilization, and transformation.

Human exposure to mercury in ASGM-impacted regions occurs primarily through two
pathways: occupational inhalation of elemental mercury vapor during amalgamation and
burning processes, and dietary intake of methylmercury (MeHg) through fish consumption.
The latter pathway disproportionately affects riverine and Indigenous populations whose
subsistence relies heavily on aquatic resources. Numerous studies document mercury
concentrations in fish and human biomarkers that exceed national and international health
guidelines, highlighting the persistence of exposure risks even in areas where active mining

has ceased.

Environmental compartments such as soils, river sediments, floodplains, and suspended
particulate matter frequently exhibit mercury concentrations above prevention or intervention
thresholds, underscoring mercury’s long residence time and its capacity for repeated
remobilization. In aquatic systems, mercury methylation is enhanced under anoxic and organic-
rich conditions typical of Amazonian wetlands, floodplains, and reservoirs, leading to efficient
bioaccumulation and biomagnification across food webs. These processes sustain mercury

contamination over decadal timescales, independent of current mining intensity.

Although Brazil ratified the Minamata Convention in 2017, the legacy of historical ASGM
and the vast reservoirs of mercury stored in soils and sediments imply that environmental
recovery will be slow. Reductions in fish methylmercury concentrations may take decades, as
previously deposited mercury continues to cycle through terrestrial and aquatic systems.
Effective mitigation therefore requires a combination of mercury-free mining technologies,

strengthened enforcement of environmental regulations, long-term environmental monitoring,
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and culturally appropriate public health strategies tailored to regional geological and

biogeochemical variability.

By integrating data across disciplines and environmental compartments, this chapter
highlights the multifaceted nature of ASGM-related mercury contamination in Brazil. The
synthesis provides a foundation for understanding how geological, geomorphological, and
anthropogenic factors jointly control mercury distribution and exposure pathways, offering
critical insights to inform research priorities, policy development, and management strategies

aimed at protecting both ecosystem health and human well-being.

2.1. Introduction

Mercury (Hg) is widely recognized as a global pollutant due to its persistence, mobility,
and high potential for bioaccumulation and biomagnification in aquatic and terrestrial food
webs (Esdaile and Chalker, 2018; Gworek et al.,, 2020; Wang et al., 2022). Among
anthropogenic sources, artisanal and small-scale gold mining (ASGM, known as garimpo in
Brazilian Portuguese) is particularly noteworthy for its extensive reliance on elemental mercury
to amalgamate gold, a practice that significantly contributes to global Hg emissions (Gyamfi
et al., 2021; Cheng et al., 2023). In this manuscript, we use both the term ASGM and the
Brazilian Portuguese equivalent, garimpo, to refer to artisanal and small-scale gold mining. In
2013, the urgency of controlling mercury releases was highlighted by the enforcement of the
Minamata Convention on Mercury—an international treaty endorsed by national governments
and coordinated by the United Nations Environment Programme (UNEP), which aims to
protect both human health and the environment through measures targeting mercury

production, trade, and use (UNEP, 2013). Although Brazil ratified the Convention in 2017,
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effectively reducing Hg exposure and achieving sustainable mining practices remain

formidable challenges (Gerson et al., 2022; Crespo-Lopez et al., 2023).

Within Brazil, high mercury levels arise not only from active emissions at garimpos, but
also from the mobilization of legacy and geogenic Hg stocks—Ilong-stored mercury in soils
and sediments that can be remobilized through deforestation, dredging, and hydrological
disruption (Fostier et al., 2000; Lechler et al., 2000; Sahoo et al., 2020). Historical and
ongoing garimpos have been extensively documented in the Amazon biome, where gold rushes
in the 20" century significantly boosted mercury usage (Machado and Figueréa, 2001;
Theije, 2020). Recent work by Martoredjo et al. (2024) provides a key step toward
understanding contemporary contamination patterns in that region, demonstrating consistently
high mercury levels in both human populations and wildlife as reported in a large number of
studies on the Amazon area (2017-2023). Their findings underscore the critical need for rapid
intervention in Amazonian garimpo sites, although mercury contamination from garimpos also
extends beyond the Amazon, occurring in longstanding mining districts throughout Minas
Gerais, Goias, and other regions of Brazil (Pfeiffer et al., 1991; Egler et al., 2006; Bruno et
al., 2020). Hence, there is an urgent need for a broader national-level appraisal, which
encompasses historical and current studies and, at the same time, takes into account more

diversified environmental matrices.

In response to this challenge, the present review compiles Hg contamination data from a
wide range of matrices—including air, flora, sediments, suspended particulate matter, and
soils—in garimpo-impacted sites throughout Brazil. By synthesizing these diverse datasets,
this work aims to (1) provide a more holistic perspective on the spatial distribution and severity
of mercury pollution; (2) identify typical Hg concentration ranges in different environmental
compartments; and (3) elucidate implications for environmental management and public health

in light of the Minamata Convention’s objectives. In conclusion, our analysis builds on and

28



extends the insights offered by Martoredjo et al. (2024) beyond the Amazon region and over
a longer time frame, supporting a more comprehensive understanding of garimpo-related Hg

contamination.

2.2. Context for the study

2.2.1. Mercury

Mercury (Hg) is a naturally occurring toxic heavy metal (Oz et al., 2012; Lu et al.,
2020) that is persistent and mobile (Tibau and Grube, 2019; Gworek et al., 2020), and it is
considered a global pollutant (Yoshino et al., 2020; Wang et al., 2022). This metal poses
significant risks to One Health (Kumari et al., 2020; Gyamfi et al., 2021; Kwasigroch et al.,
2021) due to its high bioaccumulation and persistent biomagnification (Kozak et al., 2021;
Liu et al., 2021; Seco et al., 2021). Consequently, Hg contamination and mobilization is

highlighted as one of the primary global chemical concerns (Bank, 2020; Gyamfi et al., 2021).

Alongside bromine, mercury composes the group of only two chemical elements that
are liquids at ambient conditions (Gustin et al., 2020), being Hg the only metal with this
attribute. This element can be classified by its oxidation states, by its forms, or by its physical
characteristics (Al-Sulaiti et al., 2022). In the environment, mercury can be found in three
different oxidation states: elemental (Hg"), mercurous/monovalent (Hg.*"), or
mercuric/divalent (Hg?") (Edwards et al., 2021; Petry-Podgérska et al., 2021; Lima et al.,
2022). In addition, there are three forms of Hg that can be found in nature: the elemental
mercury itself (Hg’), organic compounds (such as methylmercury), and inorganic mercury
(Hg" and Hg?") (Oz et al., 2012; Ajsuvakova et al., 2020; Lu et al., 2020; Yang et al., 2020;

Emenike et al., 2023; Nava et al., 2023). Finally, in terms of physical characteristics, mercury
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can be categorized into three groups: dissolved forms (such as complexed ionic mercury,
monomethylmercury halides, dialkylmercury), insoluble or suspended mercury compounds
(including HgS and HgSe), and volatile mercury (dialkylmercury and elemental mercury)

(Saleh et al., 2020).

Elemental mercury (Hg®) is a toxic liquid silvery metal at room temperature (Navarro,
2008; Oz et al., 2012; Rodrigues et al., 2019; Giiven and Ozbek, 2022), with a melting point
of -38.7 °C, exhibiting a vapour pressure of 0.002 mm Hg at 25 °C, signifying its propensity
to release vapours (Langford and Ferner, 1999; Colas, 2021). In its gaseous state, mercury is
odourless and tasteless but significantly toxic (Oz et al., 2012), and it can travel through the
atmosphere, dispersing over long distances before eventually settling into the soil (Singh et
al., 2023; Pan et al., 2024). Once deposited from the atmosphere, it circulates through surface
environments such as oceans and soils, and can be re-released into the atmosphere by being

reduced back to its elemental form (Streets et al., 2018; Castilhos and Domingos, 2024).

In the environment, Hg’ can be converted through biological and chemical processes
into Hg?* and simple organomercury compounds such as the neurotoxic methylmercury
(MeHg") and ethylmercury (EtHg") (Petry-Podgérska et al., 2021). Within this scenario,
organic compounds are considered the most toxic form of Hg (Stopford and Goldwater, 1975;
Mahaffey, 1999; McElwee and Freedman, 2011; Hong et al., 2012; Azar et al., 2021;
Cardoso et al., 2023). In addition, MeHg" is the form that presents the highest bioavailability
when compared to the other mercury forms (e.g., Yang et al., 2020). However, as the toxicity
of Hg greatly depends on its chemical form (Frossard et al., 2018), different forms of mercury
carry distinct toxic attributes, with toxicity influenced not only by its chemical composition but
also predominantly by specific metabolic and distribution fractions (Clarkson et al., 2007;

Ajsuvakova et al., 2020).
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Mercury can be released and mobilized into the environment through a variety of
natural processes and human activities (Fostier et al., 2000; Duan et al., 2019; Cooke et al.,
2020; Natasha et al., 2020; Qin et al., 2020; Raj and Maiti, 2020; Feinberg et al., 2024).
Since the 19" century, the rise in mercury production and its widespread use has led to a
growing concern over mercury pollution (Liu et al., 2021). Nevertheless, to comprehend the
biogeochemical cycle of mercury and develop effective reduction strategies, it is essential to
clearly identify and accurately quantify emissions from major atmospheric mercury sources

(Qin et al., 2020).

The primary natural sources of mercury emissions include volcanic eruptions (Grasby
et al., 2019; Edwards et al., 2021) and geothermal activities (Sun et al., 2020; Pan et al.,
2024), while the main anthropogenic sources are coal combustion in power plants (Misztal et
al., 2022; Sahu et al., 2024), ASGM (Gyamfi et al., 2021; Cheng et al., 2023; Keane et al.,
2023), industrial processes such as cement production (Chen et al., 2020; Kogut et al., 2021)
and waste incineration (Tao et al., 2017). Despite the existence of both natural and
anthropogenic sources of mercury emissions into the environment, the Hg contamination is

primarily attributed to human activities (Yang et al., 2020).

The primary Hg emission sources also vary geographically. In Europe, the cement
industry occupies the second position in the ranking of mercury emissions, behind the coal-
based thermal power plants (Kogut et al., 2021), while in China it represents the main mercury
emission source (Chen et al., 2020). In the Global South, garimpos play the major role in terms
of atmospheric mercury emissions (Gerson et al., 2022), with the Amazon region acting as the
main source in South America (Crespo-Lopez et al., 2023). Thus, AMAP/UNEP (2019)
encourages studies on mercury distribution and its species in water, soils, and air from
operating garimpos due to evidence suggesting that historic emissions from Ag and Au mining

were geographically more restricted in comparison to nowadays. The predominance of recent
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studies on mercury in garimpos (e.g., Bruno et al., 2020; Pestana et al., 2022; Casagrande
et al., 2023; Fritz et al., 2023; Castilhos and Domingos, 2024) suggests that garimpos are

currently a concerning source of Hg emissions in Brazil.

2.2.1.1.  Mercury Use in Gold Mining

Amalgamation is an ancient method for gold extraction and remains widely used due
to its simplicity and low cost (Cesareo et al., 2020; Leiva and Morales, 2013; Colas, 2021;
Silva and Guimaries, 2024). The process involves mixing mercury with gold ore to form an
amalgam, a compound that can be separated from other minerals by panning (Mozgai et al.,
2021; Verbrugge et al., 2021; Donkor et al., 2024; Chen et al., 2024). Excess mercury is
manually removed by squeezing the amalgam in fabric, leaving a mixture containing 40-50%
mercury (Veiga et al., 2014; Yoshimura et al., 2021). The amalgam is then heated, vaporizing
the mercury and leaving behind a semi-pure gold doré—a gold-silver alloy bar containing
additional impurities (Smith, 2019; Aquino et al., 2022). The steps of the amalgamation

process are schematized in Figure 1.
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Figure 1: ASGM gold ore processing. Adapted from: Yoshimura et al. (2021)

Despite its historical importance, amalgamation is a highly inefficient technique for
recovering gold. Recovery rates are often below 30%, although they may occasionally reach
up to 50% (Veiga and Fadina, 2020). This low efficiency, combined with the environmental
and health risks posed by mercury vaporization, highlights the need for more effective and

sustainable gold recovery methods.

2.2.2. A Concise Historical Overview of Gold Mining in Brazil

The extraction and utilization of Earth materials have played a significant role in human
civilization's evolution throughout history, becoming an indispensable industry to
contemporary societies (Viljoen, 1979; Donnelly et al., 2021; Luckeneder et al., 2021; PeSa
and Ross, 2021; Nwaila et al., 2022). Even for the early civilizations, precious minerals and
metals were considered enchanting and valuable materials (Delaere et al., 2019; Zabyelina

and Uhm, 2020; Asare and Afriyie, 2021; Mathioudakis et al., 2023). Actually, it might be
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considered one of the reasons why, historically, humankind developed its societies and
lifestyles based on the intensive utilization of Earth materials. The fact that the Ages of Man
are marked by the use of different minerals and metals (e.g., the Stone Age, the Copper Age,
the Bronze Age, and the Iron Age) confirms the relevance of geological materials for

humankind’s evolution (Gregory, 2021; Pandey et al., 2023).

Gold has been a desired metal to humankind for thousands of years (Fritz et al., 2023;
Mathioudakis et al., 2023); therefore, its extraction and use in pre-Columbian Spanish
America is also widely studied (Cesareo et al., 2020; Kaal et al., 2020; Socha et al., 2020;
Vieri et al., 2020; Vetter and Carcedo, 2022). So far, there is no literature data on the pre-
colonial exploration of gold by Brazilian civilizations. However, the history of gold exploration

in Brazil from the 1500s is well documented (Figure 2).
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Figure 2: A summarized timeline of gold exploration in Brazil from the 16th Century to the present day.
Information synthesized from Clearly (1990); Machado and Figueréa (2001); Cabral et al. (2002); Theije
(2020); Abad and Palma (2021); Costa and Rios (2022); Soares and Saes (2023); Diogens et al. (2024).

It is well known that an intensive search for precious metals took place after the arrival
of the Portuguese settlers in the 16™ century (Machado and Figueréa, 2001; Diogens et al.,
2024), resulting in discoveries of alluvial gold deposits in the late 17" century in Minas Gerais,
Mato Grosso, and Goias (Theije, 2020; Abad and Palma, 2021; Costa and Rios, 2022;
Diogens et al., 2024). In 1731, the royal monopoly on gold was established, when illegal

activities related to gold mining in Brazil started (Ebert, 2011; Le Tourneau, 2021).

As a result of the garimpo decrease during the late 18" century, the early and mid-19™
century was marked by the British investment in industrial gold mining in Brazil (Clearly,
1990; Costa and Rios, 2022; Soares and Saes, 2023). Finally, during the 20™ century gold
exploration reached the state of Para, establishing a gold rush within the Brazilian Legal
Amazon (BLA) (Clearly, 1990; Machado and Figueréda, 2001; Cabral et al., 2002; Kolen

et al., 2013; Theije, 2020; Costa and Rios, 2022; Diogens et al., 2024) that persists to this
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day (Lobo et al., 2016; Calvimontes et al., 2020; Bakker et al., 2021; Fritz et al., 2023;

Junior and Carvalho, 2022; Queiroz et al., 2022; Castilhos and Domingos, 2024).

Currently, declared garimpo gold production accounts for approximately 25% of
Brazil's total gold output (Castilhos and Domingos, 2024). On the other hand, garimpo leaves
a legacy of both environmental and socioeconomic consequences (Diogens et al., 2024) such
as deforestation (Fearnside, 2017; Siqueira-Gay and Sanchez, 2021) and environmental
contamination (Malm, 1998; Souza Neto et al., 2020; Teixeira et al., 2021), alongside alcohol
and drug abuse, prostitution, poverty, and several types of diseases (Veiga and Hinton, 2002;

Schwartz et al., 2021).

Since the gold extracted by garimpo in Brazil is predominantly sourced from secondary
gold deposits, a persistent use of the amalgamation process involving mercury (Fritz et al.,
2023; Castilhos and Domingos, 2024), which is extremely harmful to the environment and
human health, is considered one of the main issues of garimpo in Brazil (Balzino et al., 2015;

Yoshimura et al., 2021; Fritz et al., 2023; Castilhos and Domingos, 2024).

2.3. Methodology

A preliminary scoping phase helped define the review’s thematic focus by mapping existing
literature, identifying research gaps, and refining key questions. These included: (I) What levels
and patterns of Hg contamination are reported across matrices in garimpo-impacted areas of
Brazil? (IT) Which regions, pathways, and populations are most affected? (III) How do methods

vary across studies, and what are their limitations?

This narrative review with quantitative synthesis was designed to provide a comprehensive

overview of empirical evidence on Hg levels related to garimpo in Brazil. It covers multiple
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environmental and biological matrices—including soil, water, air, suspended particulate
matter, vegetation, wildlife, and human biological samples (hair, urine, blood)—to support an
integrated understanding of Hg distribution, bioaccumulation, and exposure risks. The review
followed the Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA)
statements (Page et al., 2021) to ensure methodological transparency and reproducibility,
including clear documentation of search strategies, eligibility criteria, and study selection

Processes.

2.3.1. Data collection and screening

We collected data by searching in the electronic databases Web of Science, Scopus, and
PubMed, covering all publication years up to June 4, 2024. The search strategy combined
Boolean logic with free-text keywords, to identify relevant publications—regardless of
publication date—addressing mercury contamination in Brazil, particularly in relation to gold
mining activities: (mercury OR Hg) AND (contamination OR pollution) AND (Brazil OR
brazilian) AND (ASGM OR garimpo OR gold mining*) AND (environmental impact OR
ecosystem OR river water OR sediment OR health effects OR health risks OR indigenous
communities OR traditional populations OR wildlife OR biodiversity OR soil OR air OR

atmosphere OR atmospheric).

We recorded the number of documents retrieved from each database to assess literature
coverage. After removing duplicates, titles and abstracts of the remaining publications were
independently screened for relevance by two authors (MSTAL and LSP), based on the
established eligibility criteria for this review (Table 1), with any discrepancies resolved by
consensus. Eligible studies underwent full-text assessment, and several were excluded due to

reasons including absence of original data (e.g., review articles), studies focused exclusively
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on Hg analytical techniques without environmental application, studies outside the geographic

or thematic scope, and incomplete reporting of relevant results.

Table 1: Criteria for inclusion and exclusion of studies.

Inclusion Exclusion
I . . . I . . . . . I
Research articles that investigated Hg Studies that investigated Hg contamination
contamination as a result of garimpo from other sources (e.g., coal mining, the

cement industry, forest fires, etc.)

Studies in Brazil Studies in other countries
Emphasis on environmental matrices (e.g. Studies that do not provide clear or
water, soil, sediments, suspended extractable quantitative data on Hg

particulate matter, and air)

Emphasis on biological matrices (e.g. Theses, dissertations, and conference papers
wildlife fauna and flora, human hair, blood,

and urine)

Studies in English Experimental studies

Quantitative results (i.e. Hg concentrations) were extracted from eligible studies using
a standardized spreadsheet and grouped by matrix type and geographic region. Descriptive
statistics (range, mean, median) were calculated where possible. Matrix-specific trends were
synthesized in narrative form, complemented by summary tables and visualizations to highlight
spatial patterns and dominant exposure routes. The review does not include a meta-analysis
due to the intentional preselection of studies reporting elevated Hg concentrations (i.e.
garimpo-related areas), as well as the heterogeneity in sampling strategies, matrix types, and
analytical methods, but emphasizes comparative synthesis of reported values and

methodological consistency across studies.
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2.3.2. Data analysis

Data analysis was conducted in R version 4.4.2 (R Core Team, 2024), using the packages
tidyverse (Wickham et al., 2019), dplyr (Wickham et al., 2023), stringr (Wickham, 2023),
FSA4 (Ogle et al., 2025), ggplot? (Wickham, 2016), gridExtra (Auguie, 2017), and grid (R
Core Team, 2024). Code details, mean and standard deviation (SD) estimation, as well dry-to-
wet weight conversions, are in the Supplementary Materials. Outliers were identified using
Tukey's upper inner fence method (1.5 times the interquartile distance), and species represented

by fewer than three studies were grouped by taxonomic class.

2.4. Results

2.4.1. Search results

An initial search across Web of Science, Scopus, and PubMed yielded 1,719
publications on garimpo-related Hg contamination in Brazil. Following the screening process,

116 studies met the inclusion criteria and were selected for review (Figure 3).
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Figure 3: PRISMA flow diagram. Adapted from Page et al. (2021).

Publication trends show a peak in the mid-to-late 1990s, followed by a decline in the

2000s and a subsequent increase in the 2010s (Figure 4).
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Figure 4: Number of publications by year. The solid grey line represents the annual number of publications, while
the red dashed line represents the moving average of three years.

2.4.2. Mercury in human tissues

Most studies on Hg contamination in human tissues were conducted in the Northern
region (Amazon biome), with only three outside this area (Akagi and Naganuma, 2000;
Hacon et al., 2000; Dorea et al., 2005), all in northern Mato Grosso (Alta Floresta and Kayabi

Indigenous Land), which also belongs to the Amazon biome (Figure 5).
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Figure 5: Number of studies that evaluated Hg concentrations in human tissues by state. 21 studies were
conducted in the State of Para, 7 in Amazonas, 5 in Rondbnia, 3 in Mato Grosso, 2 in Roraima, and 1 in
Amapa.

The State of Pard was the most investigated, with 21 studies (Branches et al., 1993;
Akagi et al., 1995; Barbosa et al., 1995; Leino and Lodenius, 1995; Kehrig et al., 1997;
Grandjean et al., 1999; Akagi and Naganuma, 2000; Dolbec et al., 2000; Santos et al.,
2000a; Harada et al., 2001; Crompton et al., 2002; Santos et al., 2002a; Santos et al.,
2002b; Dorea et al., 2005; Pinheiro et al., 2008; Pinheiro et al., 2012; Castilhos et al., 2015;
Basta et al., 2021; Perini et al., 2021; Meneses et al., 2022; Oliveira et al., 2022), followed
by Amazonas (Malm et al., 1995b; Eve et al., 1996; Kehrig et al., 1997; Silva-Forsberg et
al., 1999; Dorea et al., 2003; Alves et al., 2006; Bastos et al., 2006) and Rondonia (Barbosa
et al., 1995; Boischio et al., 1995; Kehrig et al., 1997; Bastos et al., 2006; Motts et al., 2014),
with 7 and 5 studies, respectively. Mato Grosso (Akagi and Naganuma, 2000; Hacon et al.,
2000; Dorea et al., 2005) accounted for 3 studies, while Roraima (Malm et al., 1995b; Sing

et al., 2003) and Amapa (Akagi et al., 1995) are represented respectively by 2 and 1 study.
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Hair, blood, and urine were the human tissues analyzed, with 27, 7, and 5 studies,

respectively. The primary analytical technique for Hg levels in all tissues was cold vapour

atomic absorption spectroscopy (CV-AAS), used in 77.78% of hair studies, 57.14% of blood

studies, and 60% of urine studies. A complete list of methods is provided in Table 1 of the

Supplementary materials.

Hair Hg concentrations showed significant variations across States, with Amazonas,

Para and Ronddnia presenting medians above the health risk threshold of 10,000 ppb (WHO,

2021) (Table 2). In addition, the relatively broad regional coverage of hair Hg concentration

data in Pard allowed us to analyze variations across different regions of the State (Figure 6

A,B).

Table 2. Hg concentrations in human tissues by State.

State Matrix Min—max (ppb) Median (ppb) Mean (ppb) Outliers (ppb)
Amazonas Hair 1,000—97,440 16.420 24,137 76,650; 97,440
(n="70)
Mato Grosso Hair 1,120—12,800 5,200 6,373 -
(n=3)
Blood - 12.2 12.2 -
(n=1)
Para Hair 1,500—65,000 11,195 12,149 37,000; 37,400;
(n=126) 65,000
Blood 16.5—150 31.8 48.4 131; 150
(n=16)
Urine 3.91—o61 13.9 20.1 61
(n=8)
Rondonia Hair 1,600—28,590 11,155 12,467 28,590
(n=28)
Urine - 2.6 2.6 -
(n=1)
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Figure 6: (A) Boxplots of Hg concentrations (ppb) in hair across different regions of Para. At 10,000 ppb is the
threshold that marks where health risks begin, while 1,000 ppb is considered the safe level (WHO, 2021); (B) Map
of the State of Para showing the division of the analyzed regions. The regions were delineated based on the areas
approached by the included studies and considering the Au districts, providing context for the comparisons
presented in the boxplots of Figure 6A. The numbers displayed on the map correspond to the references associated
with each region, as follows: [1] Akagi et al. (1995); [2] Akagi et al. (2000); [3] Barbosa et al. (1995); [4] Basta et al.
(2021); [5] Castilhos et al. (2015); [6] Crompton et al. (2002); [7] Dolbec et al. (2000); [8] Dorea et al. (2005); [9]
Grandjean et al. (1999); [10] Harada et al. (2001); [11] Kehrig et al. (1997); [12] Leino and Lodenius (1995); [13]
Oliveira et al. (2022); [14] Perini et al. (2021); [15] Pinheiro et al. (2008); [16] Pinheiro et al. (2012); [17] Santos et al.
(2000); [18] Santos et al. (2002a); and [19] Santos et al. (2002b).

Concentrations in northern Para ranged from 10,000 ppb to 19,700 ppb, with the value
of 14,850 ppb for both the median and the mean (SD = 6,859 ppb). The highest variability was
observed in the northeast region, ranging from 2,720 ppb up to 65,000 ppb, with a median of
10,800 ppb and a mean of 19,410 ppb (SD = 21,021 ppb). In southwestern Para, the range of
hair Hg concentrations was 860—37,400 ppb, the median was 11,615 ppb, while the mean was
10,663 ppb (SD = 7,873 ppb). The west, represented by the western portion above the Tapajos
region (southwest), showed lower concentrations that ranged from 3,340 ppb to 8,850 ppb,

with a median of 4,350 ppb and a mean of 4,577 ppb (SD = 1,184 ppb). Hair Hg concentrations
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in both the east and south regions of Pard were reported only by one study each, with
concentrations of 8,500 ppb (Leino and Lodenius, 1995) and 8,000 ppb (Barbosa et al.,
1995), respectively. Two outliers were identified, 37,400 ppb in southwestern Par4 and 8,580

ppb in the west portion of the State.

Blood and urine Hg concentrations by State were much lower when compared to hair
Hg concentrations (Table 2). Additionally, ASGM-related workers present higher Hg levels in
urine when compared to the other two groups analyzed, while traditional populations show

higher Hg levels in blood (Figure 7).
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Figure 7: Boxplots of Hg concentrations (ppb) in blood and urine from Para. Thresholds: 5 ppb (urine safe level),
5.8 ppb (blood safe level), 20 ppb (elevated blood level), 30 ppb (urine occupational exposure), and 50 ppb (blood
occupational exposure and urine toxic level). Sample sizes (n): 4 (ASGM workers), 6 (blood) and 3 (urine) (general
population), 6 (blood) and 1 (urine) (traditional populations).

Urine Hg concentrations in ASGM-related workers varied between 13.8 ppb and 61
ppb, with a median of 26.4 ppb and a mean of 31.9 ppb (SD = 21.6 ppb). On the other hand,
within the general population, Hg levels in urine varied between 3.91—9.9 ppb, with a median
and a mean of 5.73 ppb and 6.51 (SD = 3.07 ppb), respectively. Only one study reported urine
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Hg levels in traditional populations (Barbosa et al., 1995), with a concentration of 14 ppb. On
the other hand, blood Hg concentrations observed within the traditional populations were
between 31.50 ppb and 150 ppb, with a median of 72.4 and a mean of 83.7 ppb (SD = 48.3
ppb), while in the ASGM-related worker it varied from 22 ppb to 51 ppb with a median of 26.5
ppb and a mean of 31.5 ppb (SD = 13.2 ppb). Finally, blood Hg levels in the general population
were between 16.5 ppb and 36.1 ppb, with the median and mean of 21.4 ppb and 24.4 ppb (SD

= 7.8 ppb), respectively.

Additionally, the Kruskal-Wallis test indicated statistically significant differences
among at least one group (combining tissue and occupation, Figure 7) compared to the others
(p = 0.0093). Consequently, Dunn’s test revealed a statistical difference between blood Hg
concentrations in the traditional populations compared to the general population (Z = -2.286, p
= 0.022). The complete Dunn’s test results are provided in Table 2 of the Supplementary

Materials.

2.4.3. Environmental matrices

Sediments were the most frequently investigated environmental matrix, with 28 studies
focusing on it (Pfeiffer et al., 1989; Lacerda et al., 1991a, b; Pfeiffer et al., 1991; Aula et
al., 1995; Reuther, 1994; Pestana et al., 1997; Hylander et al., 2000a; Lechler et al., 2000;
Leady and Gottgens, 2001; Cordeiro et al., 2002; Pestana and Formoso, 2003; Bastos et
al., 2006; Bonotto et al., 2006; Egler et al., 2006; Mulholland et al., 2012; Santolin et al.,
2015; Mendes et al., 2016; Azevedo et al., 2017; Rhodes et al., 2018; Siqueira et al., 2018;
Lino et al., 2019; Santos et al., 2020; Gomes et al., 2022; Montes et al., 2022; Jacques et
al., 2023; Nunes et al., 2024). This was followed by soil (14 studies—Pfeiffer et al., 1991;

Malm et al., 1995b; Windmoller et al., 1996; Gongalves et al., 1998; Gongalves et al., 2000;

47



Lechler et al., 2000; Pestana and Formoso, 2003; Lacerda et al., 2004; Egler et al., 2006;
Hinton and Veiga, 2009; Junior et al., 2009; Cesar et al., 2011; Teixeira et al., 2018;
Montoya et al., 2019) and water (12 studies—Pfeiffer et al., 1989; Lacerda et al., 1991b;
Pfeiffer et al., 1991; Nriagu et al., 1992; Palheta and Taylor, 1995; Roulet et al., 1998;
Fostier et al., 2000; Bonzongo et al., 2002; Barbosa et al., 2003; Lino et al., 2019; Bastos
et al., 2020; Gomes et al., 2022). Nine studies examined air Hg concentrations (Pfeiffer et al.,
1991; Hacon et al., 1995; Malm et al., 1995b; von Tiimpling Jr. et al., 1995; Villas Boas,
1997; Hachiya et al., 1998; Artaxo et al., 2000; Oliveira et al., 2004; Castilhos and
Domingos, 2024), eight focused on suspended particulate matter (SPM) (Martinelli et al.,
1989; Nogueira et al., 1997; Roulet et al., 1998; Oliveira et al., 2004; Azevedo et al., 2017;
Lino et al., 2019; Bastos et al., 2020; Gomes et al., 2022), and seven investigated Hg levels
in plants (Martinelli et al., 1989; Lacerda et al., 1991b; Aula et al., 1995; Leady and
Gottgens, 2001; Egler et al.,, 2006; Gomes et al., 2022; Junior and Carvalho, 2022).
Periphyton, plankton, rocks and tailings were each studied once. Cold Vapor Atomic
Absorption Spectrometry (CV-AAS) was the most utilized analytical technique to investigate
environmental matrices, followed by Cold Vapor Atomic Fluorescence Spectrometry (CV-

AFS) and Thermal Desorption Atomic Absorption Spectrometry (TD-AAS) (Figure 8).
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Figure 8: Frequency of analytical techniques applied to different environmental matrices, including CV-AAS,
CV-AFS, TD-AAS, and others. Each bar represents the number of studies using a specific technique for each
environmental matrix.

As far as the air matrix is concerned, the utilized techniques included CV-AAS (3
studies), along with other atomic spectroscopy methods such as AFS, ZAAS, TV-AAS, and
specialized mercury detection techniques like the Gold Film Mercury Vapor Analyzer, Gold
Trap-Heating-AFS, and one unspecified technique. For sediments, the most utilized technique
was CV-AAS (18 studies), followed by CV-AFS and TD-AAS, each with 3 studies. Additional
techniques used to investigate Hg levels in sediments included ICP-OES, HG-AAS, AAS, and
one unspecified method. In plants and SPM, Incineration-AAS was used once for each, while

RNAA was applied once for soil Hg analysis.

2.4.3.1.  Mercury in plant tissues

The four most analyzed plant tissues in the selected papers were roots (35), stem +

leaves (27), leaves (25), and stem (8) (Figure 9A). Furthermore, Eichhornia crassipes was the
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only species investigated in more than one study with specific focus on roots (Aula et al., 1995;
Leady and Gottgens, 2001; Junior and Carvalho, 2022), shoots (Leady and Gottgens,

2001), stem, and leaves (Junior and Carvalho, 2022), and the whole plant (Martinelli et al.

1989) (Figure 9B).
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Figure 9: Boxplots comparing Hg concentrations (ppb) in different plant tissues (log scale). (A) Aggregated data for
all species (Leaves = 25, Root = 35, Stem = 8, Stem + Leaves = 27). (B) Data specific to Eichhornia crassipes
(Leaves =1, Root =5, Shoot =2, Stem =1, Whole plant=1).

For the aggregated data, root Hg concentrations ranged from 0 to 140 ppb, with a
median of 30 ppb and a mean of 43.20 ppb. The mix of stem and leaves (stem + leaves) had
Hg values between 3 ppb and 2,370 ppb, with a median of 80 ppb and a mean of 228.85 ppb,
while four values were identified as outliers (370 ppb, 920 ppb, 960 ppb, and 2,370 ppb). In
leaves, Hg levels ranged from 0.1 ppb to 150 ppb, with a median of 50 ppb and a mean of 54.05
ppb. Hg levels in stems varied between 0 and 110 ppb, with a median of 50 ppb and a mean of

51.38 ppb.
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On the other hand, the highest Hg concentration in Eichhornia crassipes was in the
whole plant (1,040 ppb). Root concentrations varied from 0 (outlier) ppb to 102 ppb, while
shoots had a narrower range (23.5—34 ppb), and stems and leaves presented single
concentrations each, 11 ppb and 6 ppb, respectively. Median concentrations were 64.10 ppb
(mean of 52.82 ppb) in roots, followed by 28.75 ppb shoots, 11 ppb in stems, and 6 ppb in

leaves.

2.43.2.  Mercury in sediments, soils and suspended particulate matter (SPM)

Data from 28, 14, and 8 studies on sediments, soils, and SPM, respectively, were
analyzed to compare Hg concentration differences across matrices (Figure 10), and among

States (Table 3).
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Figure 10: Boxplot of Hg concentrations in sediments, soils, and SPM (log-transformed, natural log scale). The red
dashed line represents the Hg prevention levels for soils in Brazil (CONAMA, 2010).
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Table 3. Hg concentrations in sediments, soils and SPM by State.

State Matrix Min—max Median Mean Outliers (ppb)
(ppb) (ppb) (ppb)
I T T T T T
Amapa Soils (n =33) 22-26,700 230 1,578.39 18,100; 26,700
Amazonas Sediments (n =14)  41-339 57.47 113.78 322;322; 339
Soils (n = 8) 41-346 322 227 -
SPM (n =4) 50-161.10 56.89 81.22 -
Roraima Sediments (n = 1) 264 264 264 -
Soils (n =4) 210-7,450 1,200 2,515 -
Rondoénia Sediments (n=66)  20-10,015 190 1,059.60 3,450; 3,730; 4,050;

4,290; 9,820; 10,015

Soils (n = 15) 41-7,450 322 840.40 2,010; 7,450
Para Sediments (n=13)  12-675 77 155.82 490; 675
Soils (n = 50) 8.4-1,022,000 1,314.89 79,252.77  60,800; 248,000;

248,970; 523,040;
959,870; 1,022,000

SPM (n = 3) 70-303.36 219.92 197.76 -
Mato Grosso Sediments (n =39)  20-348 65 85.63 348
Soils (n =7) 33.80— 390 25,793.67 170,400
170,400
SPM (n =2) 192.5-645.55 419.03 419.03 -
Mato Grosso do Sul Sediments (n=13)  7.81-65.08 30.98 35.94 -
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Bahia Sediments (n = 2) 169-312

Minas Gerais Sediments (n=47)  7.81-41,850
Soils (n = 55) 15.90—
590,000
Rio de Janeiro Sediments (n = 8) 35-325
SPM (n=7) 0.136-256
Rio Grande do Sul Sediments (n=12)  71-252
Soils (n=1) 103,151.20

240.50

183

10,000

46.25

1.57

139

103,151.20

240.5

1,281

80,444.08

91.44

46.88

143.54

103,151.20

650; 1,207; 2,312;
3,581; 3,835; 41,580

214,000; 222,000;
383,000; 413,000;
419,000; 483,000;
554,000; 590,000

325

Mercury concentrations in soils, sediments, and suspended particulate matter (SPM)

across various Brazilian States showed marked variability and numerous high outliers (Table

3; Figure 10). While sediment values generally ranged from single-digit to a few hundred ppb

(e.g., 7.81-339 ppb in Amazonas, up to 41,850 ppb in Minas Gerais), soils exhibited some of

the most extreme concentrations, particularly in Pard (reaching 1,022,000 ppb) and Minas

Gerais (up to 590,000 ppb). In addition, the Kruskal-Wallis test showed statistically significant

differences in Hg concentrations between soils and sediments in Mato Grosso (p = 0.018),

Minas Gerais (p = 1.991 X 10), and Para (p = 1.087 X 107). Ranges in SPM were typically

narrower (e.g., 50-161.10 ppb in Amazonas, 192.5-645.55 ppb in Mato Grosso), yet notable

outliers were also present.
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2.43.3. Dissolved mercury in water

Dissolved Hg in water was generally lower compared to the other previously mentioned
matrices (Figure 11) and always, except in one case (Ronddnia), above the maximum

allowable value for drinking water.
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0.04979
0.01832 —_—

0.00674 -

0.00248

Hg concentration (ppb

0.00091

Amapa Amazonas Mato Grosso  Minas Gerais Para Rio de Janeiro Rondbénia

Figure 11: Boxplots showing Hg concentrations in water (ppb) across seven States in Brazil (log-transformed,
natural log scale). The red dashed line represents the maximum allowable value for drinking water (CONAMA,
2008,).

The levels ranged from 0.00238 to 0.0109 ppb in Amapa (Fostier et al., 2000), 0.0014
to 0.3090 ppb in Para (Roulet et al., 1998; Lino et al., 2019), 0.0025 to 0.1038 ppb in Rio de
Janeiro (Pfeiffer et al., 1989; Gomes et al., 2022), and 0.0009 to 1.4 ppb in Rondonia (Pfeiffer
et al., 1989; Pfeiffer et al., 1991; Nriagu et al., 1992; Bonzongo et al., 2002; Bastos et al.,
2020). The median and mean concentrations were, respectively, 0.0099 ppb and 0.0083 ppb in
Amapa, 0.00308 ppb and 0.0791 ppb in Pard, 0.01 ppb and 0.0742 ppb in Rio de Janeiro, and
0.0095 ppb and 0.2203 ppb in Ronddnia. Two outliers were identified: one in Para (0.309 ppb)

and another in Rondodnia (1.4 ppb). In Amazonas, Mato Grosso, and Minas Gerais, only single
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values were reported, at 0.00542 ppb (Barbosa et al., 2003), 0.02 ppb (Lacerda et al., 1991b),

and 0.19 ppb (Pfeiffer et al., 1991), respectively.

2.4.3.4.  Mercury concentrations in air

The Hg concentrations (ng/m?>, gaseous Hg) in air are presented separately for ASGM
hubs and non-ASGM related areas (Figure 12) (Pfeiffer et al., 1991; Hacon et al., 1995;
Malm et al., 1995b; von Tiimpling Jr. et al., 1995; Villas Béas, 1997; Hachiya et al., 1998;
Artaxo et al., 2000; Oliveira et al., 2004; Castilhos and Domingos, 2024). The term ‘ASGM

hubs’ refers to Hg concentrations measured in both garimpo sites and gold shops.
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Figure 12: Boxplot of air mercury (Hg) concentrations (ng/m® in ASGM hubs (left) and in non-ASGM related areas
(right). The red dashed line at 20,000 indicates the threshold for above which mild, subclinical signs of central
nervous system toxicity may develop in workers who have been chronically exposed to elemental mercury in the
air (WHOQO, 2021). The y-axis shows Hg concentrations in log-transformed, natural log scale.
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Hg levels for non-ASGM related areas ranged from 2 to 2,800 ng/m?, with a median of
158 ng/m* and a mean of 379.99 ng/m?, and one outlier at 2,800 ng/m?®. On the other hand,
considerably higher concentrations were observed in the ASGM hubs, ranging from 9.5 ng/m?
to 15,499,000 ng/m?, with a median of 27,966.67 ng/m* and a mean of 411,477.96 ng/m*. In
addition, all values above 201,000 ng/m? in the ASGM hubs were considered outliers (201,000
ng/m?, 354,000 ng/m?, 374,666.70 ng/m?, 392,666.70 ng/m?, 1,280,000 ng/m?, and 15,499,000
ng/m?). A statistically significant difference between air Hg concentrations in ASGM hubs and

non-ASGM areas was confirmed by the Dunn’s test (Z = 6.23, p = 4.636 X 1019).

2.4.4. Mercury bioaccumulation in aquatic and terrestrial wildlife fauna

Both aquatic and terrestrial faunas were studied by the articles included in this review,
with a predominance of studies on fish (45 studies) (Martinelli et al., 1989; Pfeiffer et al.,
1989; Pfeiffer et al., 1991; Akagi et al., 1995; Boischio et al., 1995; Malm et al., 1995b;
Palheta and Taylor, 1995; Porvari, 1995; Reuther, 1994; Bidone et al., 1997a; Bidone et
al., 1997b; Hacon et al., 1997; Castilhos et al., 1998; Akagi and Naganuma, 2000; Brabo
et al., 2000; Hylander et al., 2000b; Santos et al., 2000b; Leady and Gottgens, 2001; Uryu
et al., 2001; Santos et al., 2002a; Santos et al., 2002b; Barbosa et al., 2003; Dorea et al.,
2003; Farias et al., 2005; Bastos et al., 2006; Bastos et al., 2007; Dorea and Barbosa, 2007;
Rabitto et al., 2011; Windom et al., 2012; Hacon et al., 2013; Martin-Doimeadios et al.,
2014; Bastos et al., 2015; Castilhos et al., 2015; Azevedo et al., 2017; Ferreira et al., 2017;
Lino et al., 2019; Silva et al., 2019; Hacon et al., 2020; Oliveira et al., 2021a; Vasconcellos
et al., 2021; Oliveira et al., 2022; Vasconcellos et al., 2022; Basta et al., 2023; Neto et al.,
2024). Among the included studies Hg concentrations in tissues of mammals, avian species,

reptiles, and invertebrates were also investigated.
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24.4.1.

Mercury bioaccumulation in mammals

Mercury concentrations in mammals varied according to the tissue and species analyzed

(Table 4).

Table 4. Hg concentrations and SD (d.w. ppb) in different tissues of mammal species studied by the articles included.

Mammals
|
Species n Tissue Mean + SD Reference
(d.w. ppb)
| | T |
Trichechus inunguis 20  Muscle 59.30+104.40 Janior and Carvalho
(2022)
10 Liver 48.60 +54.30
7 Kidney 23.70 £ 33.60
7 Lung 1.30 £3.20
3 Brain 51.70 £46.70
2 Skin 154 +133.20
29  Vibrissae <0.001
Tayassu tajacu 6 Muscle 11£10 Oliveira et al. (2021b)
Tayassu pecari 7 Muscle 5+18
Hydrochoerus 3 Muscle 26 +8
hydrochaeris
Cebus apella 2 Muscle 19
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Tapirus terrestris

Cuniculus paca

Dasyprocta aguti

Dasypus
novemcinctus

Mazama americana

Ozotoceros
bezoarticus

Pteronura
brasiliensis

5 Muscle

7 Muscle
3 Muscle
2 Muscle
2 Muscle
1 Muscle
19 Fur

18+ 10

7+22

5+£2

4+3

4+16

7,149.47 +2,907.37

Soresini et al. (2021)

The minimum value observed (< 0.001 ppb) was in vibrissae of Trichechus inunguis

(Junior and Carvalho, 2022), while the highest values were found in fur of Pteronura

brasiliensis (Soresini et al., 2021).

2.4.42.  Mercury bioaccumulation in avian species

Only three avian species were analyzed in the articles included in this study

(Table 5).

Table 5. Hg concentrations and SD (d.w. ppb) in tissues of avian species studied by the articles included.

Avian

|
Species

n Tissue

Mean = SD (d.w.

ppb)

Reference
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Ara macao 2 Muscle 35+19 Oliveira et al. (2021b)

Crypturellus 1 Muscle 11

parvirostris

Mycteria 124 Nestling 557 + 627 Lama et al. (2011)
americana feathers

Hg concentrations in the nestling feathers of Mycteria americana from different regions
of Mato Grosso do Sul were studied by Lama et al. (2011), whereas Hg concentrations in the
muscles of Ara macao and Crypturellus parvirostris from Rio Branco Indigenous Reserve

(Ronddnia) were investigated by Oliveira et al. (2021b).

2.44.3. Mercury bioaccumulation in reptiles

Two species of freshwater turtles were investigated: Podocnemis unifilis (Oliveira et
al., 2021a) and Podocnemis expansa (Targino et al., 2023; Oliveira et al., 2021a). In the
muscles of P. unifilis (n = 3) and P. expansa (n = 8) from Rio Branco Indigenous Reserve in
Rondonia, mean concentrations were, respectively, 12 + 2 ppb (d.w.) and 9 = 16 ppb (d.w.)
(Oliveira et al., 2021a). However, in Amazonas Hg concentrations in muscles (n = 19) of P
expansa were considerably higher, with a mean of 109.1 + 122 ppb (d.w.). Additionally, mean
concentrations of 104.4 = 106.9 ppb (d.w.) in skin (n = 28), and 60 £ 0.9 ppb (d.w.) in brain

tissue of P. expansa were reported (Targino et al., 2023).

Hg concentrations in claws, scutes (Lazaro et al., 2015), and muscles (Akagi et al.,
1995; Vieira et al., 2011; Oliveira et al., 2021a) of different alligator species—Caiman
crocodilus yacare (Vieira et al., 2011; Lazaro et al., 2015), Caiman crocodilus crocodilus and
Melanosuchus niger (Oliveira et al., 2021a), and an unidentified species (Akagi et al.,

1995)—were also investigated (Figure 13).
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Figure 13: Boxplot of mercury (Hg) concentrations in different alligator tissues from Mato Grosso (Vieira etal., 2011;
Lézaro et al., 2015), Mato Grosso do Sul (Vieira et al., 2011), Para (Akagi et al., 1995), and Rondénia (Oliveira et al.,
2021a).

Among the studied tissues, claws exhibited the highest Hg concentrations (see Figure
13), ranging from 468.24 to 1,616.40 ppb, with a median of 1,091 ppb and a mean of 1,066
ppb. In contrast, scutes and muscles displayed similar Hg concentrations, although values were
slightly higher in scutes. Hg concentrations in scutes ranged from 38.14 to 387.40 ppb, with a
median of 164.90 ppb and a mean of 188.84 ppb. In muscles, concentrations varied between
45.92 and 320 ppb, with a median of 120 ppb and a mean of 146.17 ppb. Statistically significant
differences were observed through Dunn's post-hoc test, confirming that Hg concentrations in

claws are higher than both muscles (p = 0.0047) and scutes (p = 0.0328).
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2.4.44. Mercury bioaccumulation in fish

Muscle was the most examined tissue in fish (n = 833), followed by liver and gills (n =
10 each), while eggs were analyzed in only two cases. Hg concentrations in muscles of different

fish species by feeding habit are presented in Figure 14.
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Figure 14: Boxplot of mercury concentrations (ppb, wet weight), log-transformed using the natural logarithm scale,
in muscles of different fish species from Brazil, categorized by feeding habit.

Carnivorous species exhibited the highest Hg concentrations, followed by omnivorous
and herbivorous species. Hg concentrations ranged from 0 to 6,110 ppb in carnivorous species,
from 0 to 2,210 ppb in omnivorous species, and from 0 to 2,240 ppb in herbivorous species.
Median concentrations were 400 ppb in carnivorous, 127 ppb in omnivorous, and 64.10 ppb in
herbivorous species, while the means were 550.07 ppb in carnivorous, 230.65 ppb in

omnivorous, and 145.07 ppb in herbivorous. Outliers were identified in all three categories:
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values above 1,320.63 ppb in carnivorous, 560.46 ppb in omnivorous, and 225.50 ppb in

herbivorous were considered outliers.

2.4.4.5. Mercury bioaccumulation in invertebrates

Five of the selected studies investigated Hg concentrations in invertebrates, covering
the following species: Ampullaris sp. (Lacerda et al., 1991b), Eisenia fetida (Hinton and
Veiga, 2009), Hydrophilidae and Pomacea bridgesii (Leady and Gottgens, 2001),
Macrobrachium amazonicum (Albuquerque et al., 2020a), Marisa planogyra, Pomacea
lineata and Pomacea scalaris (Callil and Junk, 2001). The selected studies covered the States
of Mato Grosso (Lacerda et al., 1991b; Callil and Junk, 2001; Leady and Gottgens, 2001),
Mato Grosso do Sul (Leady and Gottgens, 2001), and Pard (Hinton and Veiga, 2009;
Albuquerque et al., 2020a). The Hg concentrations in invertebrates are presented in Figure

15.
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Figure 15: Boxplot of mercury (Hg) concentrations in different invertebrate species in Brazil. The y-axis indicates Hg
concentration (log-transformed, natural log scale) in ppb.

In Macrobrachium amazonicum, concentrations ranged between 8.78 ppb to 17.57 ppb,
with both the median and mean at 13.175 ppb. A higher variability was observed in Ampullaris
sp., with concentrations ranging from 20 ppb to 930 ppb (outlier), a median of 90 ppb and a
mean of 213.33 ppb. For FEisenia fetida, values ranged between 37 and 1,630 ppb, with a
median of 330 ppb and a mean of 536.92 ppb. Hydrophilidae and Pomacea bridgesii showed
lower concentrations, ranging from 0.70 to 1.70 ppb and 0.40 to 0.50 ppb, respectively. The
median and mean values for these species were 1.20 ppb and 0.45 ppb. Concentrations in
Marisa planogyra varied between 30 ppb and 100 ppb, with a median of 70 ppb and a mean of
68 ppb. In Pomacea lineata, levels ranged from 10 ppb to 1,060 ppb, with a median of 56 ppb
and a mean of 195.11 ppb. Two outliers were identified for this species (350 ppb and 1,060
ppb). Pomacea scalaris exhibited concentrations between 30 ppb and 2,040 ppb, with a median

of 200 ppb and a mean of 682.22 ppb.
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2.5. Discussion

2.5.1. Regional distribution and research coverage across time

Our findings indicate a geographic focus on the northern region of Brazil, specifically
in the Amazon biome. It likely reflects the historical and ongoing intensity of garimpos in the
Amazon (Pfeiffer et al., 1989; Machado and Figueréa, 2001; Lobo et al., 2016; Castilhos
and Domingos, 2024), where extensive gold mining has led to some of the highest reported
Hg concentrations in both human (Leino and Lodenius, 1995; Eve et al., 1996; Silva-
Forsberg et al., 1999; Lopes-Araijo et al., 2023) and environmental matrices (Pfeiffer et al.,
1991; Egler et al., 2006; Hinton and Veiga, 2009). States outside the Amazon—such as Rio
de Janeiro, Rio Grande do Sul, and Minas Gerais—have fewer studies, even though elevated
sediment Hg levels were occasionally reported (e.g. Pfeiffer et al., 1989; Pestana and
Formoso, 2003; Junior et al., 2009; Mendes et al., 2016), suggesting that impacts of both

historical and contemporary gold mining activities can extend beyond the Amazon region.

The historical evolution of research (Figure 4) indicates an initial surge in Hg-related
investigations in the late 1980s and early 1990s, likely driven by greater awareness of
garimpo’s negative impacts (Malm et al., 1995b; Lacerda, 1997). However, the moving
average indicates fluctuations in research intensity over the years. The establishment of
international collaborations on mercury research in the 1990s (Hacon et al., 2008) may help
explain the higher peaks in the mid—Iate 1990s in the moving average of Figure 4.
Furthermore, the growth of publications in the last decade may be related to different factors,
for example: (I) international agreements like the Minamata Convention (UNEP, 2013), and
(IT) increased concern on mercury contamination and health risks in Brazil (Crespo-Lopez et
al., 2024) due to the weakening of environmental policies and inspection over the last decade

(Agapito et al., 2022; Seifert Jr. et al., 2023).
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Regarding analytical techniques, CV-AAS remains the most widely used analytical
technique in both human and environmental samples (Figure 8; supplementary materials)
due to its relative simplicity and effectiveness. To enhance specificity and sensitivity, more
recent studies have incorporated alternative methods, such as TD-AAS (e.g. Meneses et al.,

2022; Oliveira et al., 2022), and CV-AFS (e.g. Hacon et al., 2020; Gomes et al., 2022).

2.5.2. Geogenic mercury baselines, Hg mobilization, and policy

challenges in contamination attribution

Understanding Hg levels requires acknowledging that some regions have never been
“zero-mercury” environments, such as the Amazon. Across Brazil, naturally elevated Hg levels
can occur due to the country’s diverse geology, particularly in mineral-rich provinces like
Carajas (Para State). Soils from this region often exceed global crustal averages, prompting
calls for locally defined geochemical baselines. For example, Sahoo et al. (2020) recommend
a baseline of approximately 320 ppb in the Carajas—Itacaitnas region, while historical sediment
cores from the same area show even higher values in older layers (~574 ppb), confirming that
natural Hg baselines vary across time and space (Sahoo et al., 2024). Similar spatial variability
is observed in other Amazonian subregions, with background soil levels ranging from 117 £+ 70
ppb in the Itacaiiinas Basin (Sahoo et al., 2023) to 172 ppb in the Rio Negro Basin (Fadini &
Jardim, 2001) and 149 £ 13 ppb near Santarém (Lima et al., 2022). In the Tapajos Valley,
Roulet et al. (1998) reported soil background values between 90 and 120 ppb, in which
approximately 97% of surface soil mercury in an oxisol-spodosol system was of natural origin.
Natural processes such as erosion, sediment transport, and deposition further contribute to
mercury redistribution across the landscape. In particular, the Negro and Tapajos rivers

function as major pathways for geogenic mercury entering aquatic systems, even in areas with
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minimal garimpo activity (Lechler et al., 2000; Siqueira et al., 2018). Overall, this

demonstrates that a single low baseline value cannot be assumed for the entire Amazon.

This heterogeneity reflects both the region’s complex geology and the long-term
accumulation of atmospheric deposition. Deeply weathered tropical soils, particularly lateritic
oxisols and podzols, have high binding capacity for mercury due to their abundance of iron and
aluminum oxyhydroxides (Roulet & Lucotte, 1995; Roulet et al., 1998; Carvalho et al.,
2019; Lima et al., 2022), while dense forest canopies actively scavenge atmospheric Hg and
transfer it to soils via litterfall and throughfall (Lechler et al., 2000; Fostier et al., 2000), a
mechanism shown globally to account for 60-90% of terrestrial Hg deposition (Zhou et al.,
2018). For instance, Fostier et al. (2000) measured throughfall Hg deposition of approximately
72 ug m2-yr' in a pristine catchment in Amapa State (nearly four times greater than rainfall
inputs) and found that most of this Hg accumulated in surface soils (~36,480 pg m2 in the top
10 cm), with minimal export to streams. These data highlight the Amazon forest’s role as a

long-term Hg sink and internal recycler, not merely a passive recipient of contamination.

However, natural mercury reservoirs can also be remobilized by anthropogenic
disturbance. Deforestation, gold dredging, and hydrological interventions such as dam
construction destabilize Hg-rich soils and sediments, increasing erosion and the likelihood of
methylation. In the same Amapa catchment, Fostier et al. (2000) found that vegetation removal
more than tripled the export of mercury into waterways. Model projections further indicate that
continued deforestation in the Amazon could increase regional Hg emissions by approximately
150 Mg year™ by 2050 (Feinberg et al., 2024). Seasonally flooded forests and floodplains,
already enriched in organic matter and total Hg, become biogeochemical hotspots under anoxic
conditions, where microbial activity facilitates the conversion of inorganic Hg to
methylmercury (MeHg) (e.g., Pestana et al., 2019), a process that can be intensified by
garimpo-related disturbance and organic carbon loading.
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These dynamics carry important policy implications. In the absence of regionally
defined baselines, naturally elevated Hg levels may be erroneously attributed to contemporary
garimpo activity, leading to misinterpretation of contamination patterns and misdirected
enforcement efforts. Legacy and geogenic Hg stocks, remobilized through mining,
deforestation, or hydrological change, can sustain MeHg production and bioaccumulation long
after direct emissions decline. Effective mitigation therefore depends on distinguishing
between new anthropogenic inputs and the reactivation of natural or legacy sources, as each

presents distinct management challenges.

From a health perspective, this geogenic context reframes exposure risk. High mercury
levels in fish and wildlife may stem not only from active emissions but also from the
methylation of long-stored Hg already present in soils and sediments. Thus, environmental
monitoring and risk assessment must integrate ecological characteristics and locally relevant
baselines to correctly attribute sources and guide interventions. The next section addresses how
these processes intersect to shape human exposure, particularly among Indigenous and riverine

communities whose reliance on fish-based diets places them at heightened risk.

2.5.3. Mercury bioaccumulation in human populations

Significant findings from this study include the high Hg levels detected in hair (Table
2) and valuable insights into the nature of exposure obtained from the analysis of Hg

concentrations in blood and urine (Figure 7).

Hair was the primary human biomarker within the studies included, likely due to its
non-invasive nature and its ability to reflect long-term mercury exposure, particularly to
methylmercury (Ruggieri et al., 2017; Calao-Ramos et al., 2021). The Hg levels exceeded

safety threshold (WHO, 2021) in all analyzed States and were above the health risk threshold
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in the northern region States of Amazonas, Pard and Rondonia (Table 2), indicating chronic
exposure primarily through the consumption of contaminated fish, a fundamental resource for
riverine and indigenous communities (Barbosa et al., 1995; Mendes et al., 2021;
Vasconcellos et al., 2022; Basta et al., 2023; Canela et al., 2024). This aligns with Queipo-
Abad et al. (2019), who emphasize that lifestyle factors, such as fish consumption, strongly
influence hair Hg concentrations, whereas acute exposure to elemental mercury plays a lesser

role.

Furthermore, the combined data show a clear geographical relationship between
garimpo activities and hair mercury concentrations. Regions historically associated with
garimpo, such as the Madeira River basin in Amazonas and Rondonia (Bastos et al., 2006;
Pestana et al., 2022; Quintarelli et al., 2024) and the Tapajos River basin in southwestern
Paré (Figure 6) (Lobo et al., 2016; Bruno et al., 2020), exhibited some of the highest median
Hg concentrations in hair (Barbosa et al., 1995; Boischio et al., 1995; Kehrig et al., 1997;
Grandjean et al., 1999; Akagi and Naganuma, 2000; Dolbec et al., 2000; Harada et al.,
2001; Pinheiro et al., 2008; Pinheiro et al., 2012). The high median Hg concentrations in hair
observed in northern and northeastern Pard (Figure 6) can be associated with: (I) fish
consumption from upstream garimpo-impacted areas, where mercury is bioaccumulated in the
food web (e.g. Ponta de Pedras, downstream Tapajoés River basin) (Akagi et al., 1995), or (II)
more complex environmental dynamics, where the main Hg source is unclear, such as
contamination associated with reservoirs, which can enhance Hg methylation due to long
water-residence times and redox stratification, as observed in the Tucurui area (Leino and
Lodenius, 1995). Therefore, these findings highlight the role of garimpo in both the emission

and (re) mobilization of Hg in these regions, contributing to Hg persistence in the environment.

In Table 2, Pard was the State with the largest sample size for both urine and blood Hg

levels, which strengthens the reliability of our findings in this region. Urine Hg levels are
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mainly associated with chronic exposure, especially to inorganic and elemental Hg (Ruggieri
et al., 2017; Calao-Ramos et al., 2021). Although not statistically demonstrated through our
results from the Dunn’s test, Figure 7 indicates that acute exposure can also temporarily elevate
urinary Hg concentrations, reinforcing its reliability as a biomarker for inorganic Hg exposure
compared to hair or blood (Bose-O’Reilly et al., 2010). This is particularly relevant in garimpo
settings, where exposure to elemental Hg vapour is intense, as observed in the airborne Hg
concentrations measured in ASGM hubs (Figure 12). The median Hg concentration in these
areas exceeded the WHO’s threshold of 20,000 ng/m? with a maximum value reaching
15,499,000 ng/m?, suggesting extremely high exposure levels, especially during amalgamation
and gold burning processes. These values significantly contrast with the air Hg concentrations
recorded in non-ASGM-related areas (Figure 12), reinforcing the occupational nature of Hg

exposure in garimpo environments.

Given these high levels of Hg in the air, it is not surprising that elevated urine Hg
concentrations were predominantly linked to occupational exposure (Barbosa et al., 1995;
Akagi and Naganuma, 2000; Calao-Ramos et al., 2021; He et al., 2021), with the highest
levels observed in garimpo-related workers, who are directly exposed to metallic Hg and
elemental mercury vapour on a daily basis. Since inhalation is the primary route of elemental
Hg absorption, the high Hg levels in ASGM air help explain the urinary Hg concentrations
observed among workers (Figure 7), reinforcing urine as a robust biomarker for exposure to

Hg vapour.

This pattern is particularly evident in Para, which exhibited some of the highest urinary
Hg concentrations (Table 2), likely reflecting intensified garimpo activity (Coelho et al., 2016;
Lobo et al., 2016; Fritz et al., 2023) and increased occupational exposure within this State.

Although the median urinary Hg concentration among ASGM-related workers did not exceed
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the occupational threshold set by the WHO (2021), some individuals presented levels above

the toxic threshold of 50 ppb, indicating potential health risks in these cases.

The two most studied States regarding Hg concentrations in blood were Pard and
Roraima (Table 2), both of which had elevated median concentrations. This is particularly
concerning given that these States have significant indigenous populations who rely heavily on
fish as an essential part of their diet—Roraima has the highest proportion of indigenous
inhabitants in Brazil (15.29% of the state population), while Pard ranks sixth in absolute
numbers, with 80,974 individuals (IBGE, 2023). Blood Hg levels primarily reflect recent
exposure (Calao-Ramos et al., 2021), mostly to methylmercury from fish consumption (Akagi
and Naganuma, 2000; Ruggieri et al., 2017; Wiseman et al., 2019; Packull-McCormick et
al., 2022), which is consistent with our finding that blood Hg concentrations were significantly
higher in traditional populations compared to the general population (Z = -2.286, p-value =
0.022), likely due to differences in dietary habits. Accordingly, as shown in Figure 7, minimum
blood Hg levels in indigenous and riverine communities exceeded the threshold for elevated
Hg in blood (WHO, 2021), likely due to their daily fish-based diet (Basta et al., 2021; Mendes

et al., 2021).

Collectively, these findings highlight two key pathways of Hg exposure in garimpo-
impacted areas: elemental mercury inhalation among garimpo-related workers and dietary

methylmercury intake in traditional communities.

2.5.4. Bioaccumulation in flora

In the aggregated data across multiple plant species, we observed that leaves and stems
seem to accumulate higher Hg levels than roots (Figure 9A), likely due to their exposure to

atmospheric inorganic Hg (Tomiyasu et al., 2005; Wang et al., 2021). This observed pattern
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is consistent with findings by Cérdoba-Tovar et al. (2025) in Colombia. However, Hg uptake
and partitioning in plant tissues may vary depending on environmental conditions such as soil
moisture, organic matter content and pH, atmospheric Hg levels (Ericksen et al., 2003; Yang
et al., 2007; Ordak et al., 2016; Aslam et al., 2022), and species-specific traits (Peng et al.,

2023; Baustein et al., 2024).

A notable exception to this trend is Eichhornia crassipes (water hyacinth), a species
widely recognized for its strong capacity to bioaccumulate contaminants (Koley et al., 2022;
Mohanty, 2023). In our analysis (Figure 9B), water hyacinth exhibited higher THg
concentrations in roots compared to leaves and stems—a pattern in line with previous studies
(Giri and Patel, 2011; Chattopadhyay et al., 2012; Monroy-Licht et al., 2022). This
suggests that ionic mercury (Hg*") is the dominant form taken up, while elemental mercury
(Hg® demonstrates limited translocation from roots to shoots. Consistent with this, the single
concentration reported in stems also exceeded that in leaves (Junior and Carvalho, 2022),
underscoring the limited upward mobility of Hg® within this species and reinforcing the

predominance of Hg*" in water hyacinth tissues (Giri and Patel, 2011).

Once sequestered in plant tissues, mercury can induce various toxic effects, including
reduced growth parameters, lower germination rates, and diminished carbohydrate and protein
content (Mani et al., 2024; Mani et al., 2025). These detrimental impacts on flora can also
propagate through food webs, given that herbivores may feed on contaminated plants. For
instance, Junior and Carvalho (2022) suggested that Amazonian manatees in certain regions
might be exposed to mercury partly through water hyacinths grown in contaminated water. By
highlighting water hyacinth’s capacity to bioaccumulate metals (Koley et al., 2022; Mohanty,
2023), these findings emphasize the potential for trophic transfer of mercury to herbivorous

fauna and underscore the broader ecological implications of garimpo-related Hg pollution.
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2.5.5. Mercury retention in environmental compartments

Sediments and soils were the primary environmental compartments studied (Figure 8),
likely reflecting their key role in understanding Hg speciation, mobility, and bioavailability
(Acquavita et al., 2021; Acquavita et al., 2022; Anselm et al., 2021; Jiang et al., 2021;
Hussain et al., 2022; Li et al., 2022), as well as their typically higher concentrations compared
to the other abiotic matrices (Table 3) and implications for One Health. The elevated Hg
concentrations in sediments from Minas Gerais (Table 3) reflect the lasting impact of historical
garimpo (Junior et al., 2009; Cesar et al., 2011; Mendes et al., 2016). It is worth mentioning
that the median Hg concentration in this region is comparable to levels reported in sediments
from historical gold mines in Canada (Cheney et al., 2024), while the presence of outliers

suggests localized contamination hotspots.

Even higher Hg contents were observed in soils, with median values above the
prevention level of 500 ppb (CONAMA, 2010) in Minas Gerais, Para, Rio Grande do Sul and
Roraima (Table 3). The higher Hg concentrations in soils, compared to sediments (Table 3),
specifically in Mato Grosso, Minas Gerais, and Pard, can be attributed to specific retention-
enhancing properties such as: (I) higher proportion of fine particles, particularly clay (Egert et
al., 2006; Cesar et al., 2011; Elkhabit et al., 2017; Ding et al., 2017; Gomes et al., 2022),
commonly associated with (II) the presence of oxides (e.g. Al>O3, Fe,Os, and TiO») (Carvalho
et al., 2019; Lima et al., 2022), and (II]) organic matter content (Soares et al., 2015; Ramirez

et al., 2021; Méndez-Lopez et al., 2023).

Suspended particulate matter (SPM) plays a key role in the transport and distribution
of Hg in river systems. Liu et al. (2024) demonstrated that SPM dynamics control THg and

particulate Hg (PHg) concentrations in river water, with seasonal variations influencing re-
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suspension and deposition processes. Consistently, Liu et al. (2023) reported that in the lower
Yellow River (China), more than 99% of THg and 86.3% of MeHg were associated with
particles, reinforcing the importance of SPM in Hg retention and transport. These results align
with Hg strongly binding to organic matter and OM-coated minerals, which retain and
immobilize it, promoting its accumulation in suspended particles rather than in solution (Du et

al., 2023).

This pattern is also reflected in our study, where relatively high Hg levels in SPM were
observed in areas with significant active or historical garimpo in Para and Mato Grosso (Table
2), while considerably lower dissolved Hg concentrations were observed in water (Figure 11).
This suggests that, in these regions, most of the Hg is likely bound to particulate matter,

increasing its potential for downstream transport and influencing its bioavailability.

In contrast, despite historical mercury input into the Paraiba do Sul River basin (Rio de
Janeiro) due to the use of organomercury fungicides and garimpo in the 1980s (Azevedo et al.,
2017; Gomes et al., 2022; Gomes et al., 2023), a relatively low median of Hg concentrations
in SPM was observed in this region (1.57 ppb), possibly reflecting shifts in land use and

strengthened environmental regulations over the years (Gomes et al., 2023).

Further supporting this pattern, only one sample from Madeira River (Pfeiffer et al.,
1989) exceeded the threshold of 1 ppb. This is consistent with recent data by Quintarelli et al.
(2024), who reported Hg concentrations in all water samples from garimpo areas in Madeira

River below the limit of detection.

Overall, these findings suggest that most of the Hg in the aquatic environments
analyzed in this study is associated with particulate matter, which plays a crucial role in
controlling its transport and bioavailability. Despite low concentrations of dissolved Hg in

water, concerns remain as these values may not fully reflect water quality and could
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underestimate the risks associated with microbial methylation and bioaccumulation in aquatic

food webs.

2.5.6. Bioaccumulation in fauna

Although fewer studies have reported Hg concentrations in wildlife fauna compared to
human populations or abiotic matrices, available data consistently highlight the role of
biomagnification and bioaccumulation across a diverse range of species. These processes are
influenced by local environmental factors (e.g., flooded conditions, mining history), deposition

patterns in specific tissues, and organismal traits such as trophic position and feeding habits.

Environmental conditions—such as flooded areas, hydroelectric reservoirs, and
historical mining—strongly govern mercury availability and methylation. Flooded habitats
often create anoxic conditions that favour sulfate-reducing bacteria, thereby elevating Hg
methylation and bioavailability (Frohne et al., 2012; Howie et al., 2018). This process is
evident in the Poconé Region of the Pantanal and near hydroelectric reservoirs (e.g., Balbina),
where historical garimpo, cassiterite mining, and atmospheric deposition have cumulatively
increased mercury loads (Lama et al., 2011; Oliveira et al., 2021b; Junior and Carvalho,
2022; Targino et al., 2023). As a result, wildlife in these areas—such as M. americana in
flooded zones (Lama et al., 2011)—often exhibit higher Hg concentrations compared to non-
flooded regions. Similar patterns in the northern Pantanal (Bento Gomes River) highlight that
historical mining activities can drive long-standing contamination (Lazaro et al., 2015; Vieira

et al., 2011).

The extent of mercury accumulation varies among tissues, influenced by mercury
speciation (MeHg vs. inorganic Hg) and the duration of exposure within an organism. In avian

species, although data are limited, feathers generally contain higher Hg levels than muscle,
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partly because they sequester mercury during growth and thus offer a non-invasive
biomonitoring tool (Lama et al., 2011; Santos et al., 2021; Tian et al., 2024). In alligators,
tissue-specific discrepancies reflect greater Hg accumulation in claws and scutes compared to
muscle or blood (Figure 13); since these keratinized tissues indicate prolonged exposure, their
mercury levels often correlate with those in internal organs (Lemaire et al., 2021; Moore et
al., 2022). Claws, in particular, provide a reliable, non-lethal sampling method for assessing
contamination across diverse habitats (Lazaro et al., 2015). Elevated Hg in the muscle tissue
of H. hydrochaeris and T. inunguis suggests strong exposure in species in contact with
contaminated abiotic environments or feeding on aquatic vegetation such as E. crassipes
(Oliveira et al., 2021a; Junior and Carvalho, 2022). Regional discrepancies in sediment and
water quality—e.g., northern Amazonas vs. Rondonia—further explain variation in chelonians
like P. unifilis and P. expansa (Oliveira et al., 2021a; Targino et al., 2023). Another tissue
type, fur, remains understudied according to our search (Table 4); only one study on P.
brasiliensis reported relatively high Hg levels in riverine habitats (Soresini et al., 2021),
highlighting the potential for further research into non-invasive tissues of mammals as

indicators of mercury exposure.

Dietary ecology also determines the entry and increase of Hg in food webs. Higher
trophic-level fish often exhibit elevated Hg concentrations (Figure 14), aligning with
established biomagnification patterns, in which this metal accumulates and intensifies along
successive trophic levels (Barbosa et al., 1995; Mendes et al., 2021; Vasconcellos et al.,
2022; Martoredjo et al., 2024). Muscle tissue remains the focus for these assessments because
it typically accumulates methylmercury and is widely consumed by humans. Large aquatic
herbivores, including H. hydrochaeris and T inunguis, ingest mercury through both
contaminated sediments and vegetation, reinforcing the connection between flooded

environments and high tissue concentrations (Oliveira et al., 2021a; Junior and Carvalho,
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2022). Meanwhile, invertebrates such as Pomacea spp. (Callil and Junk, 2001) and Eisenia
fetida (Hinton and Veiga, 2009) can retain variable Hg levels, with outliers exceeding 1,000
ppb (Figure 15). This variability likely stems from direct contact with contaminated substrates
and detritus, positioning these snails and earthworms as potential vectors for further Hg transfer

to higher trophic levels, including birds, fish and reptile predators.

Collectively, these observations highlight the interactive roles of local environment, tissue-
specific deposition, and organismal traits in driving mercury bioaccumulation. Flooded or
reservoir-impacted habitats with a history of mining pose increased risks to wildlife and human
populations. Predatory species—whether carnivorous fish or apex mammals—tend to retain
especially high Hg loads, raising concerns for food security and public health in communities
that depend on bushmeat and fish (Basta et al., 2023; Canela et al., 2024). Addressing these
risks necessitates targeted research on underexplored tissues, in addition to ecological studies
that clarify mercury’s multiple pathways in garimpo-influenced ecosystems. This knowledge
is essential for developing effective mitigation, monitoring and management strategies to

safeguard vulnerable habitats and populations.

2.6. Limitations and future directions

While this study provides an overview of Hg contamination linked to garimpo in Brazil,

several important limitations must be acknowledged as hereafter listed and shortly discussed:

1) the geographical scope of available studies is heavily skewed toward the Amazon region.
Other States with known garimpo activity such as Minas Gerais, Bahia, Pernambuco,
Tocantins, and Goias remain underrepresented (Bruno et al., 2020; Castilhos & Domingos,

2024). To obtain a more complete national perspective, future studies should expand spatial
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coverage to include the above mentioned underrepresented regions, considering local

variability in mining practices, environmental characteristics, and regulatory enforcement.

i1) the limited number of available urine and blood samples prevents a robust evaluation of
these biological matrices as indicators of human exposure. Increasing sample sizes, especially
from vulnerable populations such as riverine and Indigenous communities, and controlling for
other influencing variables (e.g., dietary habits, occupational history, proximity to geogenic Hg
sources) would greatly improve exposure assessment and enable more accurate interpretation

of health risks.

ii1) the interpretation of contamination levels remains complicated in regions with naturally
high and geochemically variable mercury background, such as the Amazon. Baseline Hg levels
can vary widely depending on soil type, organic matter content, and underlying lithology (e.g.,
lateritic oxisols, sulfide-rich formations), as shown by Lechler et al. (2000), Fostier et al.
(2000), and Sahoo et al. (2020). Without clearly defined regional geochemical baseline values,
there is a risk of over-attributing observed Hg concentrations solely to recent garimpo activity.
Future research should prioritize establishing geochemical background threshold values
(GBTVs) and employ source-tracing tools such as Hg stable isotopes to distinguish natural,
legacy, and recent anthropogenic inputs. While this study did not incorporate regional
geochemical mapping, publicly available datasets, such as those developed by the Geological
Survey of Brazil (SGB), offer valuable tools for identifying geogenic mercury baselines. Using
these resources could help clarify background variability, strengthen source attribution, and

support more targeted monitoring and remediation strategies.

iv) the dataset may also be affected by publication bias, particularly toward studies
reporting higher Hg concentrations. This could lead to overestimation of contamination in

certain matrices or regions. This issue is compounded by methodological heterogeneity
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involving differences in instrumentation, detection limits, and quality control protocols, which
limits comparability across studies. Adopting standardized and validated protocols for mercury
quantification and speciation would increase reproducibility and facilitate more reliable meta-

analyses.

v) temporal interpretation is constrained. Most studies present single-timepoint data, and
few include long-term monitoring. This makes it difficult to evaluate temporal trends in
mercury use, transport, and methylation—particularly given recent increases in illegal mining
and environmental changes (e.g., dam construction, deforestation). Establishing long-term,
spatially distributed monitoring frameworks would be key to understanding evolving

contamination patterns.

vi) inconsistencies in the types of matrices analyzed (e.g., sediment vs. water vs. biota)
often prevent clear assessment of mercury transfer and bioaccumulation. Few studies sample
multiple compartments simultaneously at the same location, limiting our understanding of
exposure pathways and ecological dynamics. Future research should emphasize integrated,
multi-matrix designs to better trace Hg movement through aquatic and terrestrial systems and

its conversion to methylmercury in biologically relevant compartments.

Finally, while on-the-ground initiatives led by Non-Governmental Organizations (NGOs)
and researchers have shown promise in guiding garimpo operations toward safer and more
compliant practices (e.g., Monteiro et al., 2024), these efforts are often fragmented and under-
evaluated. Future work should assess the effectiveness and scalability of such interventions and
support collaboration with affected communities. This should be complemented by
strengthening the operational capacity of regulatory agencies (e.g., IBAMA, ANM) and
enforcement bodies such as the Federal Police to curb illegal activity and ensure sustained

policy implementation in high-risk areas.
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2.7. Conclusions

This review confirms that mercury (Hg) contamination linked to garimpos is persistent and
widespread in Brazil, especially in the Amazon. By consolidating evidence across
environmental and biological matrices, the study highlights key pathways of exposure—
occupational inhalation of elemental Hg vapor and dietary intake of methylmercury (MeHg)

through fish consumption in riverine and Indigenous communities.

However, elevated Hg levels in many regions cannot be attributed solely to garimpos.
Naturally enriched soils, long-term atmospheric deposition, and dynamic processes such as
erosion and sediment transport contribute significantly to Hg distribution. Human
disturbances—including mining, deforestation, and damming—can further mobilize legacy or
geogenic Hg, sustaining MeHg production and ecological risk. Without regionally defined
geochemical baselines, there is a risk of misattribution that could distort policy responses and

health advisories.

A One Health approach—integrating environmental, human, and animal health—is needed
to guide risk assessment and intervention strategies. Effective action requires better attribution

of contamination sources, long-term monitoring, and inclusive governance.

We recommend that future efforts:

I.  Expand environmental and biological monitoring to underrepresented garimpo
regions (e.g., Minas Gerais, Tocantins, Goids), using consistent, validated

protocols and including Hg speciation;
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II.

I1I.

IV.

VL

VIL

Prioritize the development of geochemical background threshold values
(GBTVs) and apply source-tracing methods such as Hg stable isotopes to

disentangle natural, legacy, and recent anthropogenic sources;

Implement integrated, multi-matrix sampling strategies to clarify mercury

transfer and bioaccumulation pathways across abiotic and biotic compartments;

Control for confounding factors such as dietary patterns, occupational exposure,

and proximity to geogenic Hg when interpreting human biomonitoring data;

Establish long-term, spatially distributed monitoring frameworks to evaluate

policy effectiveness and track evolving trends in mercury dynamics;

Support the transition to mercury-free extraction technologies via technical

assistance, financial incentives, and regulatory enforcement;

Strengthen the operational capacity of enforcement agencies (e.g., IBAMA,

ANM, Federal Police) to curb illegal garimpo activity;

Foster and evaluate collaborative, community-based interventions—especially those

led by NGOs and researchers—to scale culturally appropriate education, outreach, and risk-

reduction strategies.
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3. Study area and socio-environmental setting

3.1. Regional setting, climate and land-use context

Itaituba is a municipality located in the southwestern portion of Para State, Northern
Brazil, with an estimated population of 135,369 inhabitants and a large territorial area of
approximately 62,042 km?, ranking 13th among Brazilian municipalities in terms of land
area (IBGE, n.d.). Mineral exploration in Itaituba was strongly driven during Brazil’s
military dictatorship (1964—1985), following the discovery of gold in the Tapajés Basin in
1958, as part of a broader strategy to promote territorial occupation and state control over

the Amazon region (Férum Brasileiro de Seguranca Publica, 2024).

Currently, Itaituba hosts the largest extension of artisanal and small-scale gold mining
(ASGM) activities in Brazil, covering approximately 710 km? and has long been
recognized as a hotspot of intense and largely illegal gold mining operations in the Amazon
(Queiroz et al., 2022; Forum Brasileiro de Seguranca Publica, 2024; Neto et al., 2024).
At present, ASGM activities within the municipality are predominantly located outside the
urban center, occurring mainly in mining districts such as Moraes de Almeida, Creporizao,
and Creporizinho (Férum Brasileiro de Seguranca Publica, 2024). As a consequence of
the intense and largely illegal ASGM activities, Itaituba shows considerable socio-
environmental vulnerability, marked by elevated levels of violence, social exploitation, and
institutional fragility, which are widely recognized as structural features of ASGM-
dominated areas in the Amazon region (Potter, 2023; Carranca & Schreiber, 2024;

Forum Brasileiro de Seguranc¢a Publica, 2024, 2025).

The study area is located in the vicinity of the Jardim do Ouro village (6°15'17.58"S,

55°46'8.90"W), in the Moraes de Almeida district, one of the main ASGM hubs within the
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municipality of Itaituba (Figure 16). The region lies within the Amazon biome and is
predominantly covered by dense tropical rainforest. However, extensive areas have been
modified by long-standing ASGM activities, resulting in a highly heterogeneous landscape
composed of active ASGM sites, abandoned open pits, secondary vegetation, and relatively
preserved forest zones. Observed deforestation and ASGM-driven physical reworking
represent the main contemporary drivers of landscape transformation in the region, with
direct implications for anthropogenic impacts on soil structure, organic matter inputs, and
surface stability. In particular, ASGM has reshaped local hydrology through the formation
of water-filled open pits, artificial drainage pathways, and low-lying waterlogged zones,

enhancing spatial contrasts in soil moisture and redox conditions.
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Figure 16: Location map of the study area, showing Brazil, the Brazilian Legal Amazon, Para State, and the
municipality of Itaituba, providing geographical context for the four studied sites.
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In terms of climate, the area is classified as warm and humid tropical, with mean
monthly temperatures consistently above 18 °C throughout the year (IBGE, 2002). Long-
term climate records (1991-2020) indicate an annual mean temperature of 27.6 °C, with a
marked seasonal rainfall regime (INMET, 2022). The rainy season extends predominantly
from November to May, during which extreme precipitation events (>50 mm day™") are
frequent, whereas the dry season typically spans from June to September, characterized by
prolonged periods with minimal rainfall (<10 mm day™"). In 2024, the year of sampling,
maximum temperatures reached 36.34 °C during the dry season (INMET, n.d.),
intensifying evaporative demand and promoting strong temporal variability in soil moisture
conditions. These climatic conditions can also contribute to enhancing erosion, sediment

redistribution, and redox variability, particularly in physically disturbed ASGM landscapes.

3.2. Geological and metallogenic context of the Tapajos

Mineral Province (TMP)

Located in the central portion of the Amazonian Craton, the Tapajos Mineral Province

(TMP) is one of the main gold-producing regions in Brazil (Guimaraies et al., 2021). Gold in

the TMP occurs in a variety of geological settings, including intrusion-related deposits (Lobato

et al., 2016), as well as fault-controlled granite-hosted veins, and, less frequently, in volcanic

and sedimentary rocks (Juliani et al., 2021). These geological conditions explain why the

Tapajos region has become one of the most important metallogenic provinces in South

America.

The geological potential of the province has long supported ASGM. Although gold was

first reported in the Tapajos region in the eighteenth century (Trindade & Barbosa Filho,

2002), the ASGM activities expanded significantly during the twentieth century, especially in
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alluvial and eluvial deposits that were easily mined (Pessoa et al., 1977; Juliani et al., 2021).
Between 1965 and 1996 alone, official records indicate more than 110 tonnes of gold extracted

from river deposits in the Tapajos (Trindade & Barbosa Filho, 2002).

Considered the largest artisanal gold mining area in Brazil, the Tapajds region covers about
100,000 km? (Trindade & Barbosa Filho, 2002). The expansion of mining areas has been
documented over recent decades, from about 15 km? in 1973 to more than 260 km? in 2012,
with major activities in the Crepori, Novo, and Jamanxim sub-basins (Lobo et al., 2016). This
expansion reflects how the geological endowment of the Tapajoés has directly influenced the

growth of ASGM.

This chapter does not aim to provide a detailed geological review, but to explain why gold
deposits are present in the Tapajos and how this has supported the development of widespread
ASGM. This context is necessary to understand the following chapters, which focus on

mercury contamination resulting from artisanal gold extraction.

The Amazonian Craton, one of the largest cratonic areas in South America, hosts significant
mineral resources, including iron, gold, tin, copper, and rare earth elements (Teixeira et al.,
1989). It is composed of the Guiana and Guaporé shields, separated by the Amazon Basin, and
divided into six geochronological provinces—Central Amazonian (> 2.3 Ga); Maroni-
Itacaitinas (2.2—1.95 Ga); Ventuari-Tapajos (1.95-1.80 Ga); Rio Negro-Juruena (1.8-1.55 Ga);
Rondonian-San Ignacio (1.55-1.3 Ga), and Sunsés (1.3—1.0 Ga) (Tassinari & Macambira,
1999; Sial et al., 1999). The TMP is part of the Ventuari—Tapajés Province (1.95-1.80 Ga), a
Paleoproterozoic tectonic domain characterized by extensive volcano-plutonic sequences and

coeval granitoids (Klein et al., 2016).

Within this framework, the Tapajos—Parima orogenic belt developed between 2.03 and 1.87

Ga, with calc-alkaline magmatic arc rocks that host widespread gold mineralization (Santos et
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al., 2001). The youngest magmatic event of this belt is represented by the Parauari Suite (~1.88
Ga), composed mainly of granites and granodiorites, which is directly associated with the most
important gold deposits of the region, such as Tocantinzinho, Cuitu-Cuiu, Sao Jorge, Palito, and

Sao Chico (Santos et al., 2001; Serabi Gold plc, 2025).

Mineralization in these systems is typically intrusion-related, occurring as quartz—sulfide
veins and disseminations within brittle-ductile fault zones, and weathering of these primary
deposits has generated secondary alluvial and eluvial concentrations, which became the main
target of artisanal miners throughout the twentieth century (Juliani et al., 2021; Serabi Gold
plc, 2025). This geological setting helps to explain both the historical and current distribution
of ASGM in the Tapajos and provides the necessary background to understand the mercury

contamination discussed in subsequent chapters.

The study area is located within the Parauari Suite, specifically within the Palito Granite
unit. Although the area itself belongs to a single geologic unit, it is surrounded by several

distinct lithostratigraphic units (Figure 17).
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Figure 17: Geological map of the study area. Adapted from: CPRM (2004).

The Palito Granite is predominantly composed of monzogranite. The nearby Fofoquinha
Granodiorite unit comprises a variety of lithologies, including monzogranite, quartz diorite,
quartz monzodiorite, granodiorite, and tonalite. The Vila Riozinho unit is characterized by
volcanic and subvolcanic rocks such as rhyolite, trachyte, dacite, andesite, microdiorite,
microgranite, and ignimbrite. The Ingarana unit includes mainly monzogabbro, monzodiorite,
gabbronorite, gabbro, quartz monzodiorite, diabase, quartz monzogabbro, and tonalite. Finally,
the Rio Novo Gabbro unit is composed by quartz monzodiorite, quartz monzogabbro, and

gabbro.

Intrusion-related and structurally controlled gold deposits are frequently targeted by
artisanal and small-scale miners because they commonly host gold at shallow depths, either in

vein systems or in weathered profiles, where it can be visually identified and extracted using
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low-technology methods. In these settings, gold may occur as free or weakly refractory
particles (Vaughan, 2004; Zhou et al., 2004) associated with quartz—sulfide veins or
stockwork zones linked to intrusive bodies (Sillitoe & Thompson, 2008; Lopes & Moura,
2019), or concentrated along faults and shear zones that localize mineralization (Hodgson,
1989; Santos et al., 2001). The geometry, depth, and mineralogical characteristics of these
deposits are key factors influencing their suitability for exploitation, favoring systems in which
gold is accessible, discontinuous, and amenable to selective, low-technology mining

(Hodgson, 1989; Vishiti et al., 2019).

Under tropical conditions such as those predominant in the Tapajés region, prolonged
chemical weathering further enhances the attractiveness of these deposits to ASGM. Deep
weathering profiles promote the breakdown of sulfide minerals and the residual enrichment of
gold in saprolitic, lateritic, eluvial, and alluvial settings (Valeton, 1994; Anand et al., 2025).
These secondary concentrations are typically shallow, unconsolidated, and spatially extensive,
allowing gold to be recovered by manual excavation and simple gravity-based techniques. As
a result, primary intrusion-related and structurally controlled deposits commonly act as sources
for secondary gold accumulations that have historically supported widespread ASGM

(Hodgson, 1989; Vishiti et al., 2019; Anand et al., 2025).

Given that the feasibility of artisanal extraction in these environments is largely controlled
by the physical and mineralogical form of gold, as well as by the continuity and depth of
mineralized zones, coarse or visible gold hosted in oxidized, near-surface veins or secondary
deposits can be efficiently recovered using panning, sluicing, or rudimentary crushing and
concentration, which are the gravity-based techniques most commonly employed in artisanal
and small-scale gold mining worldwide (Vaughan, 2004; Veiga & Gunson, 2020). In contrast,
fine-grained gold disseminated in unweathered host rocks or encapsulated within refractory

sulfide minerals (e.g., pyrite) typically exhibits low recovery when processed by amalgamation
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or rudimentary cyanidation and generally requires industrial-scale processing, making it poorly
suited to artisanal operations (Vaughan, 2004; Alfonso et al., 2019). Consequently, ASGM
activities tend to focus on shallow, structurally controlled or weathered systems where selective

extraction of high-grade material is possible.

Because gold in secondary and weathered deposits is commonly fine-grained and
dispersed, artisanal miners have historically relied on mercury amalgamation as an accessible
method to enhance gold recovery (e.g., Veiga et al., 2014; Ilyas & Lee, 2018). Although
amalgamation is inefficient for refractory ores, its widespread use in near-surface and alluvial
contexts has resulted in repeated and diffuse inputs of mercury into ASGM
landscapes/environments (e.g., Esdaile & Chalker, 2018; Crespo-Lopez et al., 2021; Fritz
et al., 2024; Nitschke et al., 2024). Thus, the same geological, geomorphological, and
hydrological conditions that favored gold accumulation and artisanal exploitation also
indirectly controlled the spatial distribution and long-term persistence of mercury

contamination, a topic approached in the following chapters.

3.3. Soil sampling, description and field observations

For this study, 73 surface soil samples (0—10 cm) were collected across four distinct
contexts related to artisanal and small-scale gold mining (ASGM). These included an area
where ASGM activities ceased approximately 30 years ago (n = 37), a recently deactivated area
(January 2024; n = 15), an active ASGM area (n = 15), and an internal forest control area with
no recorded ASGM activity (n = 6), selected for establishing a geogenic regional baseline for

mercury in the study area (see Section 2.5.2).
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In the field, marked spatial heterogeneity in soil physical properties, texture, color and
moisture conditions across the sampled sites were observed, reflecting differences in ASGM

history, hydrological setting and post-disturbance recovery.

In the area deactivated for approximately 30 years, soils ranged from fine-fraction—rich,
brownish to reddish materials to coarse, sand-dominated substrates with abundant gravel and
quartz-rich sediments. Several sampling points were located in humid or waterlogged
microenvironments, particularly in topographic depressions and near small water bodies, where
soils exhibited darker colors and locally elevated organic matter content. In contrast, better-
drained areas were characterized by yellowish to rusty-colored sandy soils, often with gravel
accumulation at the surface, indicative of mechanical reworking and sediment sorting during

past mining operations. Such heterogeneity is exemplified in Figure 18.
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Figure 18: Representative field photos illustrating the physical heterogeneity of soils in the ~30 years deactivated ASGM
area. (A) MTBP-18: brownish soil with a noticeable fine fraction, collected in a waterlogged setting; (B) MTBP-23:
yellowish, sand-dominated soil with abundant leaf litter at the surface; (C) MTBP-28: white, quartz-rich sediment with
minimal fine material; and (D) MTBP-31: brownish sandy soil collected near a small water body. Together, these images
highlight the strong variability in texture, color, moisture conditions and organic inputs that characterize post-mining
soils within the study area.

Within this long-term deactivated area, secondary vegetation was variably developed
and exerted a clear influence on surface soil characteristics. Sampling points located close
to vegetation showed higher surface litter input, root presence and, in some cases, visibly
finer textures, whereas more exposed zones remained dominated by coarse sandy materials
with limited organic inputs. Locally, water-saturated conditions persisted despite the long
deactivation period, highlighting the persistence of altered hydrological pathways and

microtopography generated during ASGM activities (Figure 19).

130



Figure 19: Waterlogged soils from low-lying areas of the ~30 years deactivated ASGM site. (A) MTBP-08 and (B) MTBP-
17 illustrate saturated conditions controlled by local topography, highlighting moisture-driven heterogeneity within the
study area.

Soils collected from sites without records of mining activity, located inside intact forest,
displayed comparatively more homogeneous characteristics. These soils were
predominantly brownish to rusty-colored, with clear evidence of organic horizons,
abundant roots and surface litter, general dominance of sand fractions relative to the mined
areas, as well as the absence of gravel. The more consistent presence of well-developed
organic layers and stable forest structure contrasts with the physically disturbed profiles

observed in ASGM-affected sites (Figure 20).
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Figure 20: Representative forest soils from the site without ASGM records (control area). (A) MTBVP-02 and (B) MTBVP-
04 illustrate textural and color variability under forest cover, with the presence of roots and litter highlighting organic
matter-rich surface conditions.

The active ASGM site exhibited the highest degree of physical disturbance (Figure 21).
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Figure 21: Figure 21: Landscape conditions of the studied active ASGM site. (A) deforestation for ‘clearing’ the
site and (B) open pit for ASGM operations.

Soils were predominantly sandy to sand—gravel mixtures, often light beige to greyish
in color, and strongly influenced by ongoing hydraulic processes. Some samples were
collected along sluice box outflows, flooded pit margins and swamp-adjacent areas, where
water saturation, rapid sediment redistribution and localized accumulation of fine materials
were common. In these settings, organic matter was either largely absent due to erosion or,
locally, concentrated in low-energy zones where fine sediments accumulated beneath plant

debris and roots (Figure 22).
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Figure 22: Field photos highlighting heterogeneity within the active ASGM site , highlighting the coexistence of
contrasting microenvironments over short spatial scales. (A) MTPS-05 soil with a greyish color and clear
predominance of fine particles (silt-clay), occurring beneath an organic layer, (B) MTPS-09 sediment dominated
by coarse sand and gravel, collected near a swampy area, and (C) MTPS-13 greyish soil with high clay content,
sampled below the sluice box.

Stagnant water was observed in the abandoned open pit within the site deactivated in
January 2024, exhibiting a characteristic turquoise-blue coloration, suggesting low water
pH and high dissolved metal loads associated with sulfide oxidation in mining
environments (Figure 23A). Growth of secondary vegetation was also observed in some

locations, particularly along stabilized surfaces (Figure 23B).
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Figure 23: (A) Flooded abandoned open pit showing stagnant turquoise-colored water, indicative of acidic, metal-rich
conditions in the site deactivated in January 2024. (B) Secondary vegetation re-stabilization after cessation of ASGM
activities in the site deactivated in January 2024.

On the other hand, soils from this area showed intermediate soil characteristics between
active and long-term deactivated areas. Particularly, these soils displayed brown to reddish
colors, mixed sand and silt/clay textures, and frequent presence of gravel and oxide-rich

grains (Figure 24). In addition, a clear spatial gradient was observed along drainage
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pathways from flooded open pits, with coarser, gravel-rich materials near pit margins

transitioning to finer-textured deposits downstream.
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Figure 24: Representative soil samples from the ASGM site deactivated in January 2024. (A) MTNC-04, rusty-
colored, sand-dominated soil with abundant gravel and visible oxide-rich grains, collected at the margin of the
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flooded open pit, (B) sandy soil with gravel, oxide grains, showing accumulation of organic matter fragments,
also sampled at the border of the flooded open pit, and (C) brownish soil with mixed silt/clay and sand fractions
and absence of gravel, collected at the distal end of the open-pit drainage pathway.

For more details, see the complete field soil descriptions in Appendix 1. Overall, field
observations indicate that ASGM activity produces long-lasting physical heterogeneity in
tropical soils, expressed through contrasts in texture, moisture regime, organic matter
distribution and surface morphology. Such heterogeneity is expected to generate
microenvironments with distinct geochemical conditions, potentially exerting strong

controls on mercury retention, mobility and post-depositional transformation processes.
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APPENDIX 1: Complete field soil descriptions

ID Area Description Observations
MTBP-01 ~30 years deactivated Brownish soil with a noticeable High humldlty, and close
amount of fine fraction to the vegetation
MTBP-02 30 years deactivated Brownish soil with a noticeable High hum1d1ty, and close
amount of fine fraction to the vegetation
MTBP-03 ~30 years deactivated Brown/redish soil Wlth anoticeable High humldlty, and close
amount of fine fraction to the vegetation
MTBP-04 ~30 years deactivated Ye110w1§h soil with a clear . Close to the vegetation
predominance of sandy fraction
MTBP-05 ~30 years deactivated Sandy soil, Wlth a light Growth of secondary
grey/yellowish color vegetation
Rusty-colored soil, humid, with Growth of seconda
MTBP-06 ~30 years deactivated noticeable presence of the fine . Y
. vegetation
fraction
. S Water-saturated in the
MTBP-07 ~30 years deactivated Sandy yellowish soil, with field, close to secondary
presence of gravel .
vegetation
MTBP-08 30 years deactivated Yellowish soil with a noticeable Waterlogged area,
amount of fine fraction secondary vegetation
Reddish soil, with noticeable Secondary vegetation in
MTBP-09 ~30 years deactivated predominance of the sandy fraction y veg
the surroundings
and presence of gravel
Rusty-colored soil with a clear
MTBP-10 ~30 years deactivated pr.edommance of sandy fraction, . -
with presence of gravel on the soil
surface
Rusty-colored soil with a clear
MTBP-11 ~30 years deactivated P r.edommance of sandy fraction, . -
with presence of gravel on the soil
surface
Rusty-colored soil with a clear
MTBP-12 ~30 years deactivated pre dominance of sandy fraction, . Close to the vegetation
with presence of gravel on the soil
surface
Rusty-colored soil with a clear
MTBP-13 ~30 years deactivated pre dominance of sandy fraction, . Close to the vegetation
with presence of gravel on the soil
surface
Brownish soil, with a clear
MTBP-14 ~30 years deactivated predominance of sandy fraction, Close to the vegetation
and gravel on the surface
Rusty-colored soil, with a clear
MTBP-15 ~30 years deactivated predominance of sandy fraction, Close to the vegetation
and gravel on the surface
MTBP-17 ~30 years deactivated Brownish soil with a noticeable Waterlogged area,
amount of fine fraction secondary vegetation
MTBP-18 ~30 years deactivated Brownish soil with a noticeable Waterlogged area
amount of fine fraction
MTBP-19 ~30 years deactivated Brownish soil with a noticeable Waterlogged area
amount of fine fraction
MTBP-20 ~30 years deactivated Reddish soil with a potlceable Waterlogged area, close
amount of fine fraction to the vegetation
MTBP-21 ~30 years deactivated Reddish soil with a potlceable Close to the vegetation
amount of fine fraction
MTBP-22 ~30 years deactivated Reddish soil with a potlceable Close to the vegetation
amount of fine fraction
MTBP-23 ~30 years deactivated Yellowish soil with a clear High presence of leaves

predominance of sandy fraction

on the surface
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MTBP-24

MTBP-25

MTBP-26

MTBP-27
MTBP-28

MTBP-29

MTBP-30

MTBP-31

MTBP-32
MTBP-33
MTBP-34

MTBP-35

MTBP-36

MTBP-37

MTBP-38

MTBVP-01

MTBVP-02

MTBVP-03

MTBVP-04

MTBVP-05

MTBVP-06

MTPS-01

MTPS-02

MTPS-03

MTPS-04

~30 years deactivated
~30 years deactivated

~30 years deactivated

~30 years deactivated
~30 years deactivated

~30 years deactivated
~30 years deactivated
~30 years deactivated

~30 years deactivated
~30 years deactivated

~30 years deactivated

~30 years deactivated

~30 years deactivated

~30 years deactivated

~30 years deactivated

Without records

Without records

Without records

Without records

Without records

Without records

Active

Active

Active

Active

Yellowish soil with a clear
predominance of sandy fraction
Brownish soil with a noticeable
amount of fine fraction
Rusty-colored soil with a
noticeable amount of fine fraction
White quartz-rich sediment
White quartz-rich sediment
Brownish soil with a noticeable
predominance of the sandy fraction
Brownish soil with a noticeable
amount of fine fraction

Brownish sandy soil

Brownish sandy soil with a
noticeable amount of fine fraction
Brownish sandy soil

Brownish soil with a noticeable
amount of fine fraction

Brownish soil with a noticeable
amount of fine fraction

Brownish sandy soil

Brownish soil with a noticeable
amount of fine fraction

Brownish soil with a noticeable
amount of fine fraction
Rusty-colored soil, with
predominance of coarser minerals
(quartz)

Brownish soil

Brown to redish soil

Rusty-colored soil, with
predominance of coarser minerals
(quartz)

Rusty-colored soil, with noticeable
O horizon

Rusty-colored soil, with noticeable
O horizon

Dark beige-colored, predominantly
sand

Dark beige-colored, predominantly
sand

Beige-colored, predominantly sand

Brownish soil with a present O
horizon

High presence of leaves
on the surface

Secondary vegetation

Secondary vegetation

Close to the vegetation
Close to the vegetation

Close to the vegetation

Close to the vegetation

Close to a small water
body
Close to a small water
body

Close to the vegetation

Waterlogged area, with
high OM content, close
to the vegetation

Close to the vegetation
Close to a small water
body, with high OM
content, close to the
vegetation

Close to the vegetation

Inside the forest,
presence of roots and
litter

Inside the forest,
presence of roots and
litter

Inside the forest,
presence of roots and
litter

Inside the forest,
presence of roots and
litter

Inside the forest,
presence of roots and
litter

Inside the forest,
presence of roots and
litter

In the boarders of a
flooded area, with
presence of OM

In the boarders of a
flooded area, with
presence of OM

In the boarders of a
flooded area, with
presence of OM and
occurence of gravel
Within the forest, and
nearby a flooded area,
strong presence of roots

141



MTPS-05

MTPS-06

MTPS-07

MTPS-08

MTPS-09

MTPS-10

MTPS-11

MTPS-12

MTPS-13
MTPS-14

MTPS-15

MTNC-01

MTNC-02

MTNC-03

MTNC-04

MTNC-05

MTNC-06

MTNC-07

MTNC-08

MTNC-09

MTNC-10

Active

Active

Active

Active

Active

Active

Active

Active
Active
Active

Active

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Grey soil, with predominance of
finer fraction (silt/clay)

Beige-colored, predominantly sand

Beige-colored, predominantly sand

Sand/gravel predominant

White quartz-rich sediment

White quartz-rich sediment with
presence of gravel

Greyish soil
Greyish soil, high presence of clay
Greyish soil

Greyish soil

Brownish soil, presence of clay,
and with noticeable presence of
quartz

Brownish soil, presence of clay,
and with noticeable presence of
quartz

Brownish soil, presence of clay,
and with noticeable presence of
quartz

Rusty-colored soil, predominance
of sand fraction, presence of
gravel, and presence of oxide
grains

Brown-to-redish-colored soil,
predominance of sand fraction,
presence of gravel, and presence of
oxide grains

Rusty-colored soil, predominance
of sand fraction, presence of
gravel, and presence of oxide
grains

Brown-to-redish-colored soil,
presence of gravel, and presence of
oxide grains, high heterogeinity in
terms of grain size
Brown-to-redish-colored soil,
presence of gravel, and presence of
oxide grains, high heterogeinity in
terms of grain size
Brownish-colored soil, silt/clay and
sand predominance (absence of
gravel)

Brownish-colored soil, silt/clay and
sand predominance (absence of
gravel)

Below considerable
organic matter content,
with strong presence of
roots, litter, etc.

Located where the water
from the sluice box
flows, presence of gravel
Located where the water
from the sluice box
flows, presence of
gravel, close to the forest
Close to a swamp

In the boarders of the
ASGM, close to the
vegetation

In the boarders of the
ASGM, close to the
vegetation

Below the sluice box

Close to the boarders of
the open pit

Secondary vegetation
growing

Secondary vegetation
growing

Close to the river, lower
height

Boarder of the flooded
open pit

Boarder of the flooded
open pit

Boarder of the flooded
open pit

Starting point of the
drainage from the open

pit

Drainage from the open
pit

Ending point of the
drainage from the open
pit

Ending point of the
drainage from the open

pit
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MTNC-11

MTNC-12

MTNC-13

MTNC-14

MTNC-15

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Deactivated in January
2024

Brown sand

Brown sand

Redish-colored soil, silt/clay and
sand predominance (absence of
gravel)

Brownish-colored soil, silt/clay and
sand predominance, presence of
gravel

Rusty-colored soil, predominance
of sand fraction, presence of
gravel, and presence of oxide
grains

Close to the river

Close to the vegetation,
presence of litter, roots,
etc.

Boarder of the flooded
open pit
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4. Legacy and ongoing mercury contamination in soils
from ASGM sites in the Tapajos Gold Province, Para,

Brazil

Artisanal and small-scale gold mining (ASGM) has resulted in long-term mercury (Hg)
contamination in soils throughout the Brazilian Amazon. Although the environmental
impacts of active ASGM sites have been widely investigated, less attention has been given
to the persistence, redistribution, and controlling factors of mercury in areas where mining
activities have been discontinued. Assessing mercury behavior in post-ASGM landscapes
is essential for understanding long-term ecological risks and for guiding environmental

management in historically mined regions.

This chapter corresponds to a manuscript submitted to the journal Soil and Sediment
Contamination. With the exception of the present introductory section, the text is
incorporated into this thesis with minor editorial adjustments made exclusively to ensure
coherence with the structure and formatting of the doctoral dissertation. In this section, total
mercury (THg) concentrations in surface soils are reported for three ASGM sites in the
Tapajods region, Brazilian Amazon: (i) an active mining site, (ii) a recently deactivated site

(2024), and (iii) an area deactivated for approximately 30 years.

The manuscript applies contamination and ecological risk indices to characterize
mercury enrichment and evaluates the influence of soil physical properties, particularly fine
particle content, on mercury distribution. By comparing sites with contrasting mining
histories, the study directly addresses a critical knowledge gap concerning the long-term

persistence of mercury in tropical soils after the cessation of ASGM activities. The results
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demonstrate that historically mined areas may retain substantial mercury concentrations
decades after abandonment, highlighting the role of soil texture and other matrix-related

characteristics in controlling mercury retention and potential remobilization.

The findings of this chapter extend current understanding of mercury dynamics beyond
active ASGM sites by demonstrating the long-term persistence of contamination in
deactivated areas. They emphasize the role of substrate characteristics in controlling
contamination patterns and ecological risk, and point to the need for further investigation
of the mineralogical, geochemical, and organic controls on mercury stability and mobility

in Amazonian soils.

4.1. Introduction

Mercury (Hg) is a highly toxic heavy metal with significant environmental and health
impacts. It can be released into the environment from both natural and anthropogenic
sources, with the latter being the primary contributor (Yang et al., 2020). While geogenic
sources contribute to Hg emissions, high concentrations in the Amazon are typically
attributed to its use in artisanal and small-scale gold mining (ASGM) as an amalgam to
extract gold (e.g., Crespo-Lopez et al., 2021; Fritz et al., 2024; Nitschke et al., 2024). In
addition, these operations contribute directly to deforestation, as vegetation is cleared to
enable mining activities. Deforestation exposes soil, increasing erosion rates and enhancing
the transport of both anthropogenic and geogenic Hg into water bodies, surrounding soils,
and atmosphere (Siqueira et al., 2018; Fisher et al., 2023). Regardless of its origin, Hg
has the potential to impact various environmental matrices, including soils, sediments, and
water bodies, as well as wildlife (both plants and animals) and human health (Espiritu et

al., 2022; Gyamfi et al., 2021; Wilman et al., 2023; Pisconte et al., 2024).
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Within this scenario, the international community adopted the Minamata Convention
on Mercury, aiming to control the supply and trade of Hg, limit its use, and reduce its release
into the environment (UNEP, 2013). Even before ratifying the Convention in 2017, Brazil
had already implemented national regulations to restrict and monitor mercury use, such as
Decree No. 97,507/1989 (Brazil, 1989a) and Decree No. 97,634/1989 (Brazil, 1989b).
Following the Convention, additional measures were introduced to support the country’s
commitments, including Normative Instruction No. 08/2015 (IBAMA, 2015) and
Ordinance No. 175/2021 (MMA, 2021). However, despite these regulations, the ongoing
irregular and illegal ASGM activities continue to threaten both ecosystem integrity and
human health in the Brazilian Amazon. This persistence is tied to its historical and cultural
roots, as ASGM developed independently from industrial mining, became the dominant
mode of gold extraction (de Theije, 2020), and is now a central part of Brazil’s social
reality—frequently discussed in environmental and political debates due to its informal and
often illegal character (Araujo et al., 2025).

Several studies have documented Hg contamination associated with ASGM in the
Brazilian Amazon, particularly in sediments and soils (e.g., Windméller et al., 1996;
Gongalves et al., 2000; Egler et al., 2006; Teixeira et al., 2021; Jacques et al., 2023;
Soares et al., 2024). These studies have demonstrated that Hg concentrations often exceed
the soil prevention level of 500 ng g!, established by the Brazilian National Environmental
Council (CONAMA, 2009) to safeguard soil functionality and water quality. Furthermore,
diverse studies have shown that (geo)environmental factors such as soil composition and
vegetation cover influence the transport and fate of mercury in these systems (e.g., Zhang
et al., 2015; Debure et al., 2020; Diringer et al., 2020; Gémez-Armesto et al., 2020;
Licht, 2020; Rodrigues et al., 2022; Lima et al., 2023; Liu et al., 2023; Qin et al., 2023;

Sonke et al., 2023; Feinberg et al., 2024; McLagan et al., 2024; Soares et al., 2024).
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While these findings have contributed to a broad understanding of ASGM-related Hg
pollution, significant questions remain regarding the persistence of contamination in

abandoned sites and the role of soil properties in Hg retention.

Although numerous studies have examined mercury contamination in ASGM areas
within the Brazilian Amazon (e.g., Teixeira et al., 2021; Jacques et al., 2023; Quintarelli
et al., 2024), few have focused specifically on sites that have been deactivated for decades,
limiting our understanding of contamination persistence and spatial variability in former
ASGM sites. In particular, the role of substrate characteristics, such as particle size
distribution, in mercury retention remains poorly understood in these contexts. Addressing
this gap is essential to inform risk assessment and guide remediation strategies in post-
mining landscapes. Within this scenario, this study aims to evaluate the extent and
persistence of mercury contamination in soils across three different ASGM sites in the
Tapajos region, Brazilian Amazon: (I) active, (II) recently deactivated, and (II1) deactivated
for approximately 30 years. Specifically, we quantified total mercury (THg) concentrations
in surface soils across the different ASGM contexts, assessed contamination and ecological

risk indices (i.e., Igeo, CF, and E7) (Miiller, 1979; Hakanson, 1980), and explored the

influence of the proportion of fine particles on THg retention in the ASGM deactivated for
approximately 30 years. We hypothesized that sites deactivated for longer periods would
exhibit lower THg concentrations, influenced both by the time since mining activities ended
and by the soil’s capacity to retain mercury. By comparing active and inactive sites, we
seek to better understand both the ongoing impacts of ASGM and the long-term

environmental legacy of Hg use.
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4.2, Materials and methods

4.2.1. Study area

The present study was conducted in April 2024, in the surroundings of Jardim do Ouro
district (6°15'17.58"S, 55°46'8.90"W), located within the municipality of Itaituba in Para State
(Figure 25). Itaituba is considered the largest municipality in terms of ASGM extension (710
km?) in Brazil (Neto et al., 2024), being infamously known by its intense illegal ASGM

activities (Queiroz et al., 2022).

The region is characterized by tropical rainforest vegetation and lies within the Amazon
biome. The climate is classified as warm and humid, with averages above 18 °C in all months
of the year and from one to three months of drought (IBGE, 2002). Specifically, between 1991
and 2020, the annual average temperature in the municipality of Itaituba was 27.6 °C (INMET,
2022). During this period, Itaituba recorded an average of 8 days per year with precipitation
exceeding 50 mm/day (all occurring between November and May), and 225 days per year with
precipitation below 1 mm/day (primarily between July and October) (INMET, 2022).
Additionally, in 2024, when this study was conducted, the minimum and maximum
temperatures were registered in August (22.49 °C) and September (36.34 °C), respectively
(INMET, n.d.). Days with precipitation above 50 mm/day occurred between November and
May, while precipitation was typically below 10 mm/day from June to September (INMET,

n.d.).
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Figure 25: Location map of the study area, generated using WGS84/UTM Zone 21S, EPSG: 32721, with
units in meters.

4.2.2. Soil sampling

A total of 73 soil samples (~300 g, 0—10 cm deep) were collected in April 2024 from
three ASGM sites: (I) a site deactivated for approximately 30 years (n = 37); (II) a site
deactivated in January 2024 (n = 15); and (III) an active site (n = 15). Additionally, six samples

were collected from an area with no recorded ASGM activity to serve as background controls.

Samples were collected using an acrylic trowel, which was thoroughly cleaned between
each sampling to prevent cross-contamination. Subsequently, the samples were stored in stand-

up pouches.
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4.2.3. Sample preparation and analysis

Aliquots of approximately 150 g of the soil samples were homogenized, frozen, and
then lyophilized. After lyophilization, the samples were ground manually using an agate

mortar.

The mass fraction of Hg in soil samples was determined by atomic absorption
spectrometry. Measurements were performed at the LAGEOQ Laboratory of the Institute of
Geosciences, State University of Campinas (UNICAMP), using a Mercury Analyzer (Ohio
Lumex RA-915M/PYRO-915), previously calibrated with varying mass portions of the
certified reference material NIST SRM 2709 (San Joaquin Soil). The estimated detection limit
of the method is 1.0 ng g!, with values near this threshold showing low precision. The

estimated measurement repeatability, based on duplicate results, was 2.3%.

The ASGM deactivated for approximately 30 years was selected for particle-size
separation to investigate the potential relationship between grain size and total mercury (THg)
concentrations, given the wide variability in THg levels observed at this site. Samples were
dry-sieved using a sieve tower, and sieves were cleaned with an ultrasonic bath after each
sample treatment to avoid cross-contamination. To estimate the proportion of fine particles
(<105 pm), each sample was weighed prior to sieving, and the fine fraction (<105 pm) was

weighed separately after sieving.

4.2.4. Data analysis

Statistical analyses were performed in R (v4.3.1; R Core Team, 2023) to assess
differences in log-transformed THg concentrations among the three study areas (plus the

reference one) using ANOVA, followed by Tukey-Kramer post hoc tests to account for unequal
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sample sizes with multcomp package (Hothorn et al., 2008). Assumptions of normality were

verified via Shapiro-Wilk tests.

Hierarchical cluster analysis (HCA) was applied to log-transformed THg
concentrations to identify concentration-based groupings within each study area. For each area
independently, the optimal number of clusters (k) was determined using the silhouette width
method. After clustering, the minimum log-transformed THg value for each cluster was
identified and slightly adjusted (—0.05) to define threshold boundaries between clusters. These
values were then back-transformed to the original scale (ng g') to determine the concentration
limits distinguishing groups. The resulting limits were used to draw vertical dashed lines in the

cluster plot, enabling visual comparison of intra- and inter-area patterns.

The relationship between THg and fine particle content (<105 um) was evaluated using

linear regression.

4.2.5. Geostatistical analysis

Due to the insufficient spatial density and structural arrangement of the sampling points,
the use of kriging was not considered appropriate for this study. Instead, the inverse distance
weighting (IDW) was adopted as a more suitable interpolation technique, given its flexibility
in handling sparse and unevenly distributed datasets. Spatial distribution of THg in the studied
areas was then assessed through IDW interpolation using gstat (v2.1.1; Pebesma, 2004; Griler
et al., 2016) and raster (v3.6-26; Hijmans, 2023) packages, and maps were refined in QGIS

(v3.32.3; QGIS Development Team, 2023).

For the active ASGM dataset, an IDP of 2.5 was applied to ensure a balance between
capturing local variations and representing broader spatial patterns. In the first portion of the

~30 years deactivated ASGM dataset (i.e., southwestern part in Figure 27A), an IDP of 3 was
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selected to reduce the influence of extreme values and to produce a smoother interpolation
surface. In contrast, the second portion of this dataset, characterized by a smaller number of
samples and high variability, was interpolated using an IDP of 1.75, which allowed for greater
emphasis on local differences. For the recently deactivated ASGM dataset, an IDP of 1.8 was

chosen to highlight short-distance variations while still preserving overall spatial continuity.

4.2.6. Contamination and ecological risk indices

To calculate the contamination and ecological risk indices, we assumed 178.25 ng g!
as the THg background (i.e., the median of the samples collected within the forest—an area
without records of ASGM activities). This value was chosen due to the absence of natural
background data for the region and reflects the least-impacted conditions observed in the study
area. Additionally, it is consistent with other soil background THg concentrations previously
reported in the Brazilian Amazon (e.g., Fadini & Jardim, 2001; Lima et al., 2022; Sahoo et

al., 2023).

The choice of the median, rather than the arithmetic mean, as the background estimator
is supported by the observed asymmetry (i.e., positively skewed) in the distribution of THg
concentrations in forest soils (Supplementary Figure 1). This positive skewness is a common
feature in geochemical datasets influenced by natural heterogeneity or diffuse contamination
sources (Licht, 2020). In such cases, the median provides a more robust and unbiased estimate,
as it is less sensitive to high-end values that can disproportionately affect the mean. This
approach follows the recommendations of Licht (2020), who emphasizes that in skewed
distributions, the use of the median is statistically more appropriate than the mean for defining

geochemical background levels.
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Although some degree of contamination may still be present, this approach provides a
consistent local reference for the calculation of contamination and ecological risk indices. All

index calculations were performed using routines implemented in R software.

4.2.6.1.  Geoaccumulation index (I, )

The geoaccumulation index (Iye,) Was used to assess the degree of Hg contamination

in the samples. It was calculated according to Equation 1 proposed by Miiller (1979).

o = o () ©

_tn
1.5- B,

Where C,, is the THg concentration in the sample, 1.5 is the factor compensating the
background content due to lithogenic effects, and B, is the THg geochemical background. The
Ieo is classified as follows: I, < O (uncontaminated), 0 < Iz, < 1 (uncontaminated to
moderately contaminated), 1 < Iy, <2 (moderately contaminated), 2 < I, < 3 (moderately to
heavily contaminated), 3 <y, <4 (heavily contaminated), 4 <I,,, <5 (heavily to extremely

contaminated), 5 < I,,, < 6 (extremely contaminated).

4.2.6.2.  Contamination factor (CF) and ecological risk index (ET)

The contamination factor (CF) is calculated as the ratio between the concentration of a
given metal in the sample and its respective background value (Equation 2). It reflects the
degree to which metal concentrations are elevated relative to natural baseline levels. CF is also

a component of the potential ecological risk index (ET), as proposed by Hakanson (1980),
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which is determined by multiplying the CF by the toxic-response factor (Tr) of the element

(e.g., 40 for Hg) (Equation 3).

CF = Csample (2)
Cbackground
Er= CF- Tr 3)

Similarly to the Iy,,, but without accounting for geochemical background variability, the

CF 1s used to classify the contamination of soils and sediments as follows: CF <1 (low), 1 <
CF < 3 (moderate), 3 < CF < 6 (considerable), and CF > 6 (very high) (Hakanson, 1980;
Dantas et al., 2025). On the other hand, the potential ecological risks (E7) are classified as low
(Er <40), moderate (40 < Er < 80), considerable (80 < Er < 160), high (160 < Er <320), and

very high (Er > 320) (Hakanson, 1980; Ferreira et al., 2022; Dantas et al., 2025).

4.3, Results

4.3.1. Total mercury (THg)

The THg concentrations were notably higher in the site deactivated for approximately

30 years compared to the other studied sites (Figure 26).
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Figure 26: Boxplot of total mercury (THg) concentrations in soil from four sites with distinct ASGM activity
histories (ng g-1, log scale). The red dashed line represents the soil prevention level established by CONAMA
(2009).

In the ASGM area deactivated for approximately 30 years, THg concentrations ranged
from 27 to 8,862 ng g', with a mean of 1,246 ng g!, a median of 324 ng g, and a standard
deviation (SD) of 1,971 ng g™'. In contrast, the active ASGM site exhibited concentrations
between 20 and 365 ng g!, with a mean of 77 ng g, a median of 38 ng g™!, and a SD 0f 93 ng
g'. A narrower range was observed in the site deactivated in January 2024, with values from
54 to 207 ng g', a mean of 134 ng g', a median of 147 ng g!, and a SD of 44 ng g'. The
reference area, with no recorded ASGM activity, showed the lowest variability, with
concentrations ranging from 152 to 228 ng g!, a mean of 184 ng g*', a median of 178 ng g',

and a SD of 28 ng g™'. All THg concentrations are reported in Appendix 2.

Spatial interpolation using the inverse distance weighted (IDW) method was applied to

the log-transformed THg concentration data to visualize the concentration patterns for each
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study area: (A) ASGM deactivated for approximately 30 years, (B) active ASGM, (C) site

deactivated in January 2024 (Figure 27).
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Figure 27: IDW-interpolated maps showing the spatial distribution of log-transformed THg concentrations
in (A) site deactivated for approximately 30 years, (B) active site, and (C) site deactivated in January 2024.
Maps were generated using WGS84/UTM Zone 21S, EPSG: 32721, with units in meters.

4.3.1.1.  Association between THg concentrations and fine material content

An overall positive relationship between the percentage of fine material and THg
concentration was observed in samples from the approximately 30 years deactivated ASGM
(Figure 28). The percentage of <105 pum for each sample from the ~30 years deactivated ASGM
is provided in Appendix 3. The R? of 0.73 indicates that 73% of the variability in the log-
transformed THg concentration is explained by the percentage of fine material with particles
smaller than 105 um. Additionally, the slope coefficient of 0.0613 suggests that for each
percentage point increase in the fine material content, the THg concentration increases by

approximately 15%.
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Figure 28: Relationship between fine material content (<105 um) and log-transformed THg concentrations
in the approximately 30 years deactivated ASGM. The linear trendline represents the fitted regression
model.

4.3.2. Exploratory and comparative analyses of THg in the different

ASGM areas

The Coefficient of Variation (CV) of the studied sites was: 158.24% in the ASGM
deactivated for approximately 30 years, 121.45% in the active ASGM, 33.12% in the ASGM
deactivated in January 2024, and 14.97% in the area without ASGM activity records. A
significant difference in THg concentrations between the different areas was observed through
the ANOVA (p = 0.00006), indicating that at least one of the areas has a mean THg
concentration that is significantly different from the others. The W statistic obtained through
the Shapiro-Wilk test was relatively close to 1 (W = 0.97), suggesting that the residuals are
close to a normal distribution. In support of this, the Q-Q plot shows that the residuals closely

follow the theoretical normal line. In addition, the p-value of 0.14 is greater than the common
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significance level of 0.05, indicating that the residuals follow a normal distribution and
confirming that the assumptions for the ANOVA are properly met. The difference indicated by
the ANOVA was then confirmed through the Tukey-Kramer test, between the approximately

30 years deactivated and the active sites (p = 2.58 x 107).

As presented in Figure 29, four distinct clusters were identified for samples from the
site deactivated for approximately 30 years. In contrast, only two clusters were identified in

each of the other studied areas.

1
1
Without activity records K12
1
1
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18 24 48 105 135 180 788 2618

THg Concentration (ng g™)

Figure 29: Hierarchical clustering of soil samples based on log-transformed THg concentrations. Vertical red
dashed lines indicate cluster boundaries, while the green dotted line represents the THg background
assumed in this study.

Concentration thresholds were identified at 24, 180, 788, and 2,618 ng g! for samples
from the site deactivated for approximately 30 years. For the active ASGM area, limits were
found at 18 and 135 ng g, while samples from the site deactivated in January 2024 presented

thresholds at 48 and 105 ng g'. In the area with no documented ASGM activity, thresholds

occurred at 105 and 180 ng g'.
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4.3.3. Geoaccumulation index (Ige,)

Consistently with the results from the hierarchical cluster analysis, the I, also indicate
that the site deactivated for approximately 30 years is the most contaminated. The active site
contains one sample classified as moderately contaminated, while all samples from the recently

deactivated site are uncontaminated (Figure 30).

lgeo Class

15
w
@
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w
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e}
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U U-MC MC M-HC HC H-EC EC

. ~30 years deactivated . Recently deactivated . Active

Figure 30: Distribution of Igeo classes by area. Igeo class abbreviations: U (Uncontaminated); U-
MC (Uncontaminated to moderately contaminated); MC (Moderately contaminated); M-HC
(Moderately to heavily contaminated); HC (Heavily contaminated); H-EC (Heavily to extremely
contaminated); EC (Extremely contaminated).

4.3.4. Contamination factor (CF) and ecological risk index (ET7)

Contamination factor (CF) and potential ecological risk (E7) indices were calculated to
assess the intensity of mercury contamination and its potential ecological impact across the
three study areas. Table 6 summarizes the range of CF and Er values observed for each site,

alongside the proportion of samples exceeding the moderate ecological risk (Er > 40).
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Table 6. Contamination factor (CF) and ecological risk index (Er) across study sites.

n (%) of samples

Site n CF (min—max) Er (min—max)

with Er > 40
~30 years deactivated 37 0.15—49.71 6.14—1988.56 23 (62.16)
Active 15 0.11—2.05 4.53—81.81 2 (13.33)
Recently deactivated 15 0.30—1.16 12—46.40 2 (13.33)

The area deactivated for ~30 years exhibited the highest values for both indices, with CF
ranging from 0.15 to 49.71 and Er from 6.14 to 1988.56. Furthermore, the Er of 8 samples
from the ~30 years deactivated site were classified as very high ecological risk (i.e., Er > 320;
Hakanson, 1980). In contrast, active and recently deactivated sites showed lower CF and Er
values and a smaller percentage of high-risk samples. All Iy¢,, CF, and E7 results are reported

in Appendix 4.

4.4, Discussion

Our findings show heterogeneous THg distribution related to ASGM history. The highest
contamination occurred at a site deactivated for over 30 years, with concentrations ranging
from 27 to 8,862 ng g”! (median =324 ng g ') and four distinct populations identified by HCA,
spanning low to high contamination levels. THg concentrations in this site were strongly
correlated with the proportion of fine particles (R*=0.73), highlighting the influence of particle
size in Hg retention. In contrast, the recently deactivated site (January 2024) and the area
without ASGM activity showed mean concentrations of 134+44ngg™ and 184+28ngg’’,
respectively—both close to background levels (178 ng g!)—with HCA separating samples into
low and slightly elevated groups. The active ASGM site exhibited the lowest mean
concentration (77 =93 ng g'), characterized mainly by background or mildly affected soils,
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but with localized hotspots exceeding 135 ng g™', including one directly beneath the sluice box.
Overall, the data suggest that legacy contamination, short-term operations, ongoing soil
disturbance, and site-specific geoenvironmental factors—particularly fine particle content—

are influenced by both legacy and current Hg-use practices.

The mean + SD THg concentrations observed in both the area without activity records (184
+ 28 ng g') and the ASGM site deactivated in January 2024 (134 + 44 ng g') were consistent
with background THg values previously reported in the literature for the Brazilian Amazon,
such as 149 £ 13 ng g in Para soils (Lima et al., 2022), 117 + 70 in soils from Itacaitnas
River (Sahoo et al., 2023), and 172 ng g”! in soils from the Rio Negro Basin (Fadini & Jardim,
2001). Within this scenario, the predominant background-level THg concentrations observed
in the site deactivated in January 2024 may be attributed to its short operating period (i.e., a
few months). Although most of the samples from this area showed concentrations similar to
the assumed background (178 ng g™'), two distinct groups were observed through the HCA: (I)
samples with concentrations between 48 and 105 ng g, and (II) samples exceeding 105 ng g!
(Figure 29). The former may correspond to uncontaminated soils, whereas the latter might

indicate slightly elevated THg levels relative to local background concentrations.

In contrast, the active ASGM site exhibited the lowest mean THg concentration (77 £+ 93
ng g '), which aligns with findings by Ramirez et al. (2021), who reported lower THg levels
in impacted sites compared to a non-impacted reference forest. In a similar ASGM context,
Teixeira et al. (2021) also reported low THg concentrations (i.e., 100 ng g!). These reduced
concentrations at the active site may indicate ongoing Hg remobilization driven by
deforestation and the physical reworking of soils and sediments during ASGM activities,
facilitating its transfer to surface and groundwater or promoting volatilization into the

atmosphere (Diringer et al., 2020; Sonke et al., 2023; Feinberg et al., 2024). Additionally,
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the quartz-rich composition of the samples collected from this site may contribute to a lower

Hg retention capacity.

Two distinct populations were identified by the HCA within the active ASGM: (I) samples
with THg concentrations in the 18—135 ng g range, which may represent the background or
slightly impacted soils, and (IT) samples with concentrations above 135 ng g, potentially
reflecting localized contamination or retention of mercury in specific microenvironments.
Given that areas where gold amalgamation is practiced typically exhibit elevated Hg
concentrations (Alpers, 2017; Soe et al., 2022), the sample with the highest THg concentration
(i.e., outlier in Figure 26) identified at this site may be interpreted as a contamination hotspot
(see Figure 27B), as it corresponds to a sample collected directly beneath the ASGM sluice
box—precisely where mercury was used by artisanal miners to recover gold from sediments

retained in the carpets.

On the other hand, although THg concentrations observed at the ASGM site deactivated for
approximately 30 years (median of 324 ng g™!, 27—38,862 ng g! range) were not as elevated
as those reported in some other ASGM-impacted areas (e.g., Teixeira et al., 2018; Gyamfi et
al., 2021), they were still substantially higher and more variable than those found in the other
studied sites. This is supported by the results of the HCA, which distinguished this site from
the others based on THg concentrations (Figure 29), as well as by the Iy, and CF assessments,
which identified it as the only studied site with clearly contaminated samples (Figure 30) and
samples classified as considerably contaminated (Table 6), respectively. The HCA enabled the
identification of four distinct populations within this site, with concentration thresholds at 24,
180, 788, and 2,618 ng g' (Figure 29). These thresholds align closely with the CF classification
proposed by Hakanson (1980), based on the assumed background concentration of 178.25 ng
g '. Specifically, they approximate the transition boundaries between low (CF = 0.13),
moderate (CF = 1.01), considerable (CF = 4.42), and high (CF = 14.69) contamination levels
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(Supplementary Table 1). This correspondence supports the interpretation that the clusters
derived from HCA represent environmentally meaningful distinctions in contamination
intensity. Furthermore, the E7 indicated that 62% of the samples from this site exceeded the
threshold for moderate ecological risk (Table 6), and it was the only site with samples classified
as high and very high risk (see Supplementary materials), reinforcing the concern regarding

long-term environmental impacts.

However, although the Er results suggest potential ecological risk, it is important to
highlight that mercury toxicity strongly depends on its chemical speciation (Frossard et al.,
2018). Therefore, in such cases, it would be more appropriate to base the indices on the
concentrations of the most critical mercury species (Ferreira et al., 2022), such as the organic
compounds (Azar et al.,, 2021; Cardoso et al., 2023). Nonetheless, although chemical
speciation was not conducted in this study, the results based on THg concentrations remain
valid for a preliminary assessment of contamination and ecological risk. The use of THg is still
widely adopted as an initial indicator of potential environmental concern (e.g., Gyamfi et al.,
2021; Dantas et al., 2025). Therefore, despite this limitation, the results from CF and Er
indices—particularly in the site deactivated for ~30 years—provide robust evidence of ongoing

contamination and underscore the need for more detailed investigations.

Moreover, as shown in Figure 28, THg concentrations in this area were positively
associated with the proportion of fine particles (R* = 0.73), consistent with the results by
Quintarelli et al. (2024) that also found a positive correlation between THg concentrations
and the proportion of silt and clay fractions. Therefore, our results emphasize the influence of
geoenvironmental factors on Hg retention capacity, such as the content of clay minerals (Egler
et al., 2006; Cesar et al., 2011; Zhu & Zhong, 2015; Licht, 2020; Lima et al., 2023;
McLagan et al., 2024). Geoenvironmental factors that influence the soil’s capacity to retain
Hg, such as mineralogical composition (Debure et al., 2020; Gémez-Armesto et al., 2020),
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proportion of fine particles (Egler et al., 2006; Cesar et al., 2011; Zhu & Zhong, 2015; Licht,
2020; Lima et al., 2023; McLagan et al., 2024), oxides content (Zhang et al., 2015; Debure
et al., 2020; Qin et al., 2023), and soil organic content (Rodrigues et al., 2022; Liu et al.,
2023; Soares et al., 2024) may also help to explain the difference in THg concentrations

between the ASGM site deactivated for approximately 30 years and the active ASGM.

This difference likely also reflects changes resulting from the implementation of legislation
to control Hg use in Brazil —e.g. the Decree No. 97,507/1989 (Brazil, 1989a), the Decree No.
97,634/1989 (Brazil, 1989b), the Normative Instruction No. 08/2015 (IBAMA, 2015), and the
Ordinance No. 175/2021 (MMA, 2021). These regulatory efforts are aligned with Brazil’s
commitments under the Minamata Convention on Mercury (Brazil, 2018), which aims to
protect human health and the environment from anthropogenic emissions and releases of

mercury.

However, the persistence of elevated THg concentrations and evidence of ongoing
contamination in some areas, as demonstrated by our data, suggest that significant challenges
remain to the effective implementation and enforcement of these measures. This situation is
further complicated by the informal and often illegal nature of ASGM activities in Brazil, which
severely limits regulatory oversight and control. Estimates indicate that illegal gold production
may range from 10% up to eight times the volume of legal ASGM output, leading to
uncontrolled mercury use, insufficient emission control practices, and greater environmental
and health risks (Castilhos and Domingos, 2024). Actually, Brazil has been reported as one of
the countries with the highest consumption of mercury, much of it uncontrolled, in the gold
production sector, as specified by the Global Mercury Assessment 2018 (UNEP, 2019; Keane
et al, 2023).As such, complementary actions (i.e., sector formalization, improved
environmental monitoring, and engagement with mining communities) are necessary to

support the effectiveness of existing mercury control policies.
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4.5. Conclusion

Our results demonstrate that mercury contamination persists in soils from ASGM areas
even decades after mining activity has ceased. The site deactivated for over 30 years still show
elevated THg concentrations and ecological risk levels above regulatory thresholds, indicating
a long-term legacy of contamination. Specifically, THg concentrations in this ASGM site
ranged from 27 to 8,862 ng g' (median =324 ng g'). Moreover, the proportion of fine particles
explained 73% of the variation in log-transformed THg concentrations, highlighting a log-
linear relationship between particle size and THg retention. Therefore, our data emphasise the
importance of considering substrate characteristics when assessing contamination levels and

potential environmental risk.

By comparing active, recently deactivated, and long-inactive sites, this study provides new
insight into the persistence and behaviour of mercury in post-ASGM landscapes. In both the
recently deactivated and the active ASGM sites, THg concentrations did not significantly
exceed the regional background level of 178 ng g!, except at activity hotspots (e.g., near the

sluice box in the active ASGM site).

It is important to note that some aspects are still not fully understood. Although four
contamination populations were identified in the ~30 years deactivated site using HCA, the
specific role of mineralogy and other soil matrix properties in Hg retention remains unclear.
Future studies should investigate the soil matrix in more detail, to assess mineralogy, oxide
content, and organic matter composition, which may further influence mercury retention and

mobility, especially in ASGM areas inactive for decades.
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These insights are relevant for environmental monitoring, risk management, and the design

of more effective remediation strategies in the Brazilian Amazon, aiming to support Brazil’s

commitments with the Minamata Convention on Mercury.

APPENDIX 2: Total mercury (THg) concentrations.

Sample ID Duplicate 1 (ng/g) Duplicate 2 (ng/g) Mean (ng/g) SD
MTBP-01 4,848.00 4,841.00 4,844.50 4.949747468
MTBP-02 6,157.00 6,015.00 6,086.00 100.4091629
MTBP-03 9,085.00 8,638.00 8,861.50 316.0767312
MTBP-04 202.80 198.90 200.85 2.757716447
MTBP-05 141.90 142.10 142.00 0.141421356
MTBP-06 3,526.00 3,630.00 3,578.00 73.53910524
MTBP-07 304.20 293.20 298.70 7.778174593
MTBP-08 361.00 369.90 365.45 6.293250353
MTBP-09 100.80 104.20 102.50 2.404163056
MTBP-10 56.00 55.70 55.85 0.212132034
MTBP-11 53.70 50.50 52.10 2.2627417
MTBP-12 35.90 37.20 36.55 0.919238816
MTBP-13 118.40 132.20 125.30 9.75807358
MTBP-14 88.60 86.40 87.50 1.555634919
MTBP-15 63.80 67.90 65.85 2.899137803
MTBP-17 1,027.00 1,007.00 1,017.00 14.14213562
MTBP-18 1,469.00 1,436.00 1,452.50 23.33452378
MTBP-19 1,389.00 1,363.00 1,376.00 18.38477631
MTBP-20 320.30 327.30 323.80 4.949747468
MTBP-21 850.10 918.70 884.40 48.50752519
MTBP-22 460.50 532.70 496.60 51.0531096
MTBP-23 55.00 55.90 55.45 0.636396103
MTBP-24 41.70 40.10 40.90 1.13137085
MTBP-25 1,300.00 1,304.00 1,302.00 2.828427125
MTBP-26 1,428.00 1,390.00 1,409.00 26.87005769
MTBP-27 37.30 36.80 37.05 0.353553391
MTBP-28 26.50 28.20 27.35 1.202081528
MTBP-29 220.20 221.10 220.65 0.636396103
MTBP-30 325.40 325.00 325.20 0.282842712
MTBP-31 54.30 56.80 55.55 1.767766953
MTBP-32 1,179.00 1,192.00 1,185.50 9.192388155
MTBP-33 40.40 40.00 40.20 0.282842712
MTBP-34 1,780.00 1,789.00 1,784.50 6.363961031
MTBP-35 2,943.00 2,931.00 2,937.00 8.485281374
MTBP-36 242.50 242.20 242.35 0.212132034
MTBP-37 4,315.00 4,497.00 4,406.00 128.6934342
MTBP-38 1,623.00 1,530.00 1,576.50 65.76093065
Reference materials
SRM2711 5,904.00
GONV-1 889.90 943.10
GXR-2 3,339.00 3,295.00
GXR-2 3,443.00
SRM2711 6,329.00
MTBVP-01 230.20 226.40 228.30 2.687005769
MTBVP-02 150.70 153.00 151.85 1.626345597
MTBVP-03 201.70 203.80 202.75 1.48492424
MTBVP-04 179.20 175.70 177.45 2.474873734
MTBVP-05 206.20 151.90 179.05 38.39589822
MTBVP-06 166.40 162.60 164.50 2.687005769
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MTPS-01
MTPS-02
MTPS-03
MTPS-04
MTPS-05
MTPS-06
MTPS-07
MTPS-08
MTPS-09
MTPS-10
MTPS-11
MTPS-12
MTPS-13
MTPS-14
MTPS-15
MTNC-01
MTNC-02
MTNC-03
MTNC-04
MTNC-05
MTNC-06
MTNC-07
MTNC-08
MTNC-09
MTNC-10
MTNC-11
MTNC-12
MTNC-13
MTNC-14
MTNC-15

20.00
31.70
69.30
74.00
175.60
21.40
49.60
22.50
20.40
144.50
43.10
31.90
364.30
43.20
35.90
189.70
160.40
143.60
137.10
76.50
52.90
155.50
77.00
164.60
119.10
151.90
76.70
152.50
146.00
209.00

20.40
31.50
68.70
75.90
188.30
19.60
47.70
23.20
20.00
157.30
43.20
31.40
364.80
32.60
28.40
186.80
166.40
136.10
156.90
76.50
54.10
140.10
76.20
164.40
116.10
147.70
81.50
156.30
147.70
204.50

20.20
31.60
69.00
74.95
181.95
20.50
48.65
22.85
20.20
150.90
43.15
31.65
364.55
37.90
32.15
188.25
163.40
139.85
147.00
76.50
53.50
147.80
76.60
164.50
117.60
149.80
79.10
154.40
146.85
206.75

0.28
0.14
0.42
1.34
8.98
1.27
1.34
0.49
0.28
9.05
0.07
0.35
0.35
7.50
5.30
2.05
4.24
5.30
14.00
0.00
0.85
10.89
0.57
0.14
2.12
2.97
3.39
2.69
1.20
3.18
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APPENDIX 3: Percentage of fine particles (< 105 pm) for the ~30 years

Log THg Concentration <105 (%)

deactivated ASGM.
Sample ID THg Concentration (ng/g)
MTBP-01 4,844.50
MTBP-02 6,086.00
MTBP-03 8,861.50
MTBP-04 200.85
MTBP-05 142.00
MTBP-06 3,578.00
MTBP-07 298.70
MTBP-08 365.45
MTBP-09 102.50
MTBP-10 55.85
MTBP-11 52.10
MTBP-12 36.55
MTBP-13 125.30
MTBP-14 87.50
MTBP-15 65.85
MTBP-17 1,017.00
MTBP-18 1,452.50
MTBP-19 1,376.00
MTBP-20 323.80
MTBP-21 884.40
MTBP-22 496.60
MTBP-23 55.45
MTBP-24 40.90
MTBP-25 1,302.00
MTBP-26 1,409.00
MTBP-27 37.05
MTBP-28 27.35
MTBP-29 220.65
MTBP-30 325.20
MTBP-31 55.55
MTBP-32 1,185.50
MTBP-33 40.20
MTBP-34 1,784.50
MTBP-35 2,937.00
MTBP-36 242.35
MTBP-37 4,406.00
MTBP-38 1,576.50

3.68524896

3.784331948
3.947507242
2.302871836
2.152288344
3.553640336
2.475235223
2.562827966
2.010723865
1.747023177
1.716837723
1.562887381
2.097951071
1.942008053
1.818555779
3.007320953
3.162116141
3.138618434
2.510276844
2.946648734
2.696006715
1.74390155

1.611723308
3.114610984
3.148910993
1.568788212
1.436957331
2.343703932
2.512150537
1.744684063
3.073901558
1.604226053
3.251516552
3.467903947
2.384443024
3.644044493
3.197693975

36.79
28.49
37.50
16.88
7.42
20.94
8.23
19.92
10.74
8.12
5.15
5.85
22.94
12.58
11.08
22.93
23.35
30.59
27.67
30.27
25.20
3.77
7.20
21.19
36.22
4.15
4.72
9.59
19.35
5.14
12.55
2.38
25.42
24.90
12.64
28.21
18.14
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APPENDIX 4: Data — Contamination factor, ecological risk index, and
geoaccumulation index.

Sample ID THg Concentration (ng/g) CF ER Igeo
MTBP-01 4844.5 27.17812 1087.125 4.179411
MTBP-02 6086 34.14306 1365.722 4.508558
MTBP-03 8861.5 49.71388 1988.555 5.050614
MTBP-04 200.85 1.126788 45.07153 -0.41275
MTBP-05 142 0.796634 31.86536 -0.91297
MTBP-06 3578 20.07293 802.9173 3.742217
MTBP-07 298.7 1.675736 67.02945 0.159833
MTBP-08 365.45 2.05021 82.00842 0.450809
MTBP-09 102.5 0.575035 23.0014 -1.38324
MTBP-10 55.85 0.313324 12.53296 -2.25924
MTBP-11 52.1 0.292286 11.69144 -2.35951
MTBP-12 36.55 0.205049 8.201964 -2.87092
MTBP-13 125.3 0.702945 28.11781 -1.09348
MTBP-14 87.5 0.490884 19.63534 -1.61151
MTBP-15 65.85 0.369425 14.777 -2.02161
MTBP-17 1017 5.70547 228.2188 1.927383
MTBP-18 1452.5 8.148668 325.9467 2.441602
MTBP-19 1376 7.719495 308.7798 2.363544
MTBP-20 323.8 1.81655 72.66199 0.276238
MTBP-21 884.4 4.961571 198.4628 1.725834
MTBP-22 496.6 2.785975 111.439 0.89322
MTBP-23 55.45 0.31108 12.4432 -2.26961
MTBP-24 40.9 0.229453 9.178121 -2.70869
MTBP-25 1302 7.304348 292.1739 2.283793
MTBP-26 1409 7.904628 316.1851 2.397735
MTBP-27 37.05 0.207854 8.314165 -2.85132
MTBP-28 27.35 0.153436 6.137447 -3.28925
MTBP-29 220.65 1.237868 49.51473 -0.2771
MTBP-30 325.2 1.824404 72.97616 0.282463
MTBP-31 55.55 0.311641 12.46564 -2.26701
MTBP-32 1185.5 6.650771 266.0309 2.148559
MTBP-33 40.2 0.225526 9.021038 -2.7336
MTBP-34 1784.5 10.01122 400.4488 2.738583
MTBP-35 2937 16.47686 659.0743 3.457407
MTBP-36 242.35 1.359607 54.38429 -0.14177
MTBP-37 4406 24.71809 988.7237 4.042533
MTBP-38 1576.5 8.84432 353.7728 2.559789
MTPS-01 20.2 0.113324 4.532959 -3.72644
MTPS-02 31.6 0.177279 7.091164 -3.08087
MTPS-03 69 0.387097 15.48387 -1.9542
MTPS-04 74.95 0.420477 16.81907 -1.83486
MTPS-05 181.95 1.020757 40.83029 -0.55532
MTPS-06 20.5 0.115007 4.600281 -3.70517
MTPS-07 48.65 0.272931 10.91725 -2.45835
MTPS-08 22.85 0.128191 5.12763 -3.5486
MTPS-09 20.2 0.113324 4.532959 -3.72644
MTPS-10 150.9 0.846564 33.86255 -0.82527
MTPS-11 43.15 0.242076 9.683029 -2.63143
MTPS-12 31.65 0.17756 7.102384 -3.07859
MTPS-13 364.55 2.045161 81.80645 0.447252
MTPS-14 37.9 0.212623 8.504909 -2.81859
MTPS-15 32.15 0.180365 7.214586 -3.05597
MTNC-01 188.25 1.056101 42.24404 -0.50621
MTNC-02 163.4 0.91669 36.6676 -0.71046
MTNC-03 139.85 0.784572 31.38289 -0.93498
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MTNC-04
MTNC-05
MTNC-06
MTNC-07
MTNC-08
MTNC-09
MTNC-10
MTNC-11
MTNC-12
MTNC-13
MTNC-14
MTNC-15

147
76.5
53.5
147.8
76.6
164.5
117.6
149.8
79.1
154.4
146.85
206.75

0.824684
0.429173
0.30014

0.829173
0.429734
0.922861
0.659748
0.840393
0.443759
0.866199
0.823843
1.159888

32.98738
17.1669

12.00561
33.1669

17.18934
36.91445
26.3899

33.61571
17.75035
34.64797
32.95372
46.39551

-0.86305
-1.80533
-2.32125
-0.85522
-1.80345
-0.70078
-1.18498
-0.83583
-1.75711
-0.79219
-0.86452
-0.37098
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5. Physicochemical, mineralogical and thermal

characterization of the soils

Artisanal and small-scale gold mining (ASGM) is recognized as one of the major
anthropogenic sources of mercury (Hg) to the environment (Yang et al., 2020; Cheng et al.,
2023), particularly in tropical regions such as the Amazon Basin, where extensive and often
unregulated (and/or illegal) ASGM activities have resulted in long-term contamination of soils
and sediments (Lourenco et al., 2025). In these systems, soils act not only as sinks but also as
dynamic reservoirs of Hg, capable of releasing or retaining the element depending on
physicochemical conditions and environmental disturbance (e.g., Fostier et al., 2000; Lechler

et al., 2000; Sahoo et al., 2020; Wang et al., 2021).

The retention, speciation and mobility of Hg in soils are controlled by a complex interplay
between mineralogical composition, surface chemistry and soil organic matter (SOM). In
particular, interactions with organic functional groups have been shown to strongly control Hg
complexation and stabilization through highly humified ligands (Schuster, 1991; Cui et al.,
2022), while iron and manganese (oxyhydr)oxides and clay minerals provide additional
reactive surfaces for Hg retention in tropical soils (Waychunas et al., 2005; Debure et al.,

2020; Zhang et al., 2023; Vankova et al., 2024).

Beyond bulk soil properties, small-scale heterogeneity plays a critical role in controlling
Hg behavior (e.g., Waychunas et al., 2005; Debure et al., 2020). Variations in texture,
aggregation, surface functional groups and moisture distribution can generate
microenvironments with contrasting geochemical conditions, particularly in physically
disturbed soils (Blouin et al., 2005; Guedron et al., 2009). Soil moisture, often expressed

through water holding capacity (WHC), has been identified as a key factor influencing redox
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dynamics and Hg partitioning, with implications for Hg mobility and potential bioavailability

(Zhao et al., 2022; Miele et al., 2023; Kondo et al., 2024).

In ASGM-affected environments, physical disturbance caused by soil reworking, sediment
displacement and removal of organic-rich surface horizons further amplifies soil heterogeneity.
These processes can modify pH, mineral surface exposure and organic matter stability (Blouin
et al., 2005; Li et al., 2023), while seasonal climatic variability in tropical regions introduces
strong temporal fluctuations in soil moisture (Spanner et al., 2022; Soares et al., 2024).
Transitions between dry and rainy periods have been shown to affect soil organic matter stocks
and stability in ASGM-impacted soils, with cascading effects on biogeochemical functioning

and contaminant behavior (Becerra-Lira et al., 2024; Soares et al., 2024).

Despite growing evidence of the importance of mineral-organic interactions and moisture-
driven processes in controlling Hg dynamics (e.g., Zhao et al., 2022; Wu et al., 2023; Li et
al., 2025), few studies have integrated mineralogical, spectroscopic and thermal approaches to
interpret soil heterogeneity in ASGM-affected tropical environments. In particular, there
remains a need for process-based frameworks capable of linking physical disturbance, surface

chemistry and organic matter stability to the observed spatial variability of Hg in soils.

In this context, the present section aims to propose an integrated physicochemical and
mineralogical framework to interpret soil heterogeneity and the processes potentially
controlling mercury retention and mobility in the studied ASGM sites. All 73 soil samples were
characterized using qualitative X-ray diffraction (XRD), Attenuated Total Reflectance Fourier-
Transformed Infrared (ATR-FTIR) spectroscopy, and simultaneous thermal analysis (STA),
especifically thermogravimetric and differential scanning calorimetry (TG/DSC), combined
with measurements of pH and water holding capacity (WHC) of representative samples. By

integrating mineralogical composition, surface functional groups, thermal behavior, and
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moisture-related properties with THg data presented in Section 4, this section provides a
process-based interpretation of how physical disturbance and soil reworking associated with

ASGM may generate heterogeneous microenvironments that influence mercury partitioning

and stability in tropical soils.

5.1 Methodology

Aliquots of 10 g from all 73 lyophilized and ground bulk samples (described in Section
4.2.3) were separated, properly stored in zip-lock bags within a paper box, and transported to

the Laboratory of Mineralogy and Petrography at the University of Sannio (Benevento, Italy).

5.1.1. Mineralogical composition

For mineralogical characterization, X-ray diffraction (XRD) analysis was also employed.
Soil samples were manually ground using an agate mortar prior to analysis. XRD
measurements were performed with a Panalytical AERIS diffractometer (CuKa radiation, 40
kV, 40 mA), operating over a 26 scanning range of 3—80°, using an RTMS detector with a step
size of 0.017° and a counting time of 60 s per step. Mineral phases were identified by the

Panalytical Highscore Plus 3.0e software and PDF-2/ICSD mineral databases.

5.1.2. Attenuated Total Reflectance Fourier-Transformed Infrared (ATR-

FTIR) characterization of soil functional groups

Fourier transform infrared (FTIR) analyses were conducted on powdered samples using

the Attenuated Total Reflectance (ATR) technique with a BRUKER Alpha FTIR spectrometer

189



fitted with a diamond crystal. Spectra were collected in the mid-infrared region (4000—400
cm™') at a spectral resolution of 4 cm™, averaging 64 scans per measurement. Data acquisition

and spectral processing were carried out using Opus 7.8.44 software.

5.1.3. Thermal behavior of soils assessed by Simultaneous Thermal
Analysis (STA)

The powdered soils were characterized using simultaneous thermal analysis,
specifically thermogravimetric analysis (TG) coupled with differential scanning calorimetry
(DSC). Measurements were carried out with a NETZSCH STA 449 F3 Jupiter thermal analyzer
using alumina crucibles (sample masses ca. 60 mg). The samples were subjected to dynamic
heating conditions, with a heating rate of 10 °C/min over a temperature range of 40—1250 °C,
under an ultrapure air atmosphere. Data processing was performed using Proteus 6.1.0

software.

5.1.4. Soil physicochemical properties: pH and water holding capacity
(WHC)

Representative soil samples were selected from each site category to provide contextual
information on physicochemical properties while keeping laboratory analyses feasible.
Although the number of samples per site differs (n = 28 for ~30 years deactivated, n = 5 for
deactivated in January 2024, n = 4 for active, and n = 3 for the site without ASGM records),
the selection aimed to cover the main observed variability in each category, including

differences in texture, mineral composition, and visible organic matter. This subset is therefore
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considered representative of the soils from each ASGM context and suitable for the

interpretation of mineralogical, spectroscopic, and thermal analyses.

Soil pH was measured in aqueous suspension following laboratory procedures, using a soil-
to-distilled water ratio of 1:5 (w/v). The suspensions were mechanically agitated and allowed
to equilibrate before pH measurement using a PC 62 DHS calibrated pH meter, with calibration

verified using standard buffer solutions (pH 4.0 and 7.0) between measurement sessions.

Water holding capacity (WHC) was determined gravimetrically. After saturation with
distilled water, soil samples were allowed to drain freely under gravity to remove excess water.
The samples were then weighed to obtain the wet mass, oven-dried at 110 °C for 48 h, and
weighed again to determine the dry mass. WHC was calculated as the mass of water retained
after free drainage relative to the dry mass of the soil and expressed as a percentage (Equation

4).

Wiet — Wdry

WHC (%) = —= x 100 4)

Where:
W, et = soil mass after saturation and free drainage (g).

Wary = oven-dried soil (g).
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5.2. Results

5.2.1. Mineralogical composition

Qualitative X-ray diffraction (XRD) patterns indicate a broadly similar mineralogical
composition across all studied sites (Table 7). All X-ray diffraction patterns are presented in

Appendix 5.

Table 7. Occurrence frequency (n) of mineral groups identified by qualitative XRD in soils across the studied sites.

Studied sites

~30 years Deactivated in . Without ASGM
. deactivated Active
Mineral group (MTBP, n = January 2024 (MTPS, n = 15) records
37) ’ (MTNC, n =15) ’ (MTBVP, n =6)
Quartz 37 15 15 6
Kaolinite-group 37 15 15 6
Gibbsite 16 8 1 3
Mica-type 16 0 1 1
Smectite 1 0 3 0
Fe/Mn
5 2 0 1
(oxyhydr)oxides
Feldspars 4 0 3 0
Arsenopyrite* 3 10 0 0

*Tentative identification.

Quartz is present in all analyzed soil samples, as residual crystallin e phase (Figure 31).
Clay mineral assemblages are dominated by kaolinite-group minerals, consistently detected
across all studied sites. Minor occurrences of mica-type phyllosilicates (illite and muscovite)

and smectite were also observed in selected samples. However, the possibility of mixed-layered
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structures (not separated by XRD analysis) cannot be excluded, as interstratified sequences of
illite and muscovite may occur in these soils. Aluminum hydroxides, particularly gibbsite, were
frequently observed, especially in soils from the long-term and recently deactivated sites, as
well as in samples from the control area. On the other hand, K-feldspars were detected
sporadically (i.e., some samples from the ~30 years deactivated and from the active ASGM
sites). Iron and manganese (oxyhydr)oxides, including goethite, hematite, magnetite and
birnessite, were identified in a subset of samples, although their detection was qualitative and

limited by low crystallinity and potential peak overlap.
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Figure 31: XRD diffractograms of the studied sites’ representative samples. () MTBP-01, ~30 years deactivated
ASGM, (B) MTBVP-01, without ASGM records, (C) MTNC-08, ASGM deactivated in January 2024, and (D)
MTPS-05, active ASGM.

Minor reflections tentatively compatible with chalcogenide minerals. These minerals
included arsenopyrite (FeAsS), that was more consistently detected in samples from the ASGM
area deactivated in January 2024 (n = 10) and in 3 samples from the ~30 years deactivated
ASGM. Given their low intensity and the complexity of soil mineral matrices, these

identifications should be regarded as indicative rather than definitive.

Overall, no mineralogical phases were uniquely associated with any specific studied ASGM
site. While the soils share a common mineralogical background dominated by quartz and
kaolinite, variations in accessory minerals were irregular and did not follow a consistent

temporal pattern.
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5.2.2. Attenuated Total Reflectance Fourier-Transformed Infrared (ATR-

FTIR) characterization of soil functional groups

The spectra obtained through ATR-FTIR analysis of all soil samples were mostly

represented by mineral-related absorption bands, reflecting the predominantly mineral nature

of the studied soils. The most prominent features across all areas were sharp bands in the 3700

3600 cm™ region, typically centered at ~3695, ~3650 and ~3620 cm™. These bands were

consistently observed in samples from all studied sites, indicating the widespread presence of

kaolinite-group minerals (Figure 32). In addition, features (i.e., ~3621, ~3526 and ~3449 cm’

1) usually associated with gibbsite were consistently observed in samples from the area without

ASGM records (Figure 32B).
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Figure 32: ATR-FTIR spectra of one representative sample from each area: (A) MTBP-01, (B) MTBVP-01, (C) MTNC-07,
and (D) MTPS-05.

Additional mineral-related absorptions were observed in the 1200—-1000 cm™ region,
with recurrent bands near ~1165-1115 and ~1035-1000 cm™, corresponding to Si—O vibrations
of silicate minerals. A diagnostic band around ~913-910 cm™, attributed to AI-OH bending
vibrations, was also detected in several samples, further supporting the dominance of kaolinite-
type clay minerals. Bands below 800 cm™, including features near ~795-777 and ~695-690
cm™', were consistently present and are characteristic of quartz and other silicate phases.
However, the doublet ~795-777 ¢cm’', typically diagnostic for quarts, is not present in all

samples.

Despite the overall similarity in mineralogical signatures, qualitative differences among
the ASGM sites were observed in spectral regions commonly associated with soil organic
matter (SOM). Absorptions in the 1750-1600 cm™ range, typically centered between ~1650

and ~1620 cm™, were detected in most samples from recently and long-term deactivated
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ASGM areas. These bands were also observed in soils from the control area, although with less

variability, and were less consistently present in samples from the active ASGM site.

Overall, the ATR-FTIR results indicate a consistent mineralogical framework across all
study areas, with subtle qualitative differences in organic-associated spectral features observed

among sites with different disturbance histories.

5.2.3. Thermal behavior of soils assessed by Simultaneous Thermal
Analysis (STA)

According to DTG curves, four main temperature ranges were defined for the examined
samples (<200 °C, 200-380 °C, 380—600 °C and >600 °C; Mercurio et al., 2022). In the
temperature range below 200 °C, all samples had minor mass losses, typically lower than 1.3%,
with DTG peaks generally occurring between approximately 70 and 150 °C (Figure 33). This
thermal range is generally attributable to dehydration processed due to the loss of hygroscopic

water and, subordinately, interlayer H,O of clay minerals (e.g., smectite and mixed layers).

Between 200 and 380 °C, mass losses were more variable, ranging from less than 1% to
values exceeding 5% in some samples. DTG peaks in this interval were commonly observed
between ~250 and 320 °C and were occasionally associated with endothermic or weakly
exothermic DSC signals. In addition, in this interval, a noticeable variability within each site
was observed, whereas the position of the main DTG peaks remained relatively consistent.
These weight losses are generally due to dehydroxylation of (oxyhydr)oxides such as gibbsite

and goethite.

The most prominent mass loss for all samples occurred between 380 and 600 °C, with AW

values typically ranging from approximately 1% to more than 9%. DTG peaks in this interval
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were consistently centered between ~480 and 510 °C and were accompanied by clear
endothermic DSC events. The main thermal event in this temperature interval exhibited limited
variability in peak temperature across all sites. It is generally due to dehydroxylation of
kaolinite mineral group leading to the formation of metakaolin and similar phases. The weak

endothermic peaks at ca. 574°C indicate the polymorphic transition of alpha- to beta quartz.

Above 600 °C, only minor additional mass losses were observed, generally below 1% and
due to a residual dehydroxylation of phyllosilicates and/or release of halogens, with broad DSC
exo-endothermic events typically occurring between ~950 and 1000 °C, that could suggest both
the transformation of metakaolin in mullite and/or structural reorganization of other minor clay

minerals. The TG/DSC curves for all samples are provided in Appendix 6.
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Figure 33: Representative TG, DTG and DSC curves of selected soil samples from the different studied sites: (A)
~30 years deactivated site (MTBP-01); (B) site deactivated in January 2024 (MTNC-07); (C) active ASGM site
(MTPS-05); and (D) site without ASGM records (MTBVP-01).

5.2.4. Soil physicochemical properties: pH and water holding capacity
(WHC)
Soil pH and water holding capacity (WHC) were determined for a subset of samples across
the studied sites and are presented to provide physicochemical context for the interpretation of

mineralogical, spectroscopic and thermal data (Figure 34). Detailed pH and WHC (%) data for

the selected samples can be found in Appendix 7.
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Figure 34: Distribution of soil pH and water holding capacity (%) across the studied sites. Boxplots summarize
the median, interquartile range and overall variability for each parameter, with colors indicating site
classification. Only samples for which pH and WHC were measured are included.

The ~30 years deactivated ASGM area exhibited a relatively broad pH range (6.46—8.50)
with a median of 7.15 and an interquartile range (Q1-Q3) of 6.80-7.79. The site deactivated in
January 2024 showed slightly higher values, with a median pH of 7.49 (Q1-Q3: 7.36-7.78)
and a narrower range (7.24-8.34). The active ASGM site displayed the lowest median pH
(6.96) and the smallest variability (6.85—7.08), while the area without recorded ASGM activity

had intermediate values (median 7.08; Q1-Q3: 7.02—7.34).

In contrast, WHC values had a much broader range, varying from less than 1% to values
exceeding 35% on a dry weight basis. Within individual sites, noticeable WHC variability was
observed, indicating differences in texture, aggregation and/or organic matter content at the

sample scale.
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Although pH and WHC were not measured for all collected samples, the observed
variability in these parameters provides important contextual information for assessing
differences in thermal behavior and potential mercury retention mechanisms among the studied

soils.

5.2.5. Integrated analysis of total mercury concentrations and behavior

based on soil physicochemical, mineralogical and thermal properties

Understanding the factors that control mercury retention and mobility in ASGM-affected
soils requires integrating total mercury concentrations with the physicochemical and
mineralogical characteristics of the solid phase. In tropical environments, such as the Brazilian
Amazon, where intense weathering promotes the formation of secondary minerals, soil
constituents such as clays, organic matter, and metal (oxyhydr)oxides play a central role in

regulating mercury behavior.

In this context, this section is dedicated to provide an integrated analysis of the data
presented in Section 4 and Section 5, in order to explore the physicochemical and mineralogical

controls on mercury retention and potential mobility in the studied ASGM-affected sites.

5.2.5.1.  Fe-Mn (oxyhydr)oxides as potential sinks for total mercury in ASGM-
affected soils
Iron and manganese (oxyhydr)oxides are widely recognized as highly reactive soil
constituents in tropical environments, where intense weathering favors their formation and
accumulation. In this sense, analyses were conducted to evaluate whether the presence of Fe—

Mn (oxyhydr)oxides detected by XRD was associated with systematic differences in THg
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concentrations within each studied ASGM context. This distinction is critical, as the objective
is to assess the within-area influence of mineralogical components on mercury retention,
minimizing confounding effects related to ASGM history, disturbance intensity, or spatial
heterogeneity among sites. To achieve this objective, the THg concentration data (Section 4)
was combined with the presence or absence of Fe-Mn (oxyhydr)oxides in the samples

identified by qualitative XRD (Section 5) (Table 8).

Table 8. Total mercury (THg) concentrations in soils from ASGM sites at different ASGM stages, highlighting samples
with identified Fe-Mn (oxyhydr)oxides.

Median THg (min—-max) Presence of Fe-Mn  THg

ASGM site (n) (ngg") (oxyhydr)oxides (ng g
~30 years deactivated (37) 324 (27-8,862) MTBP-04 201
MTBP-05 142
MTBP-10 56
MTBP-24 41
MTBP-33 40
Deactivated in January 2024 (15) 147 (54-207) MTNC-03 140
MTNC-08 77
Active (15) 38 (20-365) - -
Without activity records (6) 178 (152-228) MTBVP-01 228

THg concentrations were log-transformed (logio) prior to analysis to reduce
heteroscedasticity. All statistical analyses were performed in R version 4.4.2 (R Core Team,
2024), using the packages robustbase (Maechler et al., 2025) and dplyr (Wickham et al.,
2023). In this case, a robust linear regression model (MM-estimators) was selected to reduce
sensitivity to outliers, and results were considered statistically significant when p < 0.05. The
global model included Fe—Mn (oxyhydr)oxide presence, site, and their interaction, allowing
the effect of (oxyhydr)oxides on THg to vary among areas. The global robust regression model
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indicates that THg concentrations may be associated with both area and the presence of Fe—
Mn (oxyhydr)oxides, with statistically significant interaction terms for two of the four areas,
demonstrating that the direction and magnitude of this association vary according to ASGM

context (Table 9).

Table 9. Effect of Fe—Mn oxyhydroxide presence on log-transformed THg concentrations by area (robust regression).

Regression
ASGM site Direction of effect  coefficient*  p-value Interpretation
(logi0 THg)
~30 years deactivated Negative -0.79 0.0003 THg is substantially
lower in samples with
Fe-Mn
(oxyhydr)oxides
Deactivated in January 2024  Weak negative -0.14 0.28 No statistically
detectable difference
Without activity records Positive 0.12 0.0039 THg is higher
samples with
oxyhydroxides

*Regression coefficients represent the estimated difference in logio-transformed THg concentrations
between samples with and without Fe—Mn (oxyhydr)oxides within each area.

The results presented in Table Y indicate that the association between Fe—Mn
(oxyhydr)oxides and THg is strongly context-dependent. In the ~30 years deactivated site, the
statistically lower THg concentrations observed in samples containing (oxyhydr)oxides
suggest that, under this site conditions, these phases are not associated with enhanced mercury
accumulation at the bulk-soil scale. On the other hand, in soils without recorded ASGM
activity, the positive association between Fe—Mn (oxyhydr)oxide presence and THg point out
to a scenario in which these mineral phases may contribute to mercury retention. The absence
of a significant relationship in the ASGM site deactivated in January 2024 indicates that, shortly
after mining cessation, the presence of Fe—Mn (oxyhydr)oxides alone does not represent an

important factor controlling THg retention in soils.
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Therefore, at the scale considered here, the results point to statistically contrasting
associations between THg and Fe—-Mn (oxyhydr)oxides among ASGM contexts, suggesting
that the role of these phases in THg distribution is subject to site-specific environmental
conditions and disturbance histories rather than reflecting a uniform control across the study

arca.

The interpretation of these results must be framed within the scope and resolution of the
available data. The presence of Fe—Mn (oxyhydr)oxides was treated as a binary variable based
on qualitative mineralogical identification, which does not capture variations in abundance,
mineralogy, crystallinity, or surface reactivity. The analysis is further restricted to bulk THg
concentrations and does not address Hg speciation, binding strength, or the stability of Hg—

mineral associations.

Despite these constraints, the analytical strategy is appropriate for evaluating first order,
within-area associations between THg and mineralogical attributes. The use of robust
regression minimizes the influence of extreme values without requiring strict distributional
assumptions. Importantly, the results are interpreted as area-specific statistical associations
rather than as evidence of a single controlling mechanism, providing a defensible framework
for integrating these findings with complementary physicochemical and mineralogical

evidence discussed in subsequent sections.

5.2.5.2.  Statistical analysis of thermogravimetric mass loss (AW, %) across

ASGM sites

To evaluate differences in thermal stability and composition among ASGM site
categories, mass loss distributions across defined temperature intervals were quantified for all
73 soil samples using thermogravimetric analysis (TG). Boxplots of mass loss (AW, %)

illustrate the variation in each temperature interval among sites (Figure 35).
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Figure 35: Boxplots of mass loss (AW, %) for each temperature interval derived from TG analysis, grouped by
studied site. Boxes represent the interquartile range, the central line indicates the median, and whiskers extend

to 1.5 times the interquartile range.

Below 200 °C, median mass losses are consistently low across all sites and show narrow

interquartile ranges. In the 200-380 °C interval, a wider dispersion of AW values is observed,

while in the 380—600 °C interval the highest median mass losses and the largest interquartile

ranges occur across all sites, highlighting this temperature range as the dominant contributor

to total mass loss. In contrast, above 600 °C, mass losses remain minor and exhibit limited

variability among sites. Summary statistics for AW distributions are provided in Table 10.

Table 10. Summary statistics of mass loss (AW, %) for each temperature interval and site.

Studied site Temp. interval (°C) Median IQR Min—Max
~30 years deactivated <200 0.55 0.73 0.01-1.25
(MTBP, n=37) 200—380 2.17 297 0.32—5.26
380—600 3.75 3.66 0.37—7.69
600—1048 0.40 041 0.07—1.22
Deactivated in January 2024 <200 0.59 0.27 0.33—1.07
(MTNC, n =15) 200—380 2.62 1.22  0.79—3.14
380—600 5.71 2.54 234968
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600—1048 0.45 022  0.15—0.95

Active <200 0.10 024 0.01—0.81
(MTPS, n = 15)
200—380 0.33 068 0.10—5.10
380—600 1.25 1.85 046—7.44
600—1048 0.18 025 0.04—0.56
Without ASGM records <200 0.77 0.18 0.60—1.29
(MTBVP, 1 = 6) 200—380 2.99 085 238352
380—600 522 1.10  3.20—6.62
600—1048 0.49 022 028075

Non-parametric Kruskal-Wallis tests indicated statistically significant differences in mass
loss distributions among sites for all evaluated temperature intervals (<200, 200-380, 380—-600
and 600-1048 °C; p < 0.01), supporting the variability observed in the boxplot analysis. The
strongest statistical differences among sites were observed in the 380—600 °C interval (p =

0.00015), which also corresponds to the dominant mass loss event in all samples.

To further investigate pairwise differences among sites within each temperature interval, a
post-hoc Dunn test with Bonferroni adjustment was applied. The Dunn test identified specific

site pairs with statistically significant differences in mass loss (Table 11).

Table 11. Pairwise comparisons of mass loss (%) among sites for each temperature interval using Dunn’s test with
Bonferroni adjustment.

gli:lr[:;al ©C) Comparison V4 p-adjusted
<200 ~30 years deactivated ASGM - Active 2.996 0.016
<200 Active - Deactivated in January 2024 -3.344 0.005
<200 Active - Without ASGM records -3.466 0.003
200—380 ~30 years deactivated ASGM - Active 3.530 0.002
200—380 Active - Deactivated in January 2024 -3.236 0.007
200—380 Active - Without ASGM records -3.280 0.006
380—600 ~30 years deactivated ASGM - Deactivated in January 2024 -2.932 0.020
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380—600 Active - Deactivated in January 2024 -4.303 0.0001

600—1048 ~30 years deactivated ASGM - Active 3.252 0.007
600—1048 Active - Deactivated in January 2024 -3.482 0.003
600—1048 Active - Without ASGM records -2.720 0.039

In the < 200 °C, 200—380 °C, and 600—1048 °C intervals, the active ASGM site
statistically differs of all other sites, presenting less mass loss in these intervals. On the other
hand, in the interval with higher mass losses for all sites (380—600 °C interval), the ASGM
site deactivate in January 2024 statistically differs from all sites with activity records (i.e., ~30

years deactivated and active ASGM sites).

A PERMANOVA applied to the mass losses across all temperature intervals indicated
significant differences in integrated thermogravimetric mass loss profiles among sites (p =
0.0002). Site category explained 25.3% of the total variability in mass loss (R* = 0.253), and
the relatively high F value (F = 7.79) indicates strong separation among group centroids in the
multivariate space, suggesting that these differences are not subtle. This multivariate separation
is visually supported by the principal component analysis (PCA; Figure 36). The first principal
component (PC1), which explains 80.5% of the total variance, reflects overall differences in
the magnitude of thermogravimetric mass loss among sites. This separation is further supported
by the distances between group centroids, which ranged from 1.04 (ASGM deactivated in
January 2024 vs. without ASGM records) to 3.99 (ASGM deactivated in January 2024 vs.

active sites), indicating considerable differences in integrated thermogravimetric profiles.
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Figure 36: Principal component analysis (PCA) of thermogravimetric mass loss profiles across all temperature
intervals. PC1 accounted for 80.5% of the total variance and represents the overall magnitude of mass loss,
while PC2 accounted for 10.7% of the variance and contrasts mass losses occurring in the 200-380 °C interval
with those occurring above 600 °C. Points represent individual samples and ellipses indicate the 68%
confidence region for each site category.

However, PERMDISP results indicated statistically significant differences in
multivariate dispersion among sites (p = 0.0466). The moderate F value (F = 2.68) suggests
that some groups exhibit greater within-site heterogeneity than others. These differences in
multivariate dispersion are illustrated by the violin plots of distances to group centroids (Figure
37). Distances to group centroids indicate higher heterogeneity in the ~30 years deactivated
ASGM site (mean = 2.44 + 1.09; median = 2.40), intermediate variability in the recently
deactivated (mean = 1.71 £ 1.15; median = 1.47) and active sites (mean = 1.67 + 2.17; median
=(.72), and the most homogeneous profiles in areas without ASGM records (mean = 1.08 +
0.63; median = 0.94). Although differences in dispersion were detected, the pronounced
separation among centroids indicates that site-related differences in thermogravimetric profiles

are not solely driven by within-site variability.
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Figure 37: Violin plots of distances to group centroids obtained from the PERMDISP analysis, showing
differences in multivariate dispersion among site categories. Violin width represents the density of distances,
and boxplots summarize median and interquartile range. Larger distances indicate greater heterogeneity in

thermogravimetric mass loss profiles within sites.

Spearman rank correlations were calculated between THg concentrations and mass loss

(AW) for each site across specific temperature intervals to assess whether higher mercury

content is associated with greater thermal degradation. AW is reported as the signed percentage

mass change relative to the initial mass; negative values indicate mass loss. The results are

summarized in Table 12.

Table 12. Spearman correlation between mass loss (AW, %) and THg concentrations (ng g-1) by ASGM context.

ASGM site Temperature interval (°C) Spearman’s p p-value

~30 years deactivated <200 -0.809 1.42e-09%**
200-380 -0.867 3.93e-12%*%*
380-600 -0.803 1.44e-Q7%**
600-1048 -0.757 5.96e-08***

Deactivated in January 2024 <200 -0.561 0.032%*
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200-380 -0.677 0.0055%*

Active <200 -0.671 0.0062**
200-380 -0.642 0.0099**
380-600 -0.685 0.0048**

The asterisks denote the level of statistical significance of the Spearman correlation as follows: *** highly

significant (p < 0.001), ** moderately significant (0.001 <p < 0.01), * significant (0.01 <p < 0.05).

The correlations indicated a consistent negative association between THg concentrations
and mass loss (AW) across most temperature intervals, particularly in the ~30 years deactivated
ASGM site, where all intervals showed strong and highly significant correlations (p = -0.757
to -0.867, p <0.001). Both the ASGM deactivated in January 2024 and the active ASGM sites
also displayed moderate to strong negative correlations in specific lower temperature intervals
(<200 °C and 200-380 °C). Because AW values are negative (mass loss), these results indicate
that samples with higher mercury concentrations tend to exhibit more negative AW values (i.e.,

greater mass loss), especially in the ~30 years deactivated ASGM site.

To further evaluate whether thermogravimetric mass loss patterns are associated with THg
concentrations, multiple linear regression models were fitted using logi0THg as the response
variable and the thermogravimetric mass losses (AW, %) in each temperature interval as
predictors. Three nested models (i.e., models in which the simpler model is a reduced version

of the more complex model, obtained by removing additional terms) were constructed.

In Model 1, logioTHg was regressed only against the TG-derived mass losses in the four
temperature intervals (<200 °C, 200-380 °C, 380-600 °C, and 600-1048 °C). This model
showed strong explanatory power (R? = 0.652; adjusted R? = 0.631; p <0.001), indicating that
the thermogravimetric profile alone captures a substantial fraction of THg variability across

the dataset. Within this model, the 200-380 °C interval (p < 0.001) and the 600-1048 °C
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interval (p < 0.001) were significant predictors of logioTHg, whereas mass losses below 200
°C and in the dominant 380—600 °C interval were not statistically significant. These results
suggest that the variability in THg is not simply linked to the magnitude of the main

decomposition event (380—600 °C), but rather to more specific thermal fractions.

In Model 2, site category was added as a categorical predictor while maintaining the same
TG intervals. This model substantially improved goodness of fit (R? = 0.766; adjusted R* =
0.740; p < 0.001), demonstrating that site context explains additional THg variability beyond
TG mass losses alone. After controlling for the thermogravimetric intervals, all site categories
showed significantly lower logioTHg relative to the reference site (~30 years deactivated
ASGM). Importantly, the 200-380 °C interval remained statistically significant (p = 0.005) and
the 600-1048 °C interval also remained significant (p = 0.018), suggesting that these TG-
derived fractions are systematically associated with THg enrichment even after accounting for

site category.

Regression coefficients for Models 1 and 2 are provided in Table 13, where: the Estimate
(B) corresponds to the estimated regression coefficient, representing the expected change in
log1o(THg) associated with a one-unit increase in the predictor (holding all other variables
constant); the SE is the standard error; the ¢ value is the ratio between the coefficient and its
standard error (f/SE), and it indicates how strongly the predictor differs from zero relative to

its uncertainty; and the p-value is used to assess statistical significance.

Table 13. Multiple linear regression models linking log10(THg) to thermogravimetric mass loss (AW, %) and ASGM site
context.

Model 1 (TG only)

Predictor Estimate (f) SE t D

Intercept 1.422 0.100 14.146 <0.001
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AW <200 °C (%) 0.084 0.329 0.254 0.800

AW 200-380 °C (%) -0.311 0.074 -4.207 <0.001
AW 380-600 °C (%) 0.044 0.035 1.273 0.207
AW 600-1048 °C (%) -0.950 0.266 -3.574 <0.001

Model fit: R? = 0.652; adjusted R? = 0.631; residual SE = 0.399; df = 68
Model 2 (TG + Site)

Predictor Estimate (f) SE t D
Intercept 1.631 0.102 15.957 <0.001
Active -0.339 0.114 -2.974 0.004
Deactivated in January 2024 -0.596 0.124 -4.823 <0.001
Without ASGM records -0.555 0.157 -3.539 <0.001
AW <200 °C (%) -0.169 0.291 -0.579 0.564
AW 200-380 °C (%) -0.192 0.066 -2.906 0.005
AW 380-600 °C (%) -0.037 0.034 -1.099 0.276
AW 600-1048 °C (%) -0.565 0.234 -2.420 0.018

Model fit: R? = 0.765; adjusted R? = 0.740; residual SE = 0.335; df = 65

Finally, Model 3 included interaction terms between site category and the TG intervals (Site
vs. AW) to test whether the relationship between logioTHg and thermogravimetric mass losses
differs among sites. The comparison between Model 2 and Model 3 did not show clear
improvement in model performance (p = 0.076), providing limited evidence that the slopes
linking TG intervals to logiocTHg vary by site. Therefore, Model 2 was chosen as the main
explanatory model due to its robust explanatory power. Model comparisons are shown in Table
14, where in the ANOVA section: Residual df is the residual degrees of freedom, RSS is the
residual sum of squares, Adf is the number of additional parameters between models, ARSS is
the reduction in RSS, F tests whether the added terms significantly improve model fit, and p is

the corresponding significance level; and in the AIC section: df is the number of estimated
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parameters and AIC is the Akaike Information Criterion (lower values indicate better-supported

models).

Table 14. Nested model and AIC-based comparisons among multiple linear regression models for log10THg.

Nested model comparison

Model comparison Residual df  RSS Adf  ARSS F P

Model 1 (TG only) 68 10.8143 - - - -

Model 2 (TG + Site) 65 7.2801 3 3.5341 12.027 4.06e—06
Model 3 (TG + Site + interactions) 53 5.1912 12 2.0889 1.777  0.076

AIC-based model selection

Model df AIC

Model 1 (TG only) 6 79.7646
Model 2 (TG + Site) 9 56.8773
Model 3 (TG + Site + interactions) 21 56.1897

The overall predictive performance of the selected model is illustrated by the observed
vs. predicted relationship (Figure 38), showing that the model captures a substantial fraction of

the variability in logio(THg) across sites.
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Figure 38: Observed versus predicted log10THg values obtained from the final multiple linear regression model
(Model 2: TG + Site). Points represent individual soil samples and are colored by site category. The solid 1:1 line
indicates perfect agreement between observed and predicted values; deviations from this line reflect model
residuals.

Therefore, these regression results complement the correlation analysis and reinforce
that THg variability is not driven exclusively by total thermogravimetric mass loss. Instead, the
statistical signal is primarily associated with mass losses occurring in the 200-380 °C and 600—

1048 °C intervals.

5.2.5.3.  Influence of soil water holding capacity (WHC) and pH on THg
concentrations in ASGM-affected soils
Water holding capacity (WHC) is a soil physical property and is commonly associated with
sorption capacity, and fine particle content. In this context, this subsection evaluates whether
systematic associations exist between WHC and THg concentrations within each ASGM

context, focusing on within-area relationships.
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Given the non-normal distribution of THg and the presence of extreme values, THg
concentrations were logio-transformed and non-parametric (Spearman) and robust statistical
approaches were applied. Statistical significance was assessed at p < 0.05. Spearman rank
correlation analyses were first conducted to explore associations between WHC and logi10THg

concentrations within each ASGM context (Table 15).

Table 15. Spearman correlation between water holding capacity (WHC) and log10-transformed total mercury (THg)
concentrations by ASGM context.

ASGM site (n) Spearman’s p p-value
~30 years deactivated (28) 0.54 0.0036
Deactivated in January 2024 (5) -0.20 0.78
Active (4) 0.40 0.75
Without activity records (3) 0.50 1.00

A statistically significant positive correlation between WHC and THg was observed only
in the site deactivated for approximately 30 years (p = 0.54, p = 0.0036). No statistically
significant correlations were identified in the other sites. In these contexts, the low number of
samples with available WHC data limits statistical power, and the observed correlation
coefficients should therefore be interpreted as descriptive rather than inferential. These results
suggest that any systematic relationship between soil water retention and bulk THg

concentrations is not consistent across ASGM contexts.

In the ~30 years deactivated site, this relationship was further evaluated using robust linear

regression (Figure 39).

218



log10(THg) = 2.12 + 0.044 x WHC
R?=0.24
®
@

10 0001 °

1

TotalHg (ng g )

10001

100

0 10 20 30
Water holding capacity (WHC, % d.w.)

Figure 39: Relationship between WHC and THg concentrations in soils from the ~30 years deactivated ASGM site.
Points represent individual samples. The solid line corresponds to the robust linear regression fitted using log,,-
transformed THg concentrations. The y-axis is displayed on a logarithmic scale using original THg units (ng g ~) to
facilitate interpretation.

The model, fitted using an MM-estimator, indicated that increases in WHC were associated
with higher log-transformed THg values (slope = 0.044, p = 0.014) in the ~30 years deactivated
ASGM site. In addition, the model explained approximately 24% of the variability in log10THg
concentrations (R? = 0.24). The intercept (logioTHg =~ 2.12) corresponds to baseline THg
concentrations at low WHC values. These results indicate an association between enhanced
water retention capacity and higher mercury concentrations in soils from the long-term
deactivated studied area, although additional factors likely control a substantial fraction of the

observed variability.

Spearman rank correlation analyses were also performed to evaluate the association
between soil pH and logioTHg concentrations in the four studied areas, and no statistically
significant association was identified. Due to the lack of correlation between both WHC and

pH with THg in the other study areas, the relationships among THg concentrations and key soil
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properties were explored through a Spearman rank correlation matrix exclusively for samples

from the ~30 years deactivated ASGM site. The analysis included THg concentrations, WHC,

soil pH, and the proportion of particles (<105 pm) (Figure 40).
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Figure 40: Spearman correlation matrix among total mercury concentrations (THg), water holding capacity (WHC),
soil pH, and fine particle content (<105 um) for the ~30 years deactivated ASGM site. Numeric labels represent
Spearman’s correlation coefficients (p). Statistical significance is indicated by asterisks (**p < 0.01; ***p < 0.0017).

Significant positive associations were identified among WHC, fine fraction content (< 105
um), and THg concentrations. WHC was positively correlated with the fine fraction (p = 0.51,
p=0.006) and with THg concentrations (p = 0.54, p = 0.003). In addition, THg showed a strong
positive correlation with the fine fraction (p = 0.86, p <0.001). These results indicate that soils
with higher proportions of fine particles tend to retain more water and exhibit higher THg

concentrations.

220



5.3. Discussion

Qualitative XRD results indicate that soils from all studied sites share a broadly similar
mineralogical framework, dominated by the presence of quartz and kaolinite-group minerals
in all samples from all studied areas (Table 7). In accordance, ATR-FTIR spectra from all sites
were dominated by mineral-related absorption bands (Figure 32), consistently with the known
sensitivity of ATR-FTIR to silicate matrices and soil water relative to organic functional groups
(Volkov et al., 2021). The constant presence of sharp OH-stretching bands in the 3700-3600
cm' region and strong Si—O absorptions between 1200 and 955 cm™ (Figure 32) confirms the
widespread occurrence of kaolinite-group minerals and quartz across the studied soils (Langer
& Florke, 1974; Awadh & Yaseen, 2019; Tiwari et al., 2020; Al-Amin et al., 2025). This
mineral assemblage is characteristic of highly weathered tropical soils, particularly Amazonian
soils (e.g., Aquino, 2013; Souza et al., 2018; Rocha et al., 2022), and reflects the influence
of the parent material (i.e., Palito Granite). Under prolonged tropical weathering, such
lithological and alteration features favor the extensive leaching of mobile elements and the

residual concentration of quartz together with the formation of kaolinite-group minerals.

Despite this overall similarity, accessory mineral phases such as gibbsite, as well as mineral
phases indicating more immature soils such as mica-type phyllosilicates, smectites and
sporadically occurring feldspars, were detected in selected samples (Table 7), consistent with
results previously reported by Aquino (2013) and Souza et al. (2018) in studies conducted
within the same region of the present work. In addition, iron and manganese (oxyhydr)oxides
were identified in a subset of samples, although their detection was limited by low crystallinity
and potential peak overlap. This limitation highlights the restricted sensitivity of bulk XRD for
detecting amorphous, nanocrystalline and surface-associated mineral phases that, despite often

occurring in minor amounts, exert a strong influence on soil surface reactivity and trace metal
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interactions due to their high specific surface area and abundance of reactive sites (Waychunas

et al., 2005).

Experimental studies further demonstrate that Fe-bearing mineral assemblages may control
not only the affinity of soils for mercury, but also the dominant retention mechanisms, including
adsorption and redox-mediated transformations (Debure et al., 2020). In tropical soils affected
by ASGM, the role of Fe oxides in Hg retention may be further modulated by physical
disturbance and redox conditions. Guedron et al. (2009) showed that in Amazonian soils
impacted by historical ASGM activities in French Guiana, Hg is variably associated with Fe
oxides, clay minerals and organic matter, while mechanical disturbance favors the presence of

elemental Hg and disrupts soil structure.

To evaluate whether these Fe—Mn (oxyhydr)oxides actually influence mercury retention in
the studied soils, qualitative XRD data was combined with THg concentrations measured in
each sample. The obtained results (Table 8 and Table 9) indicate that the association between
Fe—Mn (oxyhydr)oxides and THg is actually context-dependent. In the ~30 years deactivated
site, samples containing Fe-Mn (oxyhydr)oxides exhibited significantly lower THg
concentrations (robust regression coefficient = -0.79, p = 0.0003), whereas in soils without
recorded ASGM activity, the presence of these phases was associated with higher THg
(coefficient = 0.12, p = 0.0039). These empirical observations support the conceptual role of
Fe—Mn (oxyhydr)oxides in controlling Hg retention in the studied soils, while also highlighting
that their influence is modulated by site-specific environmental conditions and disturbance
history, rather than exerting a uniform effect across all areas. Other studies further illustrate the
mechanisms behind this context-dependency. Miller et al. (2015) showed that Hg(0) beads
interacting with Mn-oxides form highly soluble Hg coatings, enhancing Hg mobility, whereas
Debure et al. (2020) demonstrated that the retention and transformation of Hg on Fe-bearing

minerals depends on the redox state: under oxidizing conditions Hg is adsorbed, while reducing
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conditions can promote Hg reduction and mobilization. These mechanisms suggest that oxide-
bearing samples may represent a distinct soil fraction or microenvironment in which THg is
less concentrated, potentially due to co-variation with texture, organic matter distribution, and
redox history. On the other hand, in the area without ASGM records, where soils were
historically less disturbed and exposed, Fe-Mn (oxyhydr)oxides can retain Hg effectively,

leading to higher THg in samples with these minerals.

In ATR-FTIR data, absorptions in ~1640 cm™ that represent H-O—H bending mode of
molecular water associated with hydroxylated clay minerals (Volkov et al., 2021; Ayalew,
2023), were more consistently detected in soils from the ASGM deactivated in January 2024,
in the ~30 years deactivated ASGM, as well as in the site without ASGM records (Figure 32).
In contrast, these features were less systematically observed in samples from the active ASGM
site, potentially reflecting the effects of ongoing physical disturbance of the soil associated with
ASGM activities, including mechanical reworking and disruption of soil structure. Such
disturbance has been shown to affect the distribution and composition of soil organic matter
and to increase the spatial heterogeneity of THg concentrations and speciation in ASGM-
impacted soils (e.g., Guedron et al., 2009; Lourenco et al., 2025). The detection of aliphatic
C-H stretching bands in the 2950-2850 cm™ region in a single sample (MTPS-12, from the
active ASGM) area suggests the presence of relatively labile, aliphatic-rich organic compounds
that are sensitive to physical disturbance and typically associated with less humified soil
organic matter (Senesi et al.,, 1983; Song et al., 2023), indicative of the expected
heterogeneous occurrence of organic matter previously reported in soil physical descriptions

in Section 3.3, and the effects of ongoing mechanical reworking at the site.

Conversely, absorptions between ~3520 and ~3400 cm™', usually associated with hydrogen-
bonded hydroxyl groups and adsorbed water, were exclusively detected in control soils and

likely reflect the presence of gibbsite, given that its structural v(OH) bands are reported in this
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region (Wang & Johnston, 2000). Although detected by XRD in all sites (Table 7), the
presence of bands associated with gibbsite exclusively in the area without ASGM records likely
reflect gibbsite’s higher contribution to the bulk soil composition. It may indicate that this
specific area reflects a relatively more weathered environment—i.e., closer to the natural
conditions expected for tropical soils (Boeva et al., 2022; Gasparini et al., 2022; Junior et

al., 2022), compared to the other studied sites.

These observations point to differences in surface hydration and organic matter interactions
that may influence sorption processes, even in soils with overall similar bulk mineralogy
(Schuttlefield et al., 2007; Parolo et al., 2017). In this sense, previous studies of tropical soils
and sediments affected by ASGM reported that site-specific variations in surface-bound
organic matter, mineral composition, and hydration influence mercury behavior, highlighting
the importance of microscale chemical heterogeneity in controlling contaminant dynamics

(Moreno-Brush et al., 2019; Lazaro et al., 2025).

The distribution of mass loss values across temperature intervals is further illustrated in
AW boxplots for each site (Figure 35), with summary statistics provided in Table 10. Below
200 °C, median mass losses were consistently low and exhibited narrow interquartile ranges
across all sites, indicating similar moisture-related behavior. In contrast, wider dispersion of
AW values was observed in the 200-380 °C interval, reflecting heterogeneity in labile organic
matter (DSC exothermic peaks; Figure 33), and in low-temperature dehydroxylation processes
(DSC endothermic peaks; Figure 33), consistent with contributions from hydroxylated phases
such as gibbsite and/or goethite (Peltre et al., 2013; Barreto et al., 2021). The 380-600 °C
interval showed the highest median mass losses and the largest interquartile ranges across all
sites, reinforcing its dominant contribution to total mass loss and highlighting variability in
clay minerals (e.g., kaolinite) dehydroxylation processes (DSC endothermic peak between 490

and 505 °C; Figure 33) (Stone & Plante, 2015; Merino et al., 2023).
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These site-level contrasts are not only visual but also statistically supported. Non-
parametric Kruskal-Wallis tests indicated significant differences in AW distributions among
sites for all temperature intervals (<200, 200-380, 380-600 and 600-1048 °C; p < 0.01),
corroborating the variability shown in Figure 35. The strongest between-site differences were
detected in the 380—600 °C interval (p = 0.00015), which corresponds to the dominant mass
loss event in all samples, indicating that site-related differences are primarily expressed in the
major soil fractions controlling thermal behavior, particularly kaolinite-group dehydroxylation
and associated organo-mineral components, rather than being restricted to minor moisture- or
labile-OM-related processes. Post-hoc Dunn tests with Bonferroni adjustment further identified
the specific site pairs driving these differences (Table 11). In the <200 °C, 200-380 °C and
600-1048 °C intervals, the active ASGM site differed significantly from all other sites,
consistently exhibiting lower mass losses (Table 11). In contrast, in the dominant 380-600 °C
interval, the site deactivated in January 2024 differed significantly from the other ASGM sites
with activity records (~30 years deactivated and active), suggesting a distinct thermal behavior

shortly after cessation.

Together, these results suggest that ongoing ASGM activity is associated with
systematically reduced mass losses in intervals linked to moisture, labile organic matter, and
high-temperature stable fractions, consistent with physical disturbance, removal of fine
particles, and depletion of reactive surface components. Conversely, the distinct behavior of
the recently deactivated site in the dominant 380—600 °C interval indicates that shortly after
cessation, soils may exhibit a transient mineral—organic configuration, particularly affecting

kaolinite-dominated dehydroxylation processes.

Beyond interval-by-interval comparisons, multivariate analyses confirmed that the
integrated thermogravimetric profiles differ among sites. PERMANOVA applied to AW values

across all temperature intervals indicated significant between-site differences (p = 0.0002),
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with site category explaining 25.3% of the total variability (R*> = 0.253; F = 7.79). This
separation is visually consistent with the PCA ordination (Figure 36), where PC1 (80.5% of the
variance) primarily reflects differences in the overall magnitude of mass loss among sites.
PERMDISP results also indicated statistically significant differences in multivariate dispersion
among sites (p = 0.0466; F = 2.68), suggesting that within-site heterogeneity varies across site
categories. Distances to group centroids (Figure 37) indicate higher heterogeneity in the ~30
years deactivated ASGM site (mean = 2.44 + 1.09), intermediate variability in the recently
deactivated and active sites, and the most homogeneous thermogravimetric profiles in soils
from the area without ASGM records. Importantly, the pronounced centroid separation
observed in PERMANOVA and PCA indicates that site-related differences are not solely driven

by dispersion effects.

To evaluate whether these thermogravimetric patterns are linked to mercury enrichment,
Spearman correlations were calculated between THg and AW within each site (Table 12). A
consistent association was observed between THg and the magnitude of mass loss (AW), such
that higher THg concentrations were linked to more negative AW values (i.e., greater mass
loss), particularly in the ~30 years deactivated ASGM site, where all temperature intervals
showed strong and highly significant correlations (p = —0.757 to —0.867, p < 0.001). These
results suggest that THg enrichment in the ~30 years deactivates ASGM is systematically
associated with multiple thermal fractions, including moisture-related losses, organic matter
decomposition, and mineral dehydroxylation processes. The active and recently deactivated
sites also showed moderate-to-strong correlations, especially in the lower temperature intervals
(<200 °C and 200-380 °C), indicating that under more disturbed conditions THg is more
closely linked to labile and surface-associated soil fractions rather than to more thermally stable

components.
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Multiple linear regression models further indicate that THg variability is not explained
simply by the magnitude of the dominant 380-600 °C event. A model including only
thermogravimetric predictors explained 65.2% of the variance in logioTHg (Model 1; R* =
0.652), with AW in the 200-380 °C and 600-1048 °C intervals emerging as significant
predictors (p < 0.001). Adding site category substantially improved model performance (Model
2; R? = 0.765; Table 13), demonstrating that site context explains additional THg variability
beyond TG-derived fractions alone. Interaction terms did not significantly improve model fit
(Model 3 vs. Model 2; p = 0.076; Table 14), suggesting that the main TG-THg relationships
are broadly consistent across sites. The observed vs. predicted relationship (Figure 38)
confirms that the final model captures a substantial fraction of THg variability. Overall, these
results reinforce that THg enrichment is statistically linked to specific thermogravimetric
fractions (200—380 °C and >600 °C), rather than being controlled exclusively by total mass

loss or by the main kaolinite dehydroxylation event.

Soil pH and water holding capacity distributions are presented in Figure 34 to provide
physicochemical context for the interpretation of mineralogical, spectroscopic and thermal
results. Measured pH values (medians for all sites varying between 6.96 and 7.49), with limited
variability within individual sites, falls within a range known to influence surface charge
development, organic matter solubility, and metal complexation reactions (e.g., Schuster,
1991; Zhang et al., 2023). Tropical soils, particularly in the Amazon region, commonly exhibit
acidic pH values due to intense weathering and high organic matter inputs (e.g., pH < 6;
Fernandes et al., 2018; pH ~4.6-4.9; Ferreira et al., 2021). More specifically, Souza et al.
(2018) reported that most pH values (~70%) of soil samples from undisturbed areas in Para
State were between 3 and 4. In contrast, the pH range observed in the studied sites likely reflects

the strong influence of mechanical disturbance associated with ASGM activities. Soil
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reworking and sediment remobilization related to mining operations can remove organic-rich
surface layers and expose less weathered subsurface materials (i.e., naturally enriched in base
cations, as reflected by the Palito Granite described in Section 4.1). This process may result in
higher soil pH values, consistent with observations from other mechanically disturbed systems
where the removal of organic surface layers and exposure of mineral soil led to increased soil

pH (Blouin et al., 2005).

In contrast, WHC values exhibited a much broader range (Figure 34). Noticeable variability
within sites indicates differences in texture, aggregation and organic matter content at the
sample scale (Adamu & Aliyu, 2012; Bordoloi et al., 2018). Such variability in WHC may
favor the development of microsites with contrasting moisture regimes, which can promote
redox heterogeneity even within overall oxic soils (Miele et al., 2023). This mechanism is
relevant because localized decreases in oxygen diffusion and increases in microbial respiration
can lower redox potential and modulate Hg partitioning and transformation through redox-
sensitive pathways involving Fe/Mn cycling, dissolved organic carbon and microbial activity
(Zhao et al., 2022; Vaikova et al., 2024; Wang et al., 2024; Gustin & Stamenkovic, 2025).
However, WHC data should be interpreted cautiously given the limited and unbalanced sample
size across sites and the methodological sensitivity of WHC estimates to procedural factors. In
ASGM-affected tropical soils, these moisture-driven microenvironments are further modulated
by seasonal climatic variability, as transitions between dry and rainy periods have been shown
to strongly affect soil organic matter stocks and stability in physically disturbed mining areas,

thereby altering soil biogeochemical functioning (Soares et al., 2024).

Spearman correlations between WHC and logi10THg (Table 15) indicate that a statistically
significant positive association was detected only in the ~30 years deactivated ASGM site (p =
0.54, p = 0.0036), whereas no significant relationships were identified in the other sites.

However, these null results must be interpreted cautiously due to the very limited WHC dataset

228



in the active, deactivated in January 2024, and without ASGM records sites (n = 3—5), which
strongly restricts statistical power and limits inference. Within the ~30 years deactivated
ASGM site, robust linear regression further supports this relationship (Figure 39), showing that
increasing WHC is associated with higher logioTHg concentrations (slope = 0.044, p = 0.014),
although WHC alone explains a moderate fraction of the variability (R? = 0.24). This indicates
that WHC contributes to THg enrichment in this site, but additional factors (e.g., organic matter
composition, mineral surface reactivity, and microscale redox variability) likely account for the

remaining heterogeneity.

The correlation matrix constructed for this site (Figure 40) provides mechanistic support
for the WHC-THg relationship by indicating that WHC is positively associated with the fine
fraction (<105 um) (p =0.51, p = 0.006), and that THg is strongly correlated with fine particle
content (p = 0.86, p <0.001). Together, these results suggest that in the ~30 years deactivated
ASGM site, higher THg concentrations preferentially occur in finer-textured soils that retain
more water, consistent with the known affinity of mercury for fine particles due to their higher
surface area and stronger organo-mineral sorption capacity (Waychunas et al., 2005; Debure
et al., 2020; Zhang et al., 2023; Vaikova et al., 2024). In contrast, soil pH did not show
statistically significant correlations with logioTHg in any site, suggesting that pH is not a first-

order control on bulk THg concentrations at the scale captured by this dataset.

Overall, the studied soils share a common mineralogical composition dominated by quartz
and kaolinite-group minerals, consistent with highly weathered tropical environments.
However, site-specific differences emerged in accessory phases, surface hydration features, and
thermogravimetric behavior, indicating that ASGM disturbance history alters the mineral—
organic configuration of the soils beyond what is captured by bulk XRD alone. The strongest
between-site contrasts were expressed in the dominant 380-600 °C interval, and THg

concentrations were consistently associated with specific thermogravimetric fractions rather
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than with total mass loss alone, while site category remained an important predictor of THg
variability. Within the ~30 years deactivated ASGM site, higher THg concentrations were
preferentially linked to finer-textured soils with higher water retention, suggesting that fine
particles and associated sorption surfaces provide a persistent control on THg enrichment long
after mining cessation. In contrast, pH showed no systematic relationship with THg, reinforcing
that physical disturbance, texture-driven heterogeneity, and mineral-organic interactions are

likely the primary drivers of Hg retention patterns in these ASGM-affected soils.

54. Conclusion

The studied soils share a broadly similar mineralogical framework dominated by quartz
and kaolinite-group minerals, consistent with highly weathered tropical soils developed on
granitic parent material. However, accessory phases such as gibbsite, mica-type phyllosilicates,
smectites and sporadically feldspars indicate that relevant differences persist at the sample
scale, reflecting variations in weathering intensity, soil development, and disturbance history.
In addition, the limited detectability of Fe—Mn (oxyhydr)oxides in bulk XRD reinforces that
reactive phases controlling trace-metal behavior may occur in low crystallinity or minor

amounts, and therefore require integrated interpretation with complementary datasets.

The association between Fe—Mn (oxyhydr)oxides and THg was not uniform across sites,
indicating a context-dependent role of these phases in Hg retention. In the ~30 years
deactivated ASGM site, samples containing Fe-Mn (oxyhydr)oxides exhibited lower THg,
whereas in the area without ASGM records the presence of these phases was associated with
higher THg. These contrasting patterns are consistent with the idea that Fe—Mn

(oxyhydr)oxides can both retain Hg efficiently under stable conditions and, under disturbed or
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redox-variable conditions, participate in Hg redistribution and transformation processes that

weaken simple mineral-THg relationships.

ATR-FTIR results further support subtle but meaningful differences in surface hydration
and organic matter signals among sites. The more systematic detection of absorptions around
~1640 cm™ in the deactivated and control sites suggests greater persistence of molecular water
associated with hydroxylated clay minerals, whereas their less consistent occurrence in active
ASGM soils is compatible with ongoing mechanical reworking and disruption of soil structure.
In addition, the detection of aliphatic C—H stretching bands in only one active ASGM sample
indicates a localized presence of relatively labile organic compounds, consistent with
heterogeneous organic matter distribution under active disturbance. Conversely, OH-stretching
absorptions between ~3520 and ~3400 cm™ were exclusive to control soils and likely reflect a
stronger contribution of gibbsite, suggesting that this area represents a more weathered and less

disturbed environment within the studied landscape.

Thermogravimetric analyses showed that the dominant mass loss event across all samples
occurs in the 380—600 °C interval, and that the strongest between-site differences are expressed
in this temperature range. This indicates that site-related contrasts are primarily reflected in
major soil fractions controlling thermal behavior, particularly kaolinite-group dehydroxylation
and associated organo-mineral components, rather than being restricted to moisture-related or
minor labile organic matter fractions. The active ASGM site consistently exhibited lower mass
losses in several intervals, supporting the interpretation that ongoing disturbance reduces
moisture-associated and reactive surface fractions. In contrast, the site deactivated in January
2024 differed from the other ASGM sites in the dominant 380—600 °C interval, suggesting that
shortly after cessation soils may display a distinct mineral—organic configuration affecting the

main dehydroxylation processes.
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Across sites, THg concentrations were systematically associated with thermogravimetric
fractions, particularly in the ~30 years deactivated ASGM site where strong correlations were
observed across all temperature intervals. This indicates that Hg enrichment in long-term
deactivated soils is linked to multiple soil components, including moisture-related losses,
organic matter decomposition and mineral dehydroxylation processes. Regression models
further indicate that THg variability is not controlled exclusively by the dominant 380-600 °C
event, and that site category explains additional variance beyond TG-derived fractions alone,

reinforcing the importance of environmental context and disturbance history.

Finally, WHC results suggest that soil physical properties may contribute to within-site
controls on THg distribution, but this relationship was not consistent across ASGM contexts.
A significant positive association between WHC and THg was detected only in the ~30 years
deactivated ASGM site, where WHC was also positively correlated with fine particle content
and THg showed a strong affinity for the fine fraction. Together, these results indicate that in
the long-term deactivated site, THg enrichment preferentially occurs in finer-textured soils with
higher water retention capacity, consistent with increased sorption capacity and potentially
greater micro-scale redox heterogeneity. In contrast, soil pH did not show significant
correlations with THg, suggesting that pH is not a first-order control on bulk THg

concentrations at the scale captured by this dataset.
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APPENDIX 5: X-ray diffraction patterns of all studied samples.
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APPENDIX 6: TG/DSC curves of all samples.
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APPENDIX 7: pH and WHC (%) data.

Sample ID pH WHC (% d.w.)
MTBP-01 7.43 5.464546215
MTBP-02 6.94 4.694494678
MTBP-03 6.46 12.69313287
MTBP-04 8.35 3.796928328
MTBP-05 8.5 5.939287286
MTBP-06 8.32 8.582746479
MTBP-07 7.45 6.220095694
MTBP-08 6.7 23.67109542
MTBP-09 7.74 8.723021583
MTBP-10 7.72 4.177433247
MTBP-11 7.01 0.305077835
MTBP-12 7.93 6.536474357
MTBP-13 7.04 0.300149207
MTBP-14 8.4 3.258145363
MTBP-15 7.97 2.140077821
MTBP-17 6.66 17.48514851
MTBP-18 - -

MTBP-19 6.94 21.38625248
MTBP-20 - -

MTBP-21 7.38 14.48382126
MTBP-22 6.72 3.206725082
MTBP-23 7.11 2.242424242
MTBP-24 - -

MTBP-25 - -

MTBP-26 6.73 37.87567215
MTBP-27 7.95 0.051078734
MTBP-28 7.01 0.102285692
MTBP-29 - -

MTBP-30 - -

MTBP-31 - -

MTBP-32 7.19 4.985961581
MTBP-33 6.59 4.577933024
MTBP-34 6.82 17.47404844
MTBP-35 6.6 17.85234899
MTBP-36 - -

MTBP-37 7.54 2.140199202
MTBP-38 - -

MTPS-01 6.88 0.147222496
MTPS-02 - -

MTPS-03 - -

MTPS-04 - -

MTPS-05 7.2 13.01879822
MTPS-06 - -

MTPS-07 6.77 4.659919981
MTPS-08 - -

MTPS-09 - -

MTPS-10 - -

MTPS-11 - -

MTPS-12 - -

MTPS-13 7.04 0.300149207
MTPS-14 - -

MTPS-15 - -

MTNC-01 - -

MTNC-02 - -

MTNC-03 - -

MTNC-04 - -

MTNC-05 - -
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MTNC-06
MTNC-07
MTNC-08
MTNC-09
MTNC-10
MTNC-11
MTNC-12
MTNC-13
MTNC-14
MTNC-15
MTBVP-01
MTBVP-02
MTBVP-03
MTBVP-04

8.34
7.36
7.78
7.24
7.49
6.95

7.08

7.59

12.27401835

12.04488701
14.82697099

9.084144201

9.478070036
16.14104545
0.9217059

0.835310869
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6. General conclusions

This thesis investigated the persistence, geochemical controls, and environmental
implications of mercury (Hg) associated with artisanal and small-scale gold mining (ASGM)
in Brazil, with a particular focus on Amazonian contexts. The systematic review (Section 2)
confirmed that Hg contamination linked to garimpos is widespread and persistent across the
country, especially in the Amazon, with impacts documented across multiple environmental
and biological matrices. The review also reinforced that the main exposure pathways include
occupational inhalation of elemental Hg vapor and dietary intake of methylmercury through
fish consumption in riverine and Indigenous communities. However, the consolidated evidence
shows that elevated Hg levels in many regions cannot be attributed solely to ASGM. Naturally
enriched soils, long-term atmospheric deposition, and dynamic processes such as erosion and
sediment transport contribute substantially to Hg distribution. Human disturbances such as
ASGM, deforestation, and damming, can further mobilize legacy or geogenic Hg, sustaining
methylation potential and ecological risk. In the absence of regionally defined geochemical
baselines, there is a clear risk of misattribution, which may distort both policy responses and

public health advisories.

Building on these gaps, the empirical chapters of this thesis evaluated soils from sites with
contrasting ASGM histories (active, deactivated in January 2024, deactivated for ~30 years,
and a control site without ASGM records). Section 4 demonstrated that Hg contamination in
soils can persist for decades after mining activity has ceased. The ~30 years deactivated ASGM
site still exhibited elevated THg concentrations (27 to 8,862 ng g'; median = 324 ng g') and
ecological risk levels above regulatory thresholds, indicating a long-term contamination legacy.
In contrast, the active and recently deactivated sites generally displayed THg concentrations

near the regional background value (178 ng g™'), with exceedances largely restricted to
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localized hotspots directly associated with ASGM operations (e.g., near the sluice box in the
active site). These results indicate that current activity does not necessarily translate into higher
median THg in soils at the site scale, whereas long-term deactivated areas can remain

environmentally relevant sources of Hg exposure and risk.

Chapter 4 further showed that Hg retention in the long-term deactivated site is strongly
controlled by substrate properties. Fine particle content explained 73% of the variability in
logio-transformed THg, highlighting a robust log-linear relationship between particle size and
Hg retention. This finding reinforces that contamination assessment and risk interpretation in
ASGM landscapes must incorporate soil physical properties, particularly in highly

heterogeneous tropical settings.

The final section expanded the mechanistic interpretation of Hg behavior through an
integrated approach combining XRD, ATR-FTIR, TG-DSC, pH, and WHC. The studied soils
share a broadly similar mineralogical framework dominated by quartz and kaolinite-group
minerals, consistent with highly weathered tropical soils developed on granitic parent material.
Nevertheless, accessory phases such as gibbsite, mica-type phyllosilicates, smectites, and
sporadically occurring feldspars indicate that meaningful differences persist at the sample
scale, reflecting variability in weathering intensity, soil development, and disturbance history.
In addition, the limited detectability of Fe—Mn (oxyhydr)oxides in bulk XRD highlights that
reactive phases controlling trace-metal behavior may occur as low-crystallinity or minor

components, requiring interpretation in combination with complementary datasets.

The association between Fe—Mn (oxyhydr)oxides and THg was not uniform across sites,
indicating a context-dependent role of these phases in Hg retention. In the ~30 years
deactivated ASGM site, samples containing Fe—Mn (oxyhydr)oxides exhibited significantly

lower THg, whereas in the control area the presence of these phases was associated with higher
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THg. These contrasting patterns are consistent with the idea that oxides can both retain Hg
efficiently under relatively stable conditions and, under disturbed or redox-variable conditions,
participate in Hg redistribution and transformation processes that weaken simple mineral-THg

relationships.

ATR-FTIR results also supported subtle but consistent differences in surface hydration and
organic matter signals among sites. The more systematic detection of absorptions around ~1640
cm™' in the deactivated and control sites suggests greater persistence of molecular water
associated with hydroxylated clay minerals, whereas their less consistent occurrence in active
ASGM soils is compatible with ongoing mechanical reworking and disruption of soil structure.
The detection of aliphatic C—H stretching bands (2950-2850 cm™) in only one active ASGM
sample suggests localized occurrence of relatively labile organic compounds, consistent with
heterogeneous organic matter distribution under active disturbance. Conversely, OH-stretching
absorptions between ~3520 and ~3400 cm™ were exclusive to control soils and likely reflect a
stronger contribution of gibbsite, suggesting that this area represents a more weathered and less

disturbed environment within the studied landscape.

Thermogravimetric analyses showed that the dominant mass loss event across all samples
occurs in the 380—600 °C interval, and that the strongest between-site differences are expressed
in this temperature range. This indicates that site-related contrasts are primarily reflected in
major soil fractions controlling thermal behavior, particularly kaolinite-group dehydroxylation
and associated organo-mineral components, rather than being restricted to moisture-related or
minor labile organic matter fractions. The active ASGM site consistently exhibited lower mass
losses across several intervals, supporting the interpretation that ongoing disturbance reduces
moisture-associated and reactive surface fractions. In contrast, the site deactivated in January

2024 differed from the other ASGM sites in the dominant 380—600 °C interval, suggesting that
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shortly after cessation soils may display a distinct mineral-organic configuration affecting the

main dehydroxylation processes.

Across sites, THg concentrations were systematically associated with thermogravimetric
fractions, particularly in the ~30 years deactivated ASGM site where strong correlations were
observed across all temperature intervals. This indicates that Hg enrichment in long-term
deactivated soils is linked to multiple soil components, including moisture-related losses,
organic matter decomposition, and mineral dehydroxylation processes. Regression models
further showed that THg variability is not controlled exclusively by the dominant 380—600 °C
event, and that site category explains additional variance beyond TG-derived fractions alone,

reinforcing the importance of environmental context and disturbance history.

Finally, WHC results suggest that soil physical properties contribute to within-site controls
on THg distribution, although this relationship was not consistent across ASGM contexts. A
significant positive association between WHC and THg was detected only in the ~30 years
deactivated ASGM site, where WHC was also positively correlated with fine particle content
and THg showed a strong affinity for the <105 pm fraction. Together, these results indicate that
in the long-term deactivated site, THg enrichment preferentially occurs in finer-textured soils
with higher water retention capacity, consistent with increased sorption capacity and potentially
greater micro-scale redox heterogeneity. In contrast, soil pH did not show significant
correlations with THg in any site, suggesting that pH is not a first-order control on bulk THg

concentrations at the scale captured by this dataset.

Overall, this thesis demonstrates that Hg risk in ASGM landscapes is not determined solely
by the presence of active mining, but by the interaction between contamination legacy, soil
texture, physical properties, reactive mineral phases, and disturbance history. These findings

reinforce the need for integrated approaches to source attribution and risk assessment, aligned
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with a One Health perspective, and support recommendations for long-term monitoring,
development of regional geochemical baselines to support regionalized pertinent legislation on
Hg concentrations in the soil, and incorporation of soil matrix properties into management and

remediation strategies.

Main contributions of this thesis

This thesis provides empirical evidence that Hg risk in ASGM landscapes is not necessarily
highest where mining is currently active, but can remain environmentally relevant for decades
after cessation, depending on soil properties and disturbance history. By using a regional
control area as a geogenic baseline, the study also reinforces the importance of avoiding
misattribution, particularly in Amazonian contexts, where naturally enriched substrates and
legacy pools can contribute substantially to measured THg. At the site scale, the results
demonstrate that particle-size distribution might be used a predictor of THg retention, with fine
fractions explaining most of the within-site variability in the long-term deactivated area. The
integrated interpretation of XRD, ATR-FTIR and TG/DSC data further shows that
mineralogical controls on Hg retention are likely context-dependent, particularly regarding Fe—
Mn (oxyhydr)oxides, and that thermogravimetric fractions provide a useful proxy for
identifying soil components systematically associated with THg. Finally, the WHC results
indicate that soil physical properties can contribute to Hg enrichment in specific contexts,
especially where fine particles and water retention co-vary, highlighting the relevance of micro-

scale heterogeneity in post-ASGM soils.
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