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RESUMO

A exploracdo mineral é essencial para o desenvolvimento econémico mundial. Na regido
amazonica, a exploracdo artesanal é predominante e realizada em grande escala, sem
preocupacdo com 0s impactos ambientais e a saide humana, principalmente devido a
liberacdo de grandes quantidades de elementos potencialmente toxicos (EPTS) (neste
trabalho representado pelos metais e metaloides) e elementos terras raras (ETRs). No
capitulo 1 os objetivos foram quantificar as concentracdes de Elementos de Terras Raras
(ETRs) e estimar os riscos ambientais e a salde humana em areas de mineracéo artesanal
de cassiterita e monazita na regido amazonica, bem como compreender a dindmica desse
risco ao longo do tempo apos a exploracdo. foram avaliados o risco ao ambiente e a salide
humana em residuos (estéril e rejeito) de trés areas de mineracéo artesanal de cassiterita
e monazita, em funcdo do tempo de exploracdo. No capitulo 2 o objetivo foi quantificar
as concentracdes de EPTs e estimar a contaminacdo e poluicdo ambiental em areas de
mineracdo artesanal de cassiterita na regido amazoénica. Assim, foram estimados indices
de risco ambiental e a saide humana de EPTs que apresentaram concentracdo acima do
valor de referéncia de qualidade para o estado do Para. As concentracfes de ETRs e EPTs
foram quantificadas por fuséo alcalina e ICP-MS. Os resultados foram utilizados para
calcular indices de poluicéo, risco ambiental e a satde humana. Os residuos da exploragdo
de monazita e cassiterita provocaram o aumento das concentracdes ETRS e EPTSs, elevado
enriquecimento e alto fator de contaminacdo por EPTs e ETRs. Os residuos das minas
ativas e recentemente desativadas apresentaram elevado risco ecoldgico. Os resultados
indicam que a mineracdo artesanal de cassiterita e monazita tem potencial de
contaminacgdo e enriquecimento por EPTs e ETRs. A consideravel bioacumulacdo em
plantas forrageiras, indica alto risco potencial em um municipio que € o maior produtor
de rebanho bovino do pais. A partir destes resultados podemos concluir que medidas de
monitoramento e remediacdo devem ser tomadas pelas autoridades estaduais que cuidam

do meio ambiente.

Palavras-chave:

Elementos de terras raras, propriedades quimicas, biodisponibilidade, metais e

metaloides, indices de poluicéo.



ABSTRACT

Mineral exploration is essential for global economic development. In the Amazon region,
artisanal mining is predominant and conducted on a large scale, with little regard for
environmental impacts and human health, primarily due to the release of large amounts
of potentially toxic elements (PTES), including rare earth elements (REES). Rare earth
elements (REEs) include the lanthanide family, scandium, and yttrium, and are essential
for sustaining modern technologies. In the region of Séo Felix do Xingu, located in the
Amazonian craton, there are minerals containing rare earth elements, including monazite
and cassiterite. In Chapter 1, the risk to the environment and human health was assessed
in waste (overburden and tailings) from three artisanal mining areas of cassiterite and
monazite, based on the length of exploitation. In Chapter 2, environmental and human
health risk indices were estimated for PTEs (metals and metalloids) that showed
concentrations above the quality reference values for the state of Pard. REE and PTE
concentrations were quantified by alkaline fusion and ICP-MS. The results were used to
calculate pollution, environmental risk, and human health indices. Waste from monazite
and cassiterite mining led to increased concentrations of REEs and PTEs, with high
enrichment and a high contamination factor for REEs and PTEs. Waste from active and
recently deactivated mines showed high ecological risk. The results indicate that artisanal
cassiterite and monazite mining has potential for PTE and REE contamination and
enrichment. The significant bioaccumulation in forage plants indicates a high potential
risk in a municipality that is the largest producer of cattle in the country. Therefore,

regulatory and damage mitigation measures need to be considered.

Key words:

Rare earth elements, chemical properties, bioavailability, metals and metalloids,
pollution indices.
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CONTEXTUALIZACAO

A producdo mineral tem grande relevancia na economia mundial, no Brasil,
contribui de forma significativa para a balanga comercial. Por outro lado, a exploragéo
mineral causa mudangas significativas no ambiente, alterando de forma negativa a fauna
e a flora. de forma sustentavel se constitui em grande desafio. A mineracdo tem como
principal caracteristica a retirada e escavagdo de solos em &reas que apresentem elevada
concentragéo de determinado elemento mineral e concentragdes variadas de outros. Esses
elementos minerais se constituem em elementos potencialmente téxicos (EPTS), mesmo
em baixas concentracdes, consequentemente estardo presentes nos residuos gerados. Em
funcdo disso, a exploracdo mineral tem contribuido para a contaminacdo do solo, das
aguas e das plantas, e por conseguinte causando riscos a salde humana, comprometendo
0s ecossistemas e a seguranca alimentar (Chai et al, 2015; Souza Neto et al, 2020; Souza
et al, 2017; Xiao et al, 2017).

As empresas de mineracdo sdo submetidas a legislacdo reguladora, cujo
funcionamento é mediante medidas mitigadoras e compensatoérias, que garantam um
minimo de impacto das condi¢cdes ambientais. Em contrapartida a mineragdo artesanal,
representa riscos a saude humana e ao meio ambiente, pois, é uma atividade comumente
ilegal, a exemplo a extracdo artesanal de ouro, que faz uso de Hg e cianeto, que sdo
lancados no ambiente (Souza Neto et al., 2020).

Essa forma de exploracdo mineral faz uso de tecnologia rudimentar por
individuos, grupos ou comunidades, predominante em paises em desenvolvimento,
ocorrendo em grande parte de forma ilegal, expondo a populacdo a riscos potenciais
(Pereira et al., 2020; Souza Neto et al., 2020; Teixeira et al., 2019). As praticas e efeitos
da mineragéo artesanal de cassiterita e monazita realizada no distrito do Taboca, em séo

Felix do Xingu ainda nédo sdo conhecidas.



A cassiterita € um didxido natural e principal minério de estanho (SnOz) de
coloracdo variada com ocorréncia na forma de cristais tetragonais. E utilizado em funcéo
da extracdo de Sn, que é utilizado para producdo de ligas metalicas para impedir a
corrosdo de outros metais (Barbosa et al. 2019) A monazita é um fosfato que contém
elementos de terras raras (ETRs), como, torio (potencial para revolucdo energética,
equipamentos de laboratério, componente de ligas), lantanio (eletrodos de carbono para
projecao de luz, lentes Gticas e vidros absorventes de radiacdo) e cério (metalurgia) (Liu
etal., 2013; Zhang et al., 2014).

Os ETRs sdo 17 elementos quimicos pertencentes ao grupo dos lantanideos
adicionados o escandio (Sc) e o itrio (Y). As principais fontes econdmicas proveniente de
minerais de terras raras S30 monazita, bastnasite, xendtimo e loparitee as
argilas lateriticas (Gwenzi et al., 2018; Yuan et al., 2018). Os dxidos e minerais de terras
raras estdo aumentando sua procura devido ao surgimento de novas tecnologias para
producdo de energia limpa (United States Geological Survey 2016; Gwenzi, et al. 2018).

Atualmente as estratégias para aumentar essa oferta de ETR’s baseiam se em
descobrir novos depdsitos, reabrir minas antigas e aumentar a producdo de minas ja
existentes, assim se tornando um recurso estratégico. O Brasil possui as maiores reservas
de ETRs do mundo. Atualmente existem trés projetos de mineracao de ETRs em execuc¢éo
e implantacdo no Brasil, carbonatito alcalino de Araxa (Minas Gerais), Projeto Pitinga
(Amazonas) e Projeto Serra Dourada na provincia de estanho de Goias (Takehara et al,
2015).

Os rejeitos normalmente contém altas concentragdes de elementos potencialmente
toxicos (EPTS) residuais, os quais sdo poluentes persistentes nos solos, sedimentos e
aguas, e que podem ser absorvidos e acumulados em organismos e representar toxicidade

significativa para os consumidores no topo das cadeias alimentares (Looi et al., 2018).
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Os EPT’s se originam de fontes litogénicas via pedogénese, e de fontes
antropogénicas, como a mineracao, uso de pesticidas, biossélidos fosseis, combustao de
combustiveis e atividades industriais. Quando presentes por via litogénica, apresenta
baixa concentracdo dos elementos e baixo risco a saude humana, quando por via
antropogénica apresentam altas concentracdes (Fernandes et al, 2018).

O conhecimento sobre contaminacdo por substancias toxicas inorganicas na
Amazonia € essencial para os 6rgdos de supervisdao ambiental e de saude publica, pois
esta regido possui a maior concentracdo de biodiversidade do mundo e o maior potencial
de mineracdo do Brasil (entre as de maior expressao mundial) (Souza et al, 2017). O
acumulo de EPT’s em organismos vivos através da cadeia alimentar e ingestdo de agua
representa ameaca a vida humana e equilibrio dos ecossistemas (Téth et al, 2016, Souza
Neto et al, 2020).

Logo, a determinacdo da concentracdo de elementos com potencial de toxidez e
poluentes emergentes, além da estimativa de riscos ambientais e a saude humana se
tornam métricas imprescindiveis para um planejamento de medidas mitigatorias no
processo de exploracdo desses minerais, devido a exposi¢ao aos possiveis contaminantes.
Hipoteses

Capitulo 1: Os residuos de mineracdo artesanal de monazita e cassiterita
apresentam concentracdes de elementos terras raras que representem riscos a saude
humana e ao ambiente.

Capitulo 2: O residuo da exploracdo realizada em sdo Felix do Xingu para
obtencdo de ETRs, gera a concentracdo de outros elementos potencialmente toxicos,
como metais pesados, representando risco ao meio ambiente.

Objetivos
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Capitulo 1: Os objetivos foram quantificar as concentracdes de Elementos de
Terras Raras (ETRS) e estimar os riscos ambientais e a saide humana em areas de
mineracdo artesanal de cassiterita e monazita na regido amazonica, bem como

compreender a dindmica desse risco ao longo do tempo apds a exploragéo.

Capitulo 2: o objetivo foi quantificar as concentracdes de EPTs e estimar a
contaminacdo e poluicdo ambiental em areas de mineragdo artesanal de cassiterita na
regido amazonica, além de determinar a bioacumulacéo desses elementos em plantas de

B. brizantha.
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CAPITULO 1

Artisanal mining of monazite and cassiterite in the Amazon: Potential risks of rare
earth elements for the environment and human health

Publicado no periddico Environmental management JCR: 2.7

DOI: 10.1007/s00267-024-01964-8

ABSTRACT
A artisanal mining is intensely applied in developing countries, and in the Amazon region,

the scenario is no different. This method of mineral exploration generally does not employ
mitigation techniques for potential damages and can lead to various environmental
problems and risks to human health. The objectives of this study were to quantify the
concentrations of Rare Earth Elements (REES) and estimate the environmental and human
health risks in artisanal mining areas for cassiterite and monazite in the Amazon region,
as well as to understand the dynamics of this risk over time after exploitation. A total of
35 samples of waste classified as sterile and mining reject in active areas, as well as in
areas deactivated for one and ten years, were collected. Soil samples were also collected
in a forest area considered as a reference site. The concentrations of REEs were quantified
using alkaline fusion and ICP-MS. The results were used to calculate pollution indices
and environmental and human health risks. REEs showed higher concentrations in
anthropized areas. Pollution and environmental risk levels were higher in areas
deactivated for one year, with considerable contamination factors for Gd and Sm and
significant to extreme enrichment factors for Sc. Human health risks were low (HI <1) in
all studied areas. The results indicate that artisanal mining of cassiterite and monazite has

the potential for contamination and enrichment by REEs.

Keywords:  Environmental risk; Human health risk Contamination; Lantanideos;
Mining exploration.
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1. INTRODUCTION

The Amazon has the largest and most diverse reserves of minerals of commercial
interest in the world, including monazite and cassiterite, which constitute important
sources of rare earth elements (REEs) and tin, respectively (Neto et al., 2020). The
exploration of these various minerals has significantly contributed to the region and
Brazil's development. However, there have been a lot of environmental impacts
associated with mineral exploration, especially in artisanal mining areas, which is
normally carried out illegally, using methods with low mineral utilization, generating
waste with a high potential for environmental contamination (Aradjo et al., 2021; Covre

etal., 2022; Lima et al., 2022; Pereira et al., 2020; Teixeira et al., 2021).

In relation to REES, are represent a group of 17 elements (lanthanide family,
plus yttrium and scandium) that have similar chemical characteristics. Despite the “rare
earth” nomenclature, these elements can easily be found in abundance in the lithosphere,
although the occurrence of rocks with high abundance concentrations is uncommon
(Pereira et al., 2022). Concentrations of these elements in soils are regulated by the
composition of the parent material, weathering processes, and soil characteristics,
including texture, organic matter, and mineralogy (Mihajlovic et al., 2019). The
enrichment of REEs by anthropogenic activities occurs mainly due to mineral
exploration, excessive use of fertilizers and discharge of industrial and urban effluents

(Atibu et al., 2018; Silva et al., 2019; Wu et al., 2019a).

The REEs are strategic and fundamental resources for the production of
technological equipment, including electronic and petrochemical products, components
for the renewable energy industry and national defense (Hossan et al., 2022; Zerizghi et
al., 2023). Recent technological development has promoted an increase in demand for

these REEs and, consequently, the growth of rocky materials mining containing these
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elements. The increase in mining activity favors the accumulation of REEs in the
environment, and special attention must be paid to the impacts of this activity, including
contamination, ecological risks, non-carcinogenic and carcinogenic risks to human health

(Céanovas et al., 2018; Liu et al., 2023; Pereira et al., 2023; Chen et al., 2022).

The city of Séo Feélix do Xingu, located in the state of Para (Brazilian Amazon),
contains mineral reserves that are rich in REEs. In this city, several areas of artisanal
monazite and cassiterite mining have produced waste (sterile waste and tailings) that can
cause ecological and public health risks, especially due to the lack of measures to mitigate
contamination and environmental rehabilitation.The risks caused by contamination by
REEs are little known, there are reports of risk problems to the environment, and to human
and animal health. La and Ce can, at high concentrations, negatively affect root growth
and the mitotic index of onion bulbs (Kotelnikova et al., 2019), in addition to these effects,
doses of La promoted structural modifications in cell walls and chloroplasts in soybean
plants (Oliveira et al., 2015). Deleterious effects on invertebrate animals include
mortality, reproductive changes and reduced locomotion (Egler et al., 2022). The
presence of REEs in the blood of patients with brain tumors may be related to the brain

metastasis phase (Gaman et al., 2019).

To date, these impacts have not been evaluated and studies that define
environmental risks and human health are essential to support measures to protect the
ecosystem and the health of the population. Therefore, the objectives were to determine
the concentrations of REEs and assess the risks to the environment and human health in
artisanal mining areas of cassiterite and monazite, in the southeast of the Brazilian

Amazon.
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2. MATERIAL AND METHODS
2.1. Study area and sampling

The city of S8o Félix do Xingu (06°37'48" S and 51°57'36" W) is located in the
southeast area of the state of Pard, in the Brazilian Amazon, northern Brazil. It is the
second largest municipality in Brazil in terms of territorial extension, with 84,213 km?
and an estimated population of 135.732 inhabitants (IBGE, 2022). The predominant
climate in the region is humid tropical, classified as Am according to the Koppen
classification, with an average annual temperature of 26 °C (Alvares et al., 2013). Total
annual precipitation is 1.734 mm, with rainfall concentrated in the period from November

to April.

Well-preserved Paleoproterozoic volcanic-plutonic centers occur in Sdo Félix do
Xingu's region. The rocks are grouped into the Sobreiro and Santa Rosa formations,
which are not metamorphosed and are less modified by weathering processes (Silva et
al., 2014; Cruz et al., 2014). In this region, areas of artisanal mining of cassiterite and
monazite occupy large areas in open pits. The main methods used to extract ¢ assiterite
and monazite in the region include open-pit exploration with mechanical dismantling and
the use of machines, generating material classified as sterile; a  fterwards, hydraulic
dismantling is carried out, generating a mud-like material that is later processed. The
processing method is carried out by using the jigging process, separating ore from the

waste. Both waste and tailings are deposited in piles in the explored areas.

The sampling areas were identified as: OV1 = active mine waste (10 samples);
TAL = active mine tailings (8 samples); OV2 = waste from mines deactivated one year
ago (4 samples); TA2 = tailings from mines that were deactivated one year ago (3

samples); OV3 = waste from mines that were deactivated ten years ago (4 samples); TA3
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= tailings from mines that were deactivated 10 years ago (3 samples); and RA = natural

forest soil (3 samples), considered as reference, totalized 35 samples (Fig. 1, Table 1S).

Fig. 1.

Artisanal mining areas of monazite and cassiterite in the municipality of S&o Félix do
Xingu, southeastern Brazilian Amazon.

Source: IBGE, 2021,
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In each area, five single samples (separated by 50 m) were collected to form a
composite, using a dutch stainless steel auger. For each composite sample, approximately
2.5 kg of material was collected from a depth of 0.0 to 0.2 m. After collection, the

materials were sieved at 2 mm, air-dried and stored in polyethylene bags until analysis.
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2.2. Chemical Characterization of samples

The chemical properties and particle size of soils and mining waste were
determined according to (Teixeira et al., 2017). The pH was determined in H20 using a
potentiometer and quantified using a meter at a soil-water ratio of 1:2.5, pHmetro Thermo
Scientific equipment.. Exchangeable concentrations of calcium (Ca2+) and magnesium
(Mg2+) were extracted using 1 mol L KCI and quantified by atomic absorption
spectrophotometry. The available concentration of P and K were extracted with Mehlich-
1, and determined by colorimetry (P) and flame photometry (K). The effective cation
exchange capacity (CEC) was obtained from the sum of the exchangeable concentrations
of Ca™, Mg*, K* and AI*®. The organic carbon content was determined by wet
combustion with potassium dichromate and multiplied by 1.72 to determine the organic
matter (OM) content. Soil texture was determined by the pipette method (Gee and Bauder,

1986).

2.3 Pseudo total concentrations of rare earth elements

Total concentrations of REESs were extracted in triplicate using the alkaline fusion
method described by (Pereira et al., 2023), and quantified by inductively coupled plasma
mass spectrometry (ICP-MS, PerkinElmer). Fe concentrations in the extracts were also
quantified by ICP-MS to calculate pollution indices. For analytical quality control, blank
samples and certified reference material (GRE-3®) were included in each analytical

batch. Recovery rates varied between 63.1 and 95.2% (Table 2S).

The geochemical signatures of the REEs were obtained from geochemical
normalization considering the ratios between the concentration observed in the study and
the concentration described by Rudnick and Fountain (1995) for the continental crust,
considering that these values are more appropriate for the characteristics of the Amazon
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(Ferreira et al., 2021; Pereira et al., 2023). REEs were grouped into light (LREEs — Ce,
Nd, La, Pr, Sm and Eu) and heavy (HREEs - Y, Gd, Dy, Er, Yb, Ho, Tb, Lu and Tm),
based on atomic mass (Galhardi et al., 2020; Li et al., 2020), and the Y LREE/> HREE
ratio was calculated to elucidate the fractionation of the elements (Fernandez-Caliani and

Grantcharova, 2021; Medas et al., 2013).

2.4 Pollution assessment

The REEs contamination levels were evaluated based on the contamination factor
(CF), enrichment factor (EF) and the pollutant load index (PLI) (Khan et al., 2020;
Sergeeva et al., 2021; Zerizghi et al., 2023). For the calculations, RA was considered as
a reference for the natural environment, due to the low or absent impact of mining
activities in this area, as suggested by previous studies (Araujo et al., 2021; Covre et al.,
2022; Pereira et al. , 2020; Souza Neto et al., 2020).

CF is an index that is frequently used to assess the level of pollution associated
with REEs in areas altered by mining (Godwyn-Paulson et al., 2022; Jiménez-Ballesta et
al., 2022; Wang et al., 2022), obtained from according to Eq. (1):

C
CF = SREE
BREE

1)

where CREE is the average REE concentration (mg kg—1) in the altered area and BREE
is the concentration of the same REE in RA. CF values were interpreted as follows: CF <
1 indicates low contamination, CF between 1 — 3 indicates moderate contamination, CF
between 3 — 6 indicates considerable contamination, and CF > 6 indicates high

contamination (Hakanson, 1980).
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The EF was calculated to identify the level of enrichment associated with REES

(Azizi et al., 2022; Saleh et al., 2022; Zerizghi et al., 2023), according to Eq. (2):

EF = (CC% J ZREE) )

Bre

where CETR is the REE concentration in the sample, CFe is the Fe concentration in the
same sample (mg kg?), BREE is the REE concentration in RA, and BFe is the Fe
concentration in RA. Fe was used for geochemical normalization due to its conservative
behavior (Pereira et al., 2022). EF values were interpreted as follows: EF < 2 indicates
minimal enrichment, EF between 2 — 5 indicates moderate enrichment, EF between 5 —
20 indicates significant enrichment, EF between 20 — 40 indicates high enrichment, and

EF > 40 indicates enrichment extreme (Sutherland, 2000).

The PLI is a widely used measure to estimate cumulative REE pollution (Abbasi

et al., 2021; Jean-Lavenir et al., 2023; Sojka et al., 2021), obtained according to Eqg. (3):
PLI = (CF; x CF, X CF3 X ...X CE)'/™ 3

where CF is the contamination factor and n is the number of REEs under study. PLI values
were classified into two levels: PLI ranging from 0 to 1 indicates no pollution and PLI >

1 indicates polluted material (Tomlinson et al., 1980).

2.5 Environmental risk assessment
The potential ecological risk factor (PERF) and the potential ecological risk index

(PERI) were calculated to evaluate the impacts of REEs to the ecosystem in the studied

areas ( Liuetal., 2023; Pereira et al., 2023; Saha et al., 2023). PERF makes it possible
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to understand the individual ecological risks of REESs in areas altered by mining. In this
study, EF was incorporated into the PERF calculation (Kumar et al., 2020; Lima et al.,

2022), according to Eq. (4):

PERFREE = EFREE X TRFREE (4)

where EFREE is the REE enrichment factor and TRFREE is the REE toxicity response
factor. The results were interpreted as follows: PERF < 40 indicates low risk, PERF
between 40 — 80 indicates moderate risk, PERF between 80 — 160 indicates considerable
risk, PERF between 160 — 320 indicates high risk, and PERF > 320 indicates very high

risk (Hakanson, 1980).

The PERI allows us to know the effects of the joint action of REEs on the

ecosystem (Chen et al., 2020; Wang et al., 2021; Wu et al., 2019b), found according to

Eq. (5):

PERI = PERF, + PERF, + PERFs+...+PERF, (5)

where PERF is the potential ecological risk factor and n is the number of elements under
study. PERI values were interpreted as follows: PERI < 150 indicates low risk, PERI
between 150 — 300 indicates moderate risk, PERI between 300 — 600 indicates

considerable risk, and PERI > 600 indicates very high risk (Hakanson, 1980).

2.6 Human health risk assessment
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Health risk assessment is essential for estimating potential carcinogenic and non-
carcinogenic risks depending on three possible routes of contamination, which can be:
dermal, oral or pulmonary in possible exposure to contaminated material (Fig. 2) (Pereira
et al., 2021; Pereira et al., 2022; Souza Neto., 2020; Covre et al., 2021). There are no
specific values in the literature for risk assessment for REEs, however, the estimate is

made considering SF 3.2 x 10—12 for the group of elements (Ferreira et al, 2022).

The non-carcinogenic potential risk to human health was based on the average
daily dose (ADD), considering three routes: ingestion (ADDing), inhalation (ADDinh)
and dermal contact (ADDder). The hazard quotient (HQ) and risk index (HI) were
calculated for adults and children. To find the potential carcinogenic risk, the ADD was

multiplied by the slope factor (SF) to produce a cancer risk level (Eq. 6-12):

ADDjyg = € x (2222  CF (6)
ADDynp = € X (GEEZ220) x CF @)
ADDder =C % (SLXSAEQIBXS:TEFXED) % CF (8)
HQing = ADDyng/Rfd 9)
HQinp = ADDyyp/Rfd (10)
HQger = ADDyer/Rfd (11)
HI = SHQ (12)

where ADD (mg kg d?) is the average daily dose (mg kg d %; C is the REE
concentration of REE (mg kg™); Ring is the intake rate, 100 mg d* for adults and 200

mg d ! for children (USEPA, 2001); Rinh is the inhalation rate, 7.6 m® day* for children
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and 20 m® day* for adults (Lu et al., 2014; USEPA, 2001); PEF is the particle emission
factor, 1.36 x 10° m® kg™t (USEPA, 2001); SL is the skin adherence factor, 0.2 cm 2 d*
for children and 0.875 cm™2 d™* for adults (USEPA, 2001); SA is area of exposed skin,
732 cm? for children and 3202 cm? for adults (USEPA, 2001); ABS is the dermal
absorption factor, 0.03 (Lu et al., 2014); EF is the exposure frequency, 279 d y* (Moreira
et al., 2018); ED is the duration of exposure, 24 y for adults and 4 y for children (Moreira
et al., 2018); BW is body weight, 70 kg for adults and 16 kg for children (Moreira et al.,
2018); AT is the average time, with no carcinogenic effects (ED x 365 d) and
carcinogenic effects (70 y x 365 d); CF is the conversion factor, 10°® kg mg™ (USEPA,
2001); Rfd is the reference dose) (USEPA, 2001); and SF is the slope factor for all REEs,

3.2x107*? (Sunetal., 2017).

2.7 Statistical analyzes

The results were submitted to descriptive statistical analysis and data normality
was tested using the Shapiro-Wilk test (p < 0.05). Data that did no  t present a normal
distribution were subjected to logarithmic transformation. After data normalization, a
Pearson correlation analysis and principal component analysis (PCA) were performed to
understand the relationship between REEs concentrations and material properties. All

analyzes were performed using R software version 4.3.1 (R Core Team, 2023).
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3. RESULTS AND DISCUSSIONS

3.1. Chemical properties and particle size distribution

The pH values ranged from 4.5 to 4.87 (Table 1), indicate high acidity in the areas

studied (Venegas et al., 1999). The acidity found in the reference area is within the pH

range commonly observed for natural soils in the Amazon (Souza et al., 2018). In this

region, intense climatic conditions promote the erosion of primary minerals and a

reduction in soil pH (Quesada et al., 2020). The acidity observed in mining waste, in turn,

can be explained by the oxidation of sulfides exposed to atmospheric conditions, which

decreases the pH over time (Azizi et al., 2022), as well as by the intense leaching of bases

and permanence of H* and Al ions (Chen et al., 2023).

Table 1.

Chemical properties and granulometry of soils and mining residues in the studied areas.

Properties
Areas pH oM CEC Clay Sand Silt
. 3y (cmolc
(in water) (g dm™) dm?)
282 +
ovi  45:01 (% 19+06 215+6.7 68.1+108 104102
TAL 45402 ;137 T 0803 11.2+86 816+143 72464
40.8 +
ov2  45:02 5y 14+03 302+7.9 63+95  6.8+30
TA2 47402 93+04 08+01 165+26 722+77 11357
OV3 47403 i;? T 17404 463+29 441+15 06+4.4
TA3 49401 ;39'6 T 07+03 212+33 681+49 108+46
57.7 +
RA 49+01 OF 23401 444404 41405 145402

OM = Organic matter; CEC = Cation exchange capacity.
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The OM levels about six times lower in anthropized areas compared to the
reference area (Table 1). These results are related to scarce vegetation cover and low
deposition of organic residues in the surface layer, unlike the soil in the reference area,
which has dense forest, with large trees (Alarcon-Aguirre et al., 2023; Liuetal. ,2021).
In waste rock and tailings areas, the lower OM levels can also be explained by the
predominantly mineral composition of these materials. Tailings are made up of rocks
processed in mineral processing, while waste rock is made up of soils (which normally
contain OM) and rocks of no commercial interest for mining (Chileshe et al., 2020;

Nwaila et al., 2021).

The CEC had results in the order RA>0V1>0V3>0V2>TAl1=TA2 > TA3,
with values up to 65% higher in the reference area, when compared to the impacted areas.
According to the classification by Venegas et al. (1999), CEC was low in the reference
area and very low in areas altered by mining. The low CEC evidenced in the reference
area is related to the predominant mineralogy of the region's soils, which include Fe and
Al oxides, with a low natural capacity to retain cations (Souza et al., 2018). The even
lower CEC in mining waste can be explained by lower OM contents, which is
fundamental for CEC in tropical regions (Mabagala and Mng'ong'o, 2022; Ramos et al.,
2018; Suoza et al., 2018). Lower CEC values were also observed in artisanal Au mining

areas in the southeast and northeast of the Brazilian Amazon (Pereira et al., 2023, 2022).

The clay contents followed the order: reference area > waste > tailings, which also
contributes to a higher CEC in the areas of waste deposition in relation to tailings (Table
1), given the contribution of the clay fraction to the chemical activity of the medium.
(Enang et al., 2022). Sand contents ranged from 44.1 to 81.6% in mining waste and were
equal to 41% in the soil of the reference area, indicating coarser grain size in the altered

areas. Furthermore, mining tailings had coarser particle sizes than waste rock, suggesting
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unfavorable conditions for the formation of aggregates (Chileshe et al., 2020), which was
evidenced by the lower OM contents in the tailings. Such conditions indicate greater
difficulty in revegetating altered areas and, therefore, measures are necessary to improve
the chemical and physical properties of the environment and favor environmental

rehabilitation (Gastauer et al., 2020).

3.2. Concentrations, fractionation and geochemical signatures of REES

All REEs had higher concentrations in areas altered by mining when compared to
the reference area, especially Th, Tm, Y and Sc in TA2 tailings, which had results 73.3
to 769 times higher (Table 2). Ce had the highest concentrations, regardless of the area
evaluated. High concentrations of Ce were already expected in this study, considering
that this element is the REE found in the highest levels in soils worldwide (Jiménez-Reyes
et al., 2021; Su et al., 2021). Similar results were observed in artisanal Au mines in the

eastern Amazon (Pereira et al., 2023, 2022).

The tailings had higher concentration trends than the waste, especially Tm and Yb
in TA2, with results respectively 128 and 27 times higher in the waste than in the waste
(Table 2). Furthermore, ) REE values were 512% higher in TAI1 than in OV1, 148%
higher in TA2 than in OV2, and 139% higher in TA3 than in OV3, reinforcing the greater
accumulations of REEs in mining tailings. These results can be explained by the greater
richness of REEs in rocks processed in mineral processing (Azizi et al., 2022), and
suggest that REE extraction methods may be showing low efficiency in the artisanal

mines studied.
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TA2 waste had the highest concentrations of all REEs studied, with the exception
of Y (Table 2). These materials come from the mineral processing of trachyandesite-type
rocks, which have a wealth of minerals such as apatite, naturally enriched by REEs,
mainly LREEs (J. Liu et al., 2023). The replacement of Ca+2 by REEs promotes the
enrichment of these elements in apatite (Banihashemi et al., 2019; Soltani et al., 2019).
Depending on the techniques adopted in processing, mining tailings may present high

concentrations of REEs (Pyrgaki et al., 2021), which was evidenced in TA2 tailings.
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Table 2.

Concentrations of REEs in the studied areas.

Areas
Element (mg kg ™)

(O)VAN TAl Oov2 TA2 ov3
Ce 42.4 + 50 240.1+5435 433.1+6740 516.9+8415 46.9 +49.¢
Dy 3.1+24 11.6 +23.7 128+ 17.2 235+375 25+21
Er 26+18 8.3+16.3 7.8+94 16.3+255 20+15
Eu 0.1+0.0 0.3+04 0.3+04 05+0.7 0.1+0.1
Gd 23+18 104 +22.2 148 +22.1 21.5+349 20+20
Ho 0.7+05 25+5.0 25+3.2 50+79 06+04
La 19.3+135 121.8+287.6 230.4+360.2 271.9+447.0 22.8+ 20.3
Lu 05+04 15+28 14+15 29+44 04+0.3
Nd 12.4+9.3 77.3 +180.7 139.1 +218.3 1625+265.6 13.5+ 13.c
Pr 39+28 24.4 +57.7 44.0 + 69.0 52.9 + 86.6 44+4.2
Sc 12+1.0 6.9+4.9 2.36+2.5 19.1+4.0 22+24
Sm 24+19 12.8 + 28.6 220+34.1 27.2+44.4 24+04
Tb 05+04 1.8+3.7 20+3.1 154+5.9 0.4+225
Tm 04+0.3 1.3+26 12+14 153.8 +3.9 0.3+0.2
Y 23+18 75.2 + 148.0 72.9+91.6 21.8 +244.9 17.4 + 14.3
YDb 35+24 9.8 +18.3 5.70 +10.2 154.0 + 29.1 2.7+18
> REE 118.3 606.0 9924 1465.2 120.6
> LREE 80.5 476.7 868.9 1031.9 90.1
> HREE 36.6 122.4 121.1 414.2 28.3
> LREE/Y HREE 2.2 3.9 7.2 2.5 3.2

On the other hand, OV3 and TA3 are among the three areas with the lowest

concentrations of all REEs studied, except Eu and Sc (Table 2). In these areas, it is likely

that the longer exposure to intense weathering in Amazonian conditions is directly

contributing to the reduction in REEs concentrations (Ferreira et al., 2021). Previous

studies carried out in the northeast of the Brazilian Amazon indicated that the longer

exposure time of waste directly contributes to reducing the concentrations of toxic
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elements such as arsenic (As) (Souza Neto et al., 2020) and mercury (Hg) (Teixeira et al.,

2021).

The Y LREE were higher than Y HREE in all areas studied, with ) LREE/Y HREE
ranging from 2.2 (RA) to 7.2 (A3) (Table 2). Although the RA had Y LREE/Y HREE
above 1, this ratio was higher in the altered areas, with the exception of OV1, which had
> LREE/Y HREE similar to the reference area. These results suggest that artisanal
activities favor greater accumulation of LREEs in relation to HREEs, which may be
directly related to the natural occurrence of LREES in the areas studied (Cruz et al., 2014;
Ferreira and Lamardo, 2013). Furthermore, both Y LREE and Y HREE were higher in
tailings deposition areas, which reinforces the greater richness of REEs in mineral

processing waste and the greater attention that should be directed to these materials.

The geochemical signatures show that there are positive anomalies (>1) for Ce,
Dy, Er, Gd, Ho, La, Lu, Nd, Pr, Sm, Th, Tm, Y and Yb in TA1, OV2 and TA2; Ce, La,
Lu and Yb in OV1, Ce, La, Lu and Vb in OV3; Ce, Er, La, Lu, Tm, Y and Yb in TA3.
Eu and Sc showed negative signatures in all areas and materials studied (Fig. 3), based

on continental crust values (Rudnick and Fountain, 1995).

Fig. 3.

Geochemical signatures of REEs in the studied areas.
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Areas disturbed by artisanal mining accumulated LREEs and HREE in active
mining areas (tailings) and those deactivated a year ago underground (tailings and waste).
Greater accumulation of LREEs was found by Pereira et al. (2023) in gold mining areas
in the Amazon. Due to the sandier particle size of the tailings (Table 1), these residues
deserve special attention, as they have a low potential for cation retention, which favors
the leaching of REEs (Feitosa et al., 2020; Padoan et al., 2021). Furthermore, the low pH
of waste rock and tailings favors the release of bioavailable concentrations of REEsS,
which can increase risks to the ecosystem and human health (Costis et al., 2021; Ou et

al., 2022).
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3.3. Relationship between variables

Significant Pearson correlation coefficients (p < 0.05) were observed between
REEs and soil properties (Fig. 4, Table 3S). Positive correlations were observed between
Y'LREE and Y LREE (0.94), suggesting similar geochemical sources and behavior for
these groups of elements (Lima et al., 2022; Pereira et al., 2023), as well as between CEC
and OM (0.94), 48), which reinforces the role of OM for CEC in the areas studied
(Ferreira et al., 2021). Otherwise, negative and significant correlations were observed
between > LREE and CEC (-0.43), and between Y HREE and clay (-0.38) and CEC (-
0.45). These results can be explained by the lower levels of clay, OM and CEC observed
in areas altered by mining, which had higher concentrations of REEs, arising from the

mobilization of rocks rich in these elements (Table 2).

Fig. 4.

Pearson correlation analysis (A) and principal component analysis (B) between sample
properties and concentrations of REES in the studied areas.
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Principal component analysis allowed explaining 72.92% of the total data
variability, with 48.97% explained by PC1 and 23.95% by PC2 (Fig. 4). High loads and
a strong relationship were observed for clay (0.8), CEC (0.73), and OM (0.7), which can
be explained by the greater chemical activity of the clay fraction and OM, which generate
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negative charges for the cation retention (Bi et al., 2023; Liu et al., 2020). Furthermore,
a strong relationship was evidenced between > LREEs and Y HREEs, which reinforces

the similar behavior and origin of these elements.

3.4. Pollution indices

The CF values indicated contamination ranging from moderate to very high
(Table 3), that is, all areas altered by mining present contamination by REEs (Hakanson,
1980). The elements Ce, Dy, Er, Ho, La, Lu, Nd, Pr, Th, Tm, Y and Yb had moderate
contamination, regardless of the area studied. Considerable contamination was evident
for Eu in all areas except OV1, as well as for Gd and Sm in OV2, TA2 and OV3. The
element with the highest CF was Sc, whose contamination level was classified as very
high in all areas studied. Based on the PLI results, which ranged from 2.3 to 2.9, it is

possible to state that all areas are polluted by the multiple effects of REEs (PLI > 1.0).
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Table 3.

Contamination factor (CF), enrichment factor (EF), and pollution load index (PLI) of
rare earth elements.

oot OV TAL ov2 TA2 ov3
CF EF CF EF CF EF CF EF CF
Ce  19+12 29%  o0+2a8 3%F 931307 09% 544383 155490 241
14 5.7 6.9

Dy — 21%16 72% 22x162 5oF  25%117 J0F 254256 10757 25+1
Er 19413 i:g 194120 gé 21470 ii * 22+188 83439 21+l
Eu 26+16 SS *  33:103 ig * 37+126 ‘1‘:2 * 44207 105+24 43+1
Gd  29+23 ég’ t 29+279 gf 341278 3:2 f 35439 0T 3422
Ho 19+14 i; 194130 gé * 21+84 i:i * 22+204 90443 21%1
La  22+15 ié o 20+321 ‘7‘:2 * 25:403 ;5T 25499 12? o541
Lu 16+11 12 f 1683 ;0 18:4s g:? * 18+131 57+27 18+0.
Nd  23+18 ig f 242341 03 28:412 g’ég t 28+501 122 t 0g8+2
Pr 21+15 ié t 21+309 ‘;:i 244369 ;2?;9 t 05+463 ﬁi o o5+1
S e4xsd gt gt 507 13 14 ;s B4s33 g
sm 27+21 ég f 28317 g0 33379 ;29'0 t 334493 gg 3312
To  24+19 ig t 24+194 Z:é t 28+162 gg t 20+311 129471 28+1.
Tm  18+13 ﬂ t 18+103 ;:2 t 20+57 g:g t 20+157 72+31 20+0.
Y 22+17 ig * 21+139 g:i 24486 f:i * 254230 99450 24+1
Yb  16+11 1;3 *  16+85 ;(15 t 18+47 cl):(; t 18+135 62+26 18+0.
PLI 23 24 28 2.9 29
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The EF values revealed that areas OV1, TAl, OV3 and TA3 have enrichment
ranging from absent to moderate for all REES, except Sc in TA1, OV3 and TAS3, with
significant enrichment (Table 3). On the other hand, areas OV2 and TA2 had a greater
number of REEs with high levels of enrichment, especially TA2, which showed
significant enrichment for all REEs, with the exception of Sc, which had extreme
enrichment (Sutherland, 2000). EF results above 1.5, which indicate predominantly
anthropogenic origin (Mindrescu et al., 2022; Mor et al., 2022), were evidenced for all

elements in OV1, TAL, OV2, TA2 and OV3 (except Eu ), and only for Eu and Sc in TA3.

Areas OV3 and TA3 have lower levels of contamination and enrichment by REEs,
which can be explained by the longer exposure time of residues on the soil surface. In
these areas, high precipitation levels may be directly contributing to the removal of REEs
through leaching and surface runoff (de Lima et al., 2022; Veldsquez Ramirez et al.,
2020), especially in TA3, which had low CEC (Table 1). Although these materials have
shown lower levels of contamination, environmental monitoring is necessary to mitigate

the spread of contaminants to areas influenced by artisanal mining.

The contamination rates reinforce that waste and tailings with one year of
deposition (OV2 and TA2) show a greater accumulation of REEs. Among all the
materials evaluated, TA2 presents the highest levels of contamination and enrichment of
all REEs, indicating that rock processing is accumulating high levels of these elements in
the surface layer of the soil. Therefore, OV2 and especially TA2 demand special attention
due to the potential risks they can cause to the ecosystem and human health (Galhardi et
al., 2020; Wang et al., 2022). Measures must be implemented to mitigate the
accumulation of these wastes inappropriately in the environment, considering the greater

wealth of REES in the rocks explored in these areas.
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3.5. Environmental risks

PERF values were varied for the REEs and areas studied (Table 4S). All elements
had PERF classified as low in OV1, TAl, OV3 and TA3, with the exception of Lu in
OV3, which was classified as moderate (Hakanson, 1980). On the other hand, OV2 and
TAZ2 had higher PERF values, ranging from low (Ce, Dy, Er, Ho, La, Nd, Tm, Y, Yb and
Sc) to moderate (Eu, Gd, Lu, Pr, Sm and Tbh) in OV2, and classified as low for Ce, La,
Nd, Y and Yb, moderate for Dy, Er, Gd, Tm and Sc, and considerable for Eu, Ho, Lu, Pr,

Smand Th in TA2.

The PERI results, which allow us to know the impacts of the associated effect of
REEs, were low in TA3, moderate in OV1, TAl and OV3, moderate in OV3, high in OV2
and very high in TA2 (Fig. 5). These results indicate lower impacts on the ecosystem in
TAZ3, which can be explained by the longer exposure time of materials on the soil surface.
On the other hand, areas OV2 and especially TA2 can pose a serious threat to the
ecosystem. La and Ce can deform and inhibit the extension of roots and aerial parts of
plants (Oliveira et al., 2015). Yttrium has a negative effect on the percentage and speed
of germination of native and edible species (Thomas et al., 2014). In onion bulbs, Allium
cepa L, moistened with aqueous solutions of La and Ce chloride in spodosol samples, a
significant reduction in the mitotic index was observed at all tested concentrations of La
and Ce. The frequency of cells with deformity increased significantly by 50 mg L™ after

exposure to the tested REE (Kotelnikova et al., 2019).
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Fig. 5.

Potential ecological risk indices of REES.
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The level of anthropization of the environment contributes to the increase in the
concentration of REEs, mainly due to the reduction in OM and mechanical breakdown of
the material. This can promote high ecological risks for the environment due to multiple
exposure to contaminants. Active and recently deactivated areas represent a great
ecological risk due to high concentrations of REE, making it necessary to take mitigating

measures.
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3.6. Human health risks

In the study region there is a high risk of contact with the population, which can
occur via inhalation due to dust and inadequate disposal of material near dirt roads, which
exposes residents to material with a high concentration of REEs. It is worth mentioning
that the mined areas are physically close to the urban area, which can represent an
aggravating factor in exposure to contaminated material. Furthermore, workers in
artisanal areas are susceptible to inhalation, dermal contact and accidental ingestion of

material rich in REEs (Souza Neto et al, 2020; Souza et al., 2017).

The results of "HQcriangas" presented mean values ranging from 6.7 x 10 ~° (Eu
in OV3) to 1.1 x 1072 (La and Ce, for sterile in OV2 and TA1, respectively), while the
mean values of HQ adults ranged from 9.4 x 10 ~° (Th, for tailings in TA1) to 1.3 x 10

2 (Ce and La, for TA2 and tailings in OV1, respectively) (Table 4).

Table 4.

Risk indices for adults and children from exposure to REEs in the studied areas.

. Group
Risks Areas -
Adults Children
ov1i 6.5x10°° 5.7 x1072
TAl 3.2x107? 2.8x101
. . ov2 5.4 x107? 48x10"
Non-carcinogenic
TA2 7.0x107? 6.1 x 107
ov3 6.6 x 1073 5.8 x 1072
TA3 9.1x10° 8.0 x 1072
ov1 2.2x107%6 1.9x101
TAl 1.1x10% 95x 107
. . ov2 1.8x 1071 1.6 x 10
Carcinogenic
TA2 23x107%° 2.0x 10
ov3 2.2x107 1.9x 1071
TA3 3.0x107% 27x107%

The HI values obtained were less than 1 for children and adults, indicating low

non-carcinogenic and carcinogenic risk from exposure to REEs (USEPA, 2004).
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In this study, carcinogenic risks were considered low, however the high
concentrations of La and Ce may justify concern about the carcinogenic risk, mainly
because gaps regarding the carcinogenic risk of this group of elements still need to be
elucidated. High concentrations of La and Ce are related to oral carcinogenic risks (Chen
etal., 2022; He et al., 2021) and associated with patients with brain tumors (Gaman et al.,

2021).

The absence of contamination risks observed in this study is in line with previous
results for Amazonian soils (Ferreira et al., 2021). These authors observed that the human
heath risk due to REEs contamination was considered low in Amazonian soils, although
they observed enrichment in the concentrations of these elements. Human exposure to
REEs occurs through ingestion of contaminated food and water, inhalation, and dermal
contact. Further investigations are needed regarding the routes of exposure and
carcinogenic or non-carcinogenic effects and consequently risks to human health
promoted by the accumulation of REEs in areas subjected to artisanal exploitation of

cassiterite and monazite. (Gwenzi et al., 2018).

4. CONCLUSIONS

The artisanal exploration of monazite and cassiterite caused an increase in
concentrations, high enrichment and a high contamination factor by REEs. Active and
recently deactivated mines presented higher concentrations of Ce, La, Nd and Y, and high
ecological risk, while the other areas presented moderate potential ecological risk. The
health risk to children and adults was low. The results presented in this study, as well as
its conclusions, demonstrate to those responsible for public environmental protection

policies and environmentalists, the need to remediate areas affected by mining,
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immediately and simultaneously with exploration, to reduce environmental
contamination and prevent health risks  due to high concentrations of REES, on site and
in areas potentially influenced by mining. It is also necessary to expand studies involving
absorption dynamics and risks for REEs, the existence of a single slopp factor for all

elements may underestimate or overestimate health risk assessment values.

Determining the bioavailability and bioaccessibility, in addition to the chemical
forms of occurrence of REEs, is necessary to better understand the dynamics and real risk

to human and environmental health of these elements.
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SUPLEMENTARY MATERIAL

Table 1S.

Location of sampling points.

Areas Sample Latitude (S) Longitude (W)
s1 06°04'08.4"S 52°11'20.4"W
$2 06°04'8.04"S 52°11'27.6"W
$3 06°04'19.2"S 52°11'30.2"W
s4 06°04'37.2"S 52°11'31.0"W
S5 06°04'40.8"S 52°11'31.2"W

oVl
6 06°04'48"S 52°11'31.8"W
57 06°04'26.4"S 52°11'38.4"W
S8 06°04'48"S 52°11'38.1"W
s9 06°04'58.8"S 52°11'42"W
510 06°04'16.8"S 52°11'49"W
s1 06°04'12"S 52°11'24"W
2 06°04'15.6"S 52°11'27.6"W
$3 06°04'22.8"S 52°11'27.6"W
s4 06°04'30"S 52°11'31.2"W

TAl
S5 06°04'44.4"S 52°11'31.2"W
6 06°04'37.2"S 52°11'34.8"W
57 06°04'9.6"S 52°11'38.4"W
S8 06°04'2404"S 52°11'49.2"W
s1 06°01'55.2"S 52°14'27.6"S

oV2 52 06°01'58.8"S 52°14'31.2"S
s3 06°02'9.6"S 52°14'25.6"S
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sS4 06°02'24"S 52°14'31.2"S
s1 06°02'2.4"S 52°14'27.6"S
TA2 $2 06°02'20.4"S 52°14'31.2"S
3 06°02'27.6"S 52°14'27.6"S
s1 06°03'46.8"S 52°11'06"S
$2 06° 03'43.2"S 52°10'58.8"S
(OAVK
06° 03'50.4"S 52°11'9.6"S
S3
sS4 06° 03'28.8"S 52°10'55.2"S
s1 06° 03'18"S 52°10'51.6"S
TA3 S2 06° 03'36"S 52°10'50.2"S
s3 06° 03'33"S 52°10'48"S
s1 06°04'30"S 52°09'57.6"S
RA $2 06°04'15.6"S 52°09'37.4"S
$3 06°04'44.4"S 52°09'37.6"S
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Table 2S.

Recovery rate of REEs in analytical batches.

Element Reference material Certified value Obtained value Recovery rate (%)
Ce OREAS 142 180.5 156.9 86.9
Dy OREAS 142 5.25 4.8 91.4
Er OREAS 142 291 2.7 92.8
Eu OREAS 142 2.22 1.4 63.1
Gd OREAS 142 7.56 6.4 84.6
Ho OREAS 142 1.01 0.9 89.1
La OREAS 142 92.5 78.7 85.1
Lu OREAS 142 0.36 0.27 75.0
Nd OREAS 142 66.4 48.6 73.2
Pr OREAS 142 19.35 15.8 81.6
Sc OREAS 142 65.71 43.2 65.7
Sm OREAS 142 9.8 8.2 83.6
Tb OREAS 142 1.05 1.0 95.2
Tm OREAS 142 0.39 0.3 76.9
Y OREAS 142 29.21 23.9 81.8
Yb OREAS 142 2.7 2.5 92.6
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Table 3S.

Cargas fatoriais obtidas em analise de componentes principais entre propriedades de
amostras e concentracdes de REEs.

i i Dimension 2

Properties Dimension 1

0.22781
Clay 0.819806

-0.50073
Sand -0.82926

i 0.642902

Silt 0.419418

-0.09232
CEC 0.730082

0.143597
oc 0.69191

0.700689
>LREE -0.63683

0.663423

>HREE -0.68941




Table 4S.

Potential ecological risk factors (PERF) of REESs in the studied areas.

Element Areas

ov1i TAl ov2 TA2 (O)VK] TA3
Ce 2.0 35 10.9 15.5 1.9 0.8
Dy 11.0 11.0 24.5 53.5 9.5 2.5
Er 10.0 10.5 16.5 415 12.5 25
Eu 22.0 26.0 43.0 105.0 3.0 29.0
Gd 12.5 18.0 44.0 77.0 7.5 35
Ho 21.0 22.0 38.0 90.0 21.0 5.0
La 2.2 4.3 14.1 19.8 35 0.8
Lu 32.0 30.0 46.0 114.0 70.0 8.0
Nd 4.6 9.0 27.6 38.6 3.8 1.4
Pr 10.5 21.0 64.5 925 12.0 3.0
Sc 4.3 7.7 4.5 43.4 6.8 7.0
Sm 125 20.5 60.0 89.0 8.5 35
Th 25.0 31.0 65.0 129.0 19.0 6.0
Tm 19.0 18.0 29.0 72.0 29.0 5.0
Y 4.6 4.8 7.8 19.8 4.8 1.2
Yb 9.0 8.0 8.0 31.0 19.0 2.0
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Table 5S.

Health risk quotients for adults due to exposure to REEs.

Non-carcinogenic

Carcinogenic

Element  -5v1 TAL ov2 TA2 ov3 TA3 oV1 TAL ov2 TA2 ov3 TA3

Ce 2.3x%x 1073 1.3 x 1072 2.4 x 1072 2.8x 1072 2.6x10°3 3.8x10°3 7.7x10Y7 44x10716 7.9x 10716 9.4x10716 8.5 x 1077 1.3x10°1
Dy 1.7 x10* 6.1x 10 7.0x 10 1.3 x 1073 1.3x10* 1.7 x10™* 5.7x 1018 20x10" 2.3x 10717 4.3 x107Y 45 x 10718 5.7x10718
Er 1.4x%x10™* 44 %10 43x10™ 8.9x10™* 1.1x10™* 1.4x10™* 47x101 15x10" 1.4 x 107V 3.0x107Y 3.6 x10718 46 x 10718
Eu 5.0x 107 20x%x10° 1.8x107° 2.6 x 10 7.6x10°8 2.7 %10 1.7x101 6.5x%x1071° 6.0 x 10710 8.6 x107% 2.5 x 10710 8.9x10%
Gd 1.2x10* 55x10™ 8.1x10* 12x10° 1.1x10%* 14x10™* 41x1018 18x10Y 27x10Y 39x10Y 36x1018 48x1071
Ho 40%x10° 13x10™ 14x10% 27x10™* 3.1x10° 39x10° 13x1018 44x1018 46x1018 91x10® 1.0x10® 13x1078
La 1.1x10°% 65x%x10°3° 13x102%2 15x1072 12x10°% 16x10°3 35x10Y 22x101 42x101% 49x101® 41x10Y 53x10Y
Lu 2.9x%x10° 7.9x%x10° 7.5x%x 10 1.6x10™* 2.3x10° 2.8x10° 98x 101 26x10718 2.5x 10718 5.3x10718 7.6 x1071° 95x 107
Nd 6.8x10* 4.1x1073 7.6 %1073 8.9x 1073 74%x10* 8.7x10™* 23x10Y7 14x10716 2.5 x 10716 3.0x10716 24 x 107V 2.9 x 107
Pr 2.1x10™* 1.3x10°3 2.4 %1073 29x 1073 24 %10 2.7%x10* 7.1x1018 43x10Y 8.0 x 107 9.6 x 107V 8.0x 10718 8.8x 10718
Sc 6.6x10° 44x10"* 1.3x10™* 15x10™* 12x10* 4.4x10* 22x1018 15x107Y 43 x 10718 5.0x 10718 4.0 x 10718 15x%x 10
Sm 1.3x10™* 6.8 x10™* 1.2 x 1073 1.5x 1073 1.3x10™* 15x%x10™* 44 %1018 23x10Y 4.0 x 107 5.0x 107 4.4 x 10718 5.1x10718
Tb 25%x10° 9.4 x10° 1.2x10™* 20x%x 10 2.1x10° 2.6 x10°° 8.3x 101 31x10718 4.0x 10718 6.7 x 10718 6.9 x 10719 8.7x10%
m 24%x10° 7.0x10° 6.8x10° 14x10™ 19x10° 24x10° 8.1x101° 23x101® 23x10® 46x10® 62x101° 79x10%
Y 1.3x10°% 39x10°3 40%x10° 84x107 95x10* 12x10°3 42x107 13x101® 13x101® 28x101® 32x10Y 41x10Y
Yb 19x10* 5.1x10™* 49%x10% 10x1073 15x10%* 1.8x10™* 6.4x101® 17x10Y 16x10Y 35x10Y 50x101® 61x10718
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Table 6S.

Health risk quotients for children due to exposure to REES.

Non-carcinogenic

Carcinogenic

Element  ~5y1 TAL ov2 TA2 ov3 TA3 oV1 TAL ov2 TA2 ov3 TA3

Ce 2.0x 1072 1.1x 1071 2.1x 101 25x%x 101 2.2 %1072 3.3x1072 6.8 x 10716 3.8x 1071 6.9x 1071 8.2x 1071 75x 10716 1.1x1071
Dy 15x 103 5.3x 1073 6.1x 1073 1.1x1072 1.2 x 1073 1.5x 1073 5.0x 107 1.8 x 10716 2.0x 10716 3.7x10716 3.9x10Y 5.0x 1077
Er 1.2x10°% 38x10° 37x10°% 7.8x10° 96x10* 12x10° 41x10Y 13x10%% 12x101% 26x10® 32x101 4.0x10YV
Eu 43%x10° 17x10* 16x10% 23x10* 6.7x10° 23x10* 14x10® 57x10'® 53x101® 75x101® 22x101® 78x10718
Gd 1.1x10°% 48x10° 7.1x10°% 1.0x102? 94x10* 13x10° 36x10Y 16x101% 24x101% 34x101% 31x10Y 42x10YV
Ho 35x10% 11x10°% 12x10° 24x10°% 27x10* 34x10% 12x10Y 38x10Y 40x10Y 79x10Y 91x101® 11x10Y
La 92x10° 57x102 11x10' 13x10! 11x102% 14x10? 31x101® 19x10B 37x10® 43x10B 36x10% 47x10716
Lu 2.6 x10™ 6.9 x 10 6.6 x 10 1.4x 1073 20x 10 25x%x10™ 8.6 x10718 2.3x 1077 2.2x107Y 4.6 x 1077 6.6 x 10718 8.3x 10718
Nd 5.9x 1073 3.6 x 1072 6.6 x 1072 7.8 %1072 6.4 x 1073 7.6 %1073 2.0x 10716 1.2x 101 2.2 %1071 26x%x10°1 2.1x10716 2.5 x 10716
Pr 1.9x10°3 1.1 x 1072 2.1x 1072 25x%x 1072 2.1x103 2.3x1073 6.2 x 1077 3.8x 10716 7.0x 10716 8.4 x 10716 7.0x 107 7.7 %107V
Sc 5.8x10™* 3.9x%x 1073 1.1x10°3 1.3x10°3 1.1x1073 3.8x103° 19x10Y 1.3x 10716 3.8x107Y 4.4 x 107V 35x107Y 1.3x 10716
Sm 1.2x10°3 5.9x 1073 1.1 x 1072 1.3x1072 1.1x1073 1.3x 1073 3.9x10Y 2.0 x 10716 35x1071 4.3 x 10716 3.8x107Y 45 x 107
Tb 2.2x10™" 8.2x10™ 1.1x10°3 1.8x 1073 1.8x10™* 2.3%x10™* 7.3x10718 2.7 %107V 35x107Y 5.8 x 107V 6.0 x 10718 7.6 x 10718
Tm 21x10* 6.1x10% 60x10* 12x10°% 16x10* 21x10% 7.1x10® 20x10Y 20x10Y 40x10Y 54x101® 69x10718
Y 1.1x102%2 34x102 35x102%2 74x102? 83x10°% 1.1x10? 37x10% 11x101 12x101% 25x101 28x101% 3.6x10716
Yb 1.7x10°% 45x10° 43x10°% 91x10° 13x10°% 16x10° 56x10Y 15x10%% 14x101% 3.0x10%% 44x10Y 53x107YV
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CAPITULO 2

Metais pesados em mineracdo artesanal na Amazbnia: concentracdo e risco
potencial da exploracdo de cassiterita e monazita

Resumo

A extracdo de minerais, como a cassiterita, € imprescindivel para fornecer matéria
prima para diversas tecnologias. Entretanto, 0s processos artesanais de exploracao
liberam varios elementos, como o0s elementos potencialmente toxicos (EPTS),
representando risco potencial ao ambiente e a satde humana. O objetivo foi quantificar
as concentracdes de EPTs e estimar a contaminacdo e poluicdo ambiental em areas de
mineracdo artesanal de cassiterita na regido amazoénica. Os materiais estudados foram
classificados como residuos de mineracdo artesanal, sendo garimpo ativo (TA1) (8
amostras), garimpo desativado a um ano TA2 (3 amostras) e garimpo desativado a dez
anos (TA3) (3 amostras) além de area de referéncia (3 amostras). As concentracdes totais
de As, Ba, Cd, Cr, Mo, Ni e Pb foram extraidas por digestdo acida (HCIl: HNO3 3:1) em
forno microondas. Os resultados das concentracGes foram utilizados para calcular fator
de bioacumulacdo e indices de poluicéo, risco ambiental e a salide humana. Pb (TA3) e
Cr (TAL e 3) apresentaram concentracfes acima do valor de prevencdo do CONAMA, o
que indicando risco potencial. O fator de contaminacdo indicou alta contaminacdo ainda
que a area explorada estivesse sem utilizacdo a 10 anos, indicando alta capacidade de
acumulacdo. A bioacumulacgdo foi consideravel (>1) para todos os EPTs relacionando
diretamente com as caracteristicas quimicas dos residuos, como: pouca matéria organica,

baixa soma de bases e pH acido, favorecendo a absor¢do de metais pelas plantas.

Palavras chave:

Elementos terras raras, Mineragdo artesanal, Risco ambiental, Contaminacéo, Poluic&o.
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Abstract

The extraction of minerals, such as cassiterite, is essential for providing raw materials for
various technologies. However, artisanal mining processes release several elements,
including potentially toxic elements (PTES), posing potential risks to the environment and
human health. The objective was to quantify PTE concentrations and estimate
environmental contamination and pollution in areas of artisanal cassiterite mining in the
Amazon region. The materials studied were classified as artisanal mining residues,
including an active mining site (TAL) (8 samples), a site deactivated for one year (TA2)
(3 samples), and a site deactivated for ten years (TA3) (3 samples), as well as a reference
area (3 samples). Total concentrations of As, Ba, Cd, Cr, Mo, Ni, and Pb were extracted
through acid digestion (HCI: HNO3 3:1) in a microwave oven. The concentration results
were used to calculate the bioaccumulation factor, pollution indices, and environmental
and human health risks. Pb (TA3) and Cr (TA1 and TA3) showed concentrations above
the prevention threshold set by CONAMA, indicating potential risk. The contamination
factor indicated high contamination, even in areas that had been unused for 10 years,
demonstrating a high capacity for accumulation. Bioaccumulation was considerable (>1)
for all PTEs, directly related to the chemical characteristics of the residues, such as low
organic matter, low base saturation, and acidic pH, which favor metal absorption by

plants.

Keywords

Amazonia, Mineragdo artesanal, Risco ambiental, Contaminacdo, Poluicao.
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1. INTRODUCAO

A mineracdo industrial, € uma atividade importante para a geracao de economia e
postos de trabalho (Matlaba, et al 2019), em sua maioria atende critérios estabelecidos
por entidades de protecdo aos interesses ambientais e sociais, de modo a representar
menor risco. Porém, na regido amazodnica as atividades de exploracdo artesanal sdo
realidade e representam grande parte dos garimpos espalhados na regiéo, e a geragéo de
residuos desse sistema, podem causar danos significativos ao ecossistema local e a salde,
especialmente devido a falta informaces a respeito dos riscos provenientes da exploracéo
desses minerais (Pereira et al, 2022; Neto et al,2020; Covre et al, 2022).

As atividades de mineracdo artesanal tém sido responsaveis por grande parcela da
extragdo mineral do pais, principalmente na regido norte, que em funcdo da sua grande
extensdo territorial, tem os processos de fiscalizagdo prejudicados. A cassiterita € um
mineral rico em elementos terras raras (familia dos lantanideos, além do escéndio e do
itrio). Para obtencdo desses elementos, é necessario realizar o desmonte mecéanico da area
a ser explorada, causando instabilidade provocada pelos processos fisico-quimicos,
podendo também representar riscos ao ambiente e a salde (Souza et al, 2019; Neto et al,
2020; Covre et al, 2022). Esse processo de exploracao, ocorre de forma desordenada, sem
seguir os critérios e legislacdo impostas para essa atividade, o que causa a mobilizagdo de
diversos elementos, entre eles 0os EPTS, que podem representar risco ambiental e a salde
humana.

Os (PTEs) originam-se de fontes litogénicas via pedogénese e ocorrendo em baixas
concentragOes de forma natural. A ocorréncia de niveis além do normal pode ser resultado
de atividades humanas, como: atividades industriais, emissdo de poluentes urbanos,

agricultura e atividades de mineracdo ou de origem natural em areas com alto potencial

67



de deposito mineral (Reimann et al. 2016). Assim, quantificar a concentragéo e 0s riscos
potenciais desses elementos se tornam necessarios para evitar catdstrofes e a
contaminacéo para a populagdo (Lima et al, 2020).

A utilizagdo de indices que estimem esses riscos, se torna necessarios para prever,
mitigar e recuperar os efeitos nocivos de elementos contaminantes (Abbasi et al., 2021,
Jean-Lavenir et al., 2023; Sojka et al., 2021). Deste modo, o objetivo foi determinar as
concentraces de EPTs em éareas artesanalmente ja exploradas e em exploracdo para

obtencdo cassiterita e monazita e quantificar os niveis de risco ambientais nessas areas.

2. MATERIAL E METODOS

Area de estudo e amostragem

A érea de estudo esté inserida em S&o Félix do Xingu (06°37'48" S e 51°57'36"
W) municipio localizado no sudeste do estado do Pard. E a segunda maior cidade
brasileira, conta com 84.213 km? de extensdo e aproximadamente 136.000 habitantes
(IBGE, 2022). O clima predominante na regido é o tropical umido, classificado como Am
de acordo com a classificacdo de Koppen, com temperatura média anual de 26 °C (Alvares
etal., 2013).

H& predominancia nas formacBes geoldgicas Sobreiro e Santa Rosa, ndo
metamorfoseadas e sob pouca transformacdo intempérica (Silva et al., 2014; Cruz et al.,
2014). Na regido, areas de mineracdo artesanal de cassiterita e monazita ocupam grandes
extensoes.

A extracdo de Cassiterita na regido € realizada irregularmente, com exploragéo a
céu aberto com desmonte mecanico, através do uso de maquinario, gerando o material

indicado como estéril, apos € realizado o desmonte hidraulico, gerando material
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semelhante a lama que sera processado. Porém, em funcéo da falta de padronizacéo dos
métodos de obtencdo do minério e de descarte dos residuos, fica impossibilitada a
segregacdo do material descartado, sendo assim classificado como residuo.

As areas foram identificadas como: TAL = rejeitos de mina ativa (8 amostras);
TA2 = rejeitos de minas desativadas hd um ano (3 amostras); TA3 = rejeitos de minas
desativadas ha 10 anos (3 amostras); e RA= solo de floresta natural (4 amostras),
considerada como referéncia (Figura 1).
Figura 1.
Pontos de amostragem de residuos de mineracdo artesanal de monazita e cassiterita no

municipio de S&o Feélix do Xingu, sudeste da Amazonia brasileira.
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As amostras de plantas foram coletadas nos mesmos pontos de coleta do solo onde
existia vegetacdo, objetivando estimar a capacidade de bioacumulagdo de EPT’s. A coleta

de Brachiaria brizantha, foi realizada com o corte a altura do solo.
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Caracterizacdo de amostras de solo, planta e fator de bioacumulagao

Os atributos fisico-quimicos foram realizados conforme método proposto por
Teixeira et al. (2017). As amostras foram homogeneizadas e secas ao ar, depois
peneiradas (< 2 mm) e armazenadas em recipientes de polietileno. O pH foi determinado
em suspensdo de solo: gua: (1:2,5) e solugdo de KCI 1 mol L 1. Os cations trocaveis Ca
2* Mg % e Al ¥ foram extraidos usando KCI 1 mol L™t. O APF* foi quantificado por
titulagdo com NaOH 0,025 M e Ca 2* e Mg 2* foram quantificados por complexometria
com EDTA 0,0125 mol L 1. K e P disponiveis foram extraidos usando solugio Mehlich-
1 (0,05 mol L "t HCI + 0,0125 mol L™* H2S0 4).

Carbono orgénico foi determinado por combustdo Umida com dicromato de
potéssio e multiplicado por 1,72 para determinar o teor de matéria organica (OM). A
acidez potencial (H* + AIP") foi determinada com acetato de calcio (Ca(Cz HsO: )2)
tamponado em pH 7,0. Os resultados foram utilizados para calcular a capacidade de troca
catidnica (CEC). A textura do solo foi determinada pelo método da pipeta (Gee and
Bauder, 1986).

Para concentragOes totais de PTE foram utilizados 0,5 g de amostras de solo (<
0,15 mm) com 9 mL de HNO3s e 3 mL de HCI concentrado, digeridos em forno de micro-
ondas conforme EPA 3051A (USEPA, 2007 ). Os extratos digeridos foram diluidos em
agua deionizada até um volume final de 50 mL e filtrados (0,45 um PTFE). Ba, Cd, Co,
Cu, Cr, Mo, Ni e Pb e quantificadas por espectrometria de massa com plasma
indutivamente acoplado (ICP-MS, PerkinElmer).

Os teores de EPTs do tecido vegetal foram extraidos por digestdo acida por micro-
ondas, utilizando a adi¢cdo de 2 mL de HNO 3 + 2 mL de H 2 O 2 e 5 mL de &gua ultrapura
a 250 mg de amostra (Araujo et al., 2002), e quantificadas por espectrometria de massa

com plasma indutivamente acoplado (ICP-MS, PerkinElmer).
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O fator de bioacumulacdo (BAF) tem sido amplamente utilizado para entender o
grau de acumulagdo de um determinado contaminante no tecido vegetal (Covre et al.,
2020), encontrado de acordo com a Equacao:

BAF=(C,/Cy)

onde Cpé a concentragdo de EPT no tecido vegetal (peso seco) e Csé a

concentracdo de do mesmo EPT no solo.

Avaliacdo da poluicdo

Foram calculados o fator de contaminacdo (CF), fator de enriquecimento (EF) e
do indice de carga poluente (PLI), a fim de estimar o nivel de contaminacdo (Khan et al.,
2020; Sergeeva et al., 2021; Zerizghi et al., 2023). Para os célculos, RA foi considerada
como referéncia de ambiente natural, devido ao baixo impacto das atividades de
mineracdo nessa area, conforme sugerido por estudos anteriores (Araujo et al., 2021;
Covre et al., 2020; Pereira et al., 2022; Souza Neto et al., 2020).

O CF é um indice para avaliar o nivel de poluicdo associado ao EPT em areas
antropizadas (Godwyn-Paulson et al., 2022; Jiménez-Ballesta et al., 2022; Wang et al.,

2022), obtido de acordo com a Eq. (1):

CF = EBT 1)

BepT

onde Cepr € a concentracdo média do EPT (mg kg?) na area alterada e Bepr € a
concentracdo do mesmo EPT em RA. Os valores de CF foram interpretados da seguinte
forma: CF < 1 indica contaminacéo baixa, CF entre 1 — 3 indica contamina¢do moderada,
CF entre 3 — 6 indica contaminagdo consideravel, e CF > 6 indica contaminacéo alta

(Hakanson, 1980).
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O EF foi calculado para identificar o nivel de enriquecimento associado aos EPTs

(Azizi et al., 2022; Saleh et al., 2022; Zerizghi et al., 2023), conforme a Eq. (2):

EF = (gt ) Berry )

Cre Bre

onde Cept € a concentracdo do EPT na amostra, Cre é a concentracdo de Fe na mesma
amostra (mg kg™?), Bepr € a concentragio do EPT em RA, e Bre € a concentragéo de Fe
em RA. O Fe foi usado para normalizagdo geoquimica devido ao seu comportamento
conservador (Pereira et al., 2022). Os valores de EF foram interpretados da seguinte
forma: EF < 2 indica enriquecimento minimo, EF entre 2 — 5 indica enriquecimento
moderado, EF entre 5 — 20 indica enriquecimento significativo, EF entre 20 — 40 indica

enriquecimento alto, e EF > 40 indica enriquecimento extremo (Sutherland, 2000).

O PLI é utilizado para estimar a poluicdo cumulativa de determinado grupo de
elementos (Abbasi et al., 2021; Jean-Lavenir et al., 2023; Sojka et al., 2021), obtido

conforme a Eq. (3):
PLI = (CF; X CF, X CF; X...X CE)Y" (3)

onde CF é o fator de contaminac&o e n é o nimero de EPTs do estudo. Os valores de PLI
foram classificados em dois niveis: PLI variando de 0 a 1 indica auséncia de poluicdo e

PLI > 1 indica material poluido (Tomlinson et al., 1980).

Avaliacao de risco ambiental

O fator de risco ecoldgico potencial (PERF) e o indice de risco ecolégico potencial
(PERI) foram calculados para avaliar os impactos dos EPTs para o ecossistema nas areas
estudadas (Q. Liu et al., 2023; Pereira et al., 2023; Saha et al., 2023). O PERF permite

conhecer os riscos ecologicos individuais dos elementos em dareas alteradas pela
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mineragdo. Nesse estudo, o EF foi incorporado ao célculo do PERF (Kumar et al., 2020;

Lima et al., 2022), de acordo com a Eq. (4):

PERFgpr = EFgpr X TRFgpr 4

Onde CFrTE € 0 fator de contaminacgdo do PTE, TR € o fator de resposta tdxica do respectivo
PTE (As=10,Ba=Cr=2,Cd =30, Cu=Ni=Pb=5, Mo =1) (Hakanson, 1980; Shangguan
et al., 2015; Yang et al., 2015; Ngole-Jeme and Fantke, 2017). Os resultados foram
interpretados da seguinte forma: PERF < 40 indica baixo risco, PERF entre 40 — 80 indica
risco moderado, PERF entre 80 — 160 indica risco considerdvel, PERF entre 160 — 320

indica risco alto, e PERF > 320 indica risco muito alto (Hakanson, 1980).

O PERI permite conhecer os efeitos da acdo conjunta dos EPTs no ecossistema

(Chen et al., 2020; Wang et al., 2021; Wu et al., 2019b), encontrado de acordo com a Eq.
(5):

PERI = PERF, + PERF, + PERF;+...+PERF, (5)

onde PERF é o fator de risco ecoldgico potencial e n é o nimero de elementos em estudo.
Os valores de PERI foram interpretados da seguinte forma: PERI < 150 indica baixo risco,
PERI entre 150 — 300 indica risco moderado, PERI entre 300 — 600 indica risco

consideravel, e PERI > 600 indica risco muito alto (Hakanson, 1980).

Analises estatisticas

Os resultados foram submetidos & anélise estatistica descritiva e de normalidade
dos dados (Shapiro-Wilk). A comparacdo entre as areas foi avaliada com o teste de
Kruskal-Wallis e o teste Dunn. A analise de componentes principais (PCA) foi gerada

para compreender o relacionamento entre as concentra¢es de EPTs e as propriedades
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fisico-quimicas dos materiais. Todas as analises foram realizadas usando o software R

versdo 4.3.1 (R Core Team, 2023).

RESULTADOS E DISCUSSAO

Caracterizacdo dos residuos de mineracgdo e concentracéo de EPTs

Nas &reas de mineracdo artesanal (TAl, TA2 e TA3), foram encontradas
concentragdes de cromo (Cr) e chumbo (Pb) superiores aos valores de prevengéo
(CONAMA, 2009). No solo da area de referéncia, nenhum dos EPTs observados no
estudo foram superiores aos valores de prevencdo (Fernandes et al, 2018). As atividades
de extracdo de cassiterita e monazita, que envolvem a desagregacao das rochas, podem
resultar na liberag&o significativa desses contaminantes no solo. As atividades realizadas
durante a mineracao artesanal propiciam a elevagéo dos teores de EPTs, devido a alocagéo
de materiais nas areas proximas aos locais de exploragdo mineral (Souza et al., 2017).

Os valores de pH das amostras variaram entre 4,5 e 4,9 (tabela 1S), caracterizando
um ambiente acido em todas as areas avaliadas. Ambientes tropicais comumente tem
solos com caracteristicas &cidas devido a elevada precipitacdo que proporciona a
lixiviacdo de bases trocaveis e a ciclagem de material organico, durante esse processo
ocorre a acidificacdo do meio (Awoonor et al., 2024). O uso excessivo de agua, observado
durante o processo de exploracdo artesanal, pode auxiliar na lixiviagdo de compostos
basicos, facilitando a acidificacdo do meio e influenciando na mobilidade de EPTSs, os
quais se tornam mais sollveis em condicdes de baixa alcalinidade, proporcionando o
aumento da bioacumulacdo/ transporte de contaminantes para 0 ambiente (Huang et al.,
2020).

A matéria organica (MO) nos solos variou de 20,0 g dm™ em TAl a 57,7 g dm™

na area de referéncia (tabela 1S). Os maiores niveis de MO em éareas nativas (florestas)
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sdo caracteristicos de ambientes com diversidade florestal, j& em &reas de exploragdo
mineral comumente ocorre uma elevada perda de MO devido a supressdo que ocorre
durante a exploragédo mineral. A MO desempenha um papel essencial na dindmica da
bioacumulacdo de EPTs, sendo reconhecida por sua capacidade de retengéo de EPTS,
assim limitando a disponibilidade para a absorcdo pelas plantas. Os EPTs formam
complexos com a MO, o que reduz a mobilidade e a toxicidade desses elementos,
comumente os acidos humicos e falvicos, sdo eficazes na ligacdo com cétions metalicos,
dificultando a absor¢do das formas solGveis de EPTs pelas raizes das plantas e
contribuindo para a imobilizacdo desses contaminantes no solo (Garcia et al., 2021;
Pereira et al., 2022). Nos materiais avaliados, a MO foi baixa, os elementos ficam
disponiveis para serem absorvidos pelas plantas ou serem translocados para outros
ambientes, o que justifica a alta concentragdo desses contaminantes nos residuos.

A capacidade de troca de cations (CTC) nas amostras de solo varia
significativamente, influenciando a retencdo de contaminantes. A area TA2, com uma
CTC de apenas 1,1 cmolc dm™, apresenta a menor capacidade de retengdo de nutrientes,
0 que pode facilitar a lixiviacdo de EPTs.

A heterogeneidade quimica das concentrac@es de EPTs nos solos de floresta e nos
residuos de mineragdo de cassiterita e monazita é evidente (Tabela 2). Tal diversidade
pode ser atribuida a formacdo mineraldgica heterogénea e a falta de padronizacdo nos
processos de extracdo artesanal, que variam em profundidade, quantidade de material
utilizado e maquinario, resultando em diversidade na composi¢do desses residuos
(Chileshe et al., 2020; Perlatti et al., 2015; Souza Neto et al., 2020).

Os processos mecanicos (escavacdo e trituragdo) e exposicdo dessas
rochas/minerais durante a exploragdo mineral, junto ao descarte inadequado de rejeitos,

favorecem a liberacdo de EPTs e a mobilizagdo desses elementos, provocando a
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contaminag&o do solo, ar, 4gua e plantas (Diame et al., 2016). Esse cenario representa um
risco significativo a salde da populacdo local, portanto, torna-se imprescindivel
quantificar essas concentracdes e estudar os niveis de contaminacao e 0s riscos ambientais

associados a saude humana.
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Tabela 2.

Concentracéo de EPTs nas areas estudadas.

Elemento (mg kg ™) TAl TA2 TA3 RA PV QRV
As 33+18a 1.0+0.0c 1.6+05b 1.8+09b 15 14
Ba 191+1.1b 12.0+19c 79.0+16.5a 6.9+0.1d 150 14.3
Cd 00+00b 0.7+13a 0.0+00b 09+00a 13 0.4
Cr 93.2+11.0b 256+42c 170.3+17.0a 155+0.6d 75 4.1
Cu 479+46a 120+7.7c 20.1+5.2b 57+0.0d 60 9.9
Mo 3.2+05a 26+0.7a 27+0.6a 1.0+0.0b 30 01
Ni 81+17b 23+08¢c 21.0+35a 14+02c 30 14
Al 19400 2900 54433 2.9 ) ]
Fe 42500 20830 28266 33.0 ) ]
Mn 772.5 942 1657 72 ] )
Pb 35.6+44c 49.2+75D 747+50a 84+14d 79 48

*|etras diferentes na horizontal representam diferenca significativa
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Tabela 3.

Fator de contaminacdo (FC), fator de enriquecimento (EF) e indice de risco ecologico potencial (PERI) de EPTs.

TAl TA2 TA3
Element

CF EF CF EF CF EF
As 18+14 04+0.3 05+0.0 0.3+£0.2 33+£19 04+0.2
Ba 2.7+0.7 0.7+£0.3 1.7+01 0.8+0.3 114+14 14+0.3
Cd 0.0+£0.0 0.0+£0.0 0.8+0.3 0.7+13 0.0+0.0 0.0+0.3
Cr 6.0+1.2 1.1+05 1.7+0.9 0.8+0.3 109+17 1.2+0.3
Cu 83+1.7 1.5+0.8 21+0.8 0.8+0.0 35+0.9 0.7+0.0
Mo 3.0+£13 0.7+£04 24+0.5 08+0.1 25+14 08+0.1
Ni 5.6+0.9 1.1+04 1.6+0.6 09+04 144+10 16+04
Pb 43+0.5 1.3+0.8 59+14 134+1.1 8.8+15 246+1.1
PERI 49.5 57.1 77.4
PLI 0.8 0.7 1.9

EF < 2 indica enriquecimento minimo, EF entre 2 — 5 indica enriquecimento moderado, EF entre 5 — 20 indica enriquecimento significativo, EF
entre 20 — 40 indica enriquecimento alto, e EF > 40 indica enriquecimento extremo

CF < 1 indica contaminacdo baixa, CF entre 1 — 3 indica contaminacdo moderada, CF entre 3 — 6 indica contaminacao consideravel, e CF > 6

indica contaminacdo alta
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Tabela 4.

Teor médio de EPTs em plantas, solo (mg kg™) e fator de bioacumulagio (BAF).

Elemento Planta BAF

TAl TA2 TA3 TAl TA2 TA3
As 10+£03b 13+£01b 27%+03a 3,3 0,8 0,6
Ba 61,0+52a 66,7+12a 48,7+£22Db 0,3 0,2 1,6
Cd 01+01a 01%+01a 01+0,1a 0,0 5,8 0,0
Cr 11,7£21c 343+£62b 950+53a 8,0 0,7 1,8
Cu 179+3,1c 31,7+x2,7b 672%+70a 2,7 0,4 0,3
Mo 16+05b 23+£09b 192%21la 2,0 0,9 0,1
Ni 59+09c¢ 109+32b 358+41a 1,4 0,2 0,6
Pb 40+06c 101+11a 7,7+x19b 9,0 4,9 9,7
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A érea de estudo apresenta concentracdes de Cr e Pb acima dos valores de
qualidade e prevencdo estabelecidos, as atividades de mineracdo artesanal podem ter
aumentado as concentragdes desses elementos em area superficial em relacdo ao ambiente
natural (&rea de referéncia), o que foi evidenciado através do fator de contaminacéo (FC),
com resultados foram variados entre os diferentes materiais estudados (Tabela 3). As
areas de exploracdo artesanal apresentam enriquecimento alto para Pb em TA2 e TA3
com FE 13.4 e 24.6, respectivamente. Em TA1 a contaminagdo variou de moderada a
alta, 1.8 (As) e 8.3 (Cu) a excecdo do Cd. TA2 apresentou contaminacdo moderada para
Ba, Cr, Cu, Mo, Ni e contamina¢do consideravel para Pb. TA3 apresentou as maiores
contaminacg0es, variando de moderada 2.5 (Mo) a alta para Pb (8.8), Cr (10.9), Ba (11.4)

e Ni (14.4) (Tabela 3).

O FC indica alta contaminagdo por EPTs e o FE indicou que apenas o Pb,
apresentou enriquecimento, mesmo apés 10 anos do processo de exploracdo artesanal de
cassiterita e monazita, o que indica alta capacidade de acumulacdo e pouco transporte
desses EPTs nos residuos gerados. Nessas areas, pode ocorrer a movimentacdo de
particulas pelo vento e pela 4gua, o que pode ter causado a dispersdo de particulas ricas
em EPTs contribuindo para o enriquecimento de Pb nessas areas (Anaman et al., 2022).
Além dos maiores teores de Fe/Al/Mn nessa area, 0s quais minimizam perdas por
lixiviagdo devido a retencdo propiciadas pelos minerais ricos nesses elementos.

Os indices de risco ecoldgico potencial revelaram que a contaminacdo e o
enriquecimento de EPTs nas areas mineradas do Taboca, variando de baixo a moderado.
Risco ecologico em decorréncia da mineragdo também foi encontrado em solos de Hunan,
na China, com contribuicdo direta das altas concentracfes de Pb e Zn em areas proximas

aos pontos de exploragdo mineral (Lu et al., 2015).
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As concentragdes dos PTEs variaram entre as diferentes amostras de plantas de B.
brizantha coletadas nas &reas de mineragdo em Sdo Félix do Xingu (Tabela 4). A
amostragem de plantas foi realizada em areas onde ha descarte e consequente amontoa de
residuos da extracdo, local onde foi realizada as amostragens do residuo estudado. A
absorcao e bioacumulagdo de PTE’s nas plantas dependem da disponibilidade destes no
solo, que por sua vez depende das propriedades do solo, como pH, argila, 6xidos, teores
de MO e CTC (Chen et al., 2014; Zhuang et al., 2014). Os solos das &reas de amostragem
de plantas apresentaram baixas concentragdes de MO e baixa soma de bases e baixo pH,

0 que favorece a absorcdo de metais pelas plantas.

12

10

N

Ba Cd Cr Cu Mo

As Ni Pb

ETAL mTA2 mTA3

Figura 2.

Fator de bioacumulacdo de EPTs em éareas de mineracdo artesanal de monazita e
cassiterita, ativas e desativadas a um e dez anos, no distrito da Taboca, Sdo Félix do

Xingu, estado do Para.

As concentragdes medias de EPTs nos tecidos vegetais variaram, em TA1 0,1 mg

kg ! (As) a 61,0 mg kg ! (Ba), em TA2 0,1 mg kg * (Cd) a 66,7 mg kg * (Ba), e TA3
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0,1 mg kg ! (Cd) e 95,7 mg kg ~* (Cr). Os fatores de bioacumulagdo variaram em TA1
0,3 Bae 9,0 paraPb,em TA2 0,2 (Bae Ni) e 5,8 (Cd), TA3 ocorreu varia¢do de 0,1 (Mo)
e 9,7 (Pb) (Figura 2; Tabela 4). Esses valores de bioacumulacdo, revelam que B.
Brizantha representa risco de bioacumulacdo de EPTs o que pode representar risco de
acumulacdo na cadeia alimentar, o que é potencial risco a satde da populagdo que reside
na regido como aos consumidores do rebanho bovino que se alimenta dessa forrageira. O
Pb, elemento que quando causa contaminacdo em areas agricolas, eleva o risco de
bioacumulacdo em seres humanos (Costa et al., 2020; Bamagoos et al., 2022).

BAF elevado para cddmio em TA2, onde o pH é baixo (4,6), destaca como a
acidez do solo pode facilitar a absorcdo desses contaminantes pelas plantas, aumentando
assim os riscos a saude dos consumidores finais na cadeia alimentar. Os dados
corroboram com estudos onde plantas forrageiras de Urochloa brizantha submetidas a
solos contaminados com Pb demonstram bioacumulacdo consideravel, sendo possivel a
sua utilizacdo como fitorremediadora (Farnezi et al. 2023), porém na regido de Séo Félix
do Xingu, onde se tem o maior rebanho bovino do estado do Para com aproximadamente
2,5 milhGes de cabecas de gado (IBGE, 2023) o risco de bioacumulacdo através do
consumo dessa carne pode representar alto risco para a populagéo.

A andlise de componentes principais permitiu explicar 57% da variabilidade total

dos dados (PC 1=39% e PC2= 18%) (Fig. 2).
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Figura 3.
Analise de componentes principais (PCA) entre propriedades amostrais e concentragdes

de EPTSs nas areas estudadas.

A PC1 é representada (loadings>0,5) negativamente (Cd, pH, CTC, SB e MO) e
positivamente (Fe, Al, As, Ba, Cr, Cu, Mn, Ni, Zn e Silte). A PC2 é representada
(loadings>0,5) negativamente (Argila) e positivamente (Ba, Mn, Zn e SB). Cargas
elevadas e forte relacdo foram observados para CTC (0,75), MO (0.71), o que pode ser
explicado pela maior atividade quimica da MO, que geram cargas negativas para a
retencdo de cations (Bi et al., 2023; Liu et al., 2020). Além disso, forte relacionamento
foi evidenciado entre Ba, Ni, As, Cr, Fe e Al, o que refor¢a o comportamento e a origem

semelhantes desses elementos.
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CONCLUSAO

E evidente a contaminac&o por EPTs nas areas de minerago artesanal de monazita
e cassiterita. As altas concentragdes de cromo (Cr) e chumbo (Pb), superam os limites de
seguranca estabelecidos e sugerem risco potencial para a biota e para a satde humana,
evidenciados pelo fator de contaminacdo, fator de enriquecimento, risco ecolégico
potencial e pela bioacumulacdo em plantas, destacando a urgéncia de acgdes integradas
que abordam tanto os impactos ambientais da mineracdo quanto a salde publica,
especialmente em uma regido com uma populagédo significativa de bovinos. Os dados
reforcam a necessidade urgente de estratégias de mitigacdo, como préticas de reabilitagdo
de &reas mineradas e monitoramento continuo das concentragdes de EPTs. A
implementacdo de medidas para minimizar a exposi¢éo dos seres humanos e da fauna aos
contaminantes é crucial, dado o papel das plantas forrageiras na cadeia alimentar da

regiéo.
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Material suplementar

Tabela 1.

Caracteristicas quimicas e granulométricas de residuos de minas artesanais de
exploracdo de cassiterita e monazita.

Propriedades

Areas pH MO CTC Argila Areia Silte
(H20) (gdm™3)  (cmol.dm™) g

TAl 45202 200+83 14+03 16.7+86 749+143 84+64

TA2 46+0.2 25004 1.1+01 23426 54177 22557

TA3 48+x01 25.7+29 12+03 33.8+£33 58.1+49 8.1x4.6

RA 49+01 57.7+34 23+01 444+04 41+05 145+0.2

MO = matéria organica; CTC = capacidade de troca de cations.
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Tabela 2S.

Locais de amostragem

Areas Sample Latitude (S) Longitude (W)
s1 06°04'12"S 52°11'24"W
$2 06°04'15.6"S 52°11'27.6"W
$3 06°04'22.8"S 52°11'27.6"W
sS4 06°04'30"S 52°11'31.2"W

TAl
S5 06°04'44.4"S 52°11'31.2"W
6 06°04'37.2"S 52°11'34.8"W
57 06°04'9.6"S 52°11'38.4"W
S8 06°04'2404"S 52°11'49.2"W
s1 06°02'2.4"S 52°14'27.6"S

TA2 $2 06°02'20.4"S 52°14'31.2"S
s3 06°02'27.6"S 52°14'27.6"S
s1 06° 03'18"S 52°10'51.6"S

TA3 S 06° 03'36"S 52°10'50.2"S
s3 06° 03'33"S 52°10'48"S
s1 06°04'30"S 52°09'57.6"S

RA S 06°04'15.6"S 52°09'37.4"S
s3 06°04'44.4"S 52°09'37.6"S
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