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RESUMO

Os residuos da mineracgéo de cobre (Cu) na Provincia Mineral de Carajas podem ser perigosos
devido a presenca de elementos potencialmente tdxicos (EPTs) e propriedades desfavoraveis
que regulam a liberacdo dos EPTs no ambiente. Microrganismos e compostos organicos vem
sendo utilizados para favorecer o estabelecimento de plantas usadas para a fitorremediacdo de
locais contaminados por EPTs. O objetivo do trabalho foi caracterizar e avaliar os riscos de
residuos de mineracdo de Cu, e identificar alternativas para a recuperacdo desses materiais. O
estudo foi realizado em duas &reas de mineragdo de Cu no municipio de Canad dos Carajaso-
Para. Na mina artesanal foram coletados plantas, solo, residuos de sobrecarga e de rochas, e na
mina industrial, rejeito. Primeiramente foram determinados atributos quimicos e
granulométricos, e os indicadores ambientais no solo e residuos de mineracao. E posteriormente
0 rejeito da mineragdo industrial foi tratado com solo e composto orgéanico de carogo de acai
em diferentes proporcdes, e semeado com sementes de Cenostigma tocantinum sem e com
inoculacdo de cepa bacteriana promotora de crescimento, isolada das raizes de Solanum torvum.
Apds 100 dias de cultivo em casa de vegetacdo, as plantas foram avaliadas quanto a germinacéo,
crescimento e absor¢édo de Cu, e os substratos foram analisados quanto ao pH, matéria organica
(MO) e concentracdo de Cu. Para a caracterizacdo dos residuos foi realizada estatistica
descritiva, e o teste de Scott-Knott foi utilizado para comparar as médias apds 0 experimento.
O pH variou de 6,2 a 8,0 e as concentracdes pseudo-totais de Cu foram elevadas em todos os
residuos, chegando a 19034 mg kg™ no residuo de rocha artesanal. Os indices de poluicdo
indicaram que os residuos séo altamente contaminados por Cu e moderadamente contaminados
por cromo (Cr) e niquel (Ni). Foi detectado risco cancerigeno a saude humana pela exposi¢ao
ao Cr nos residuos de mineracdo artesanal. Com a adicdo dos tratamentos, a disponibilidade de
Cu foi aumentada em até 240%. A inoculacdo bacteriana favoreceu a germinacdo de sementes
de C. tocantinum no rejeito ndo tratado. Plantas cultivadas no rejeito com o composto
apresentaram crescimento superior e maior indice de tolerancia. A absorcao de Cu pelas plantas
foi influenciada pela bactéria, com concentracdes na raiz de 905 e 800 mg kg™ no rejeito ndo

tratado e tratado com solo.

Palavras-chave: Avaliacao de risco, polui¢cdo ambiental; residuo de acai; Bacillus; pau-preto



ABSTRACT

Copper mining (Cu) residues in the Mineral Province of Carajas can be hazardous due to the
presence of potentially toxic elements (EPTs) and unfavorable properties that regulate the
release of EPTSs into the environment. Microorganisms and organic compounds have been used
to favor the establishment of plants used for phytoremediation of sites contaminated by
EPTs. The aim of this study was to characterize and evaluate the risks of Cu mining residues,
and to identify alternatives for the recovery of these materials. The study was carried out in two
mining areas of Cu in the city of Canad dos Carajés-Para. Plants, soil, overburden and rock
waste were collected in the artisanal mine, and in the industrial mine, tailings. Firstly, chemical
and granulometric attributes and environmental indicators in soil and mining waste were
determined. Posteriorly, the tailings of industrial mining were treated with soil and organic
compound of agai kernel in different proportions, and sown with seeds of Cenostigma
tocantinum without and with inoculation of bacterial growth-promoting strain, isolated from
the roots of Solanum torvum. After 100 days of cultivation in greenhouse, the plants were
evaluated for germination, growth and Cu absorption, and the substrates were analyzed for pH,
organic matter (MO) and Cu concentration. Descriptive statistics were performed to
characterize the residues, and the Scott-Knott test was used to compare the means after the
experiment. The pH ranged from 6.2 to 8.0 and the pseudo-total Cu concentrations were high
in all residues, reaching 19034 mg kg* in artisanal rock residue. The pollution indexes indicated
that the residues are highly contaminated by Cu and moderately contaminated by chrome (Cr)
and nickel (Ni). Carcinogenic risk to human health was detected by exposure to Cr in artisanal
mining residues. With the addition of treatments, Cu availability was increased by up to
240%. Bacterial inoculation favored the germination of C. tocantinum seeds in
untreated tailings. Plants cultivated in the tailings with the organic compound showed higher
growth and higher tolerance index. Cu absorption by plants was influenced by bacteria, with
root concentrations of 905 and 800 mg kg in tailings treated with soil and untreated.

Keywords: Risk assessment, environmental pollution; acai residue; Bacillus; pau-preto
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1. CONTEXTUALIZACAO

O aumento na demanda por insumos minerais resultou no crescimento das atividades de
mineracdo colocou o Brasil em posicao de destaque pela detencao e producdo mundial de bens
minerais (DNPM, 2016). Cerca de 1,5% das reservas mundiais de cobre (Cu) (690 Mt de Cu
contido) sdo brasileiras e o estado do Pard contém mais de 85% das reservas do pais, com
destaque para a Provincia Mineral de Carajés e adjacéncias (CRAVEIRO et al., 2019). As minas
de Salobo e Sossego totalizam reservas de 1.491,40 Mt com 0,9% de Cu, enquanto 0s recursos
dos demais depdsitos cupriferos conhecidos na provincia (Igarapé Bahia—Aleméo, Cristalino,
Alvo 118, Furnas, Paulo Afonso, entre outros) superam 2.500 Mt com 0,7% de Cu (JULIANI
et al., 2016).

A mina de Sossego, localizada no municipio de Canad dos Carajas entrou em operagédo
no ano de 2004, e é o segundo maior depoésito de do Brasil e o primeiro de varias minas do tipo
IOCG (6xido de ferro-cobre-ouro) nesta provinciaa (MATLABA et al., 2017; SHIMIZU et al.,
2012). A mina do Sossego apresenta producdo estavel de 140 mil t/ano de Cu concentrado, com
previsdo de vida atil até 2024 (JULIANI et al., 2016). A esta se soma as mais de 3 mil minas
em atividade no pais, as quais se incluem ainda algumas centenas de milhares de garimpos e
pequenos empreendimentos informais e ilegais de minerais para uso imediato na construcao,
aleatoriamente localizados no territério brasileiro (BERMANN, 2016), uma realidade presente
também nas proximidades dessa regido.

A mineracdo artesanal, comumente conhecida como garimpo, refere-se a préatica de
mineracdo que faz uso de tecnologia rudimentar por individuos, grupos ou comunidades,
encontrada principalmente em paises em desenvolvimento da América do Sul, Asia e Africa
(LOBO et al., 2016). Por se tratar de uma atividade muitas vezes exercida ilegalmente, poucas
informacBes sdo obtidas a seu respeito. Ha varios relatos sobre as atividades de mineracéao
artesanal de ouro na Amazénia brasileira nos ultimos 40 anos, incluindo os processos de
extracdo, geracdo de residuos e os impactos atribuidos a atividade (LOBO et al., 2017,
CASTILHOS et al., 2015; BALZINO et al., 2015). Contudo, da mineracéo artesanal de Cu, e
neste caso as desenvolvidas nas proximidades da mina do Sossego, ainda sdo pouco conhecidas.

A mineracdo € um importante setor da economia primaria exportadora brasileira.
Contudo, esta entre as atividades antrépicas que mais causam impactos ambientais adversos,
afetando muitas vezes de forma irreversivel (BERMANN, 2016). Os impactos ambientais
negativos da extracdo mineral (mineracdo e lavra garimpeira) estdo associados as diversas fases

de exploragdo dos bens minerais, desde a lavra até o transporte e beneficiamento do minério,
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podendo estender-se apds o fechamento da mina ou o encerramento das atividades, e tem como
um dos seus grandes problemas a geracao de residuos (BERMANN, 2016).

Em consequéncia ao aumento das atividades de mineracdo, a geracdo de residuos foi
igualmente crescente e estes se diferenciam dos produzidos em outros setores por haver
residuos solidos da extracdo (estéril) e do beneficiamento (rejeitos) (IBRAM, 2016). Segundo
o relatério de diagndstico dos residuos sélidos da atividade de mineracdo de substancias ndo
energéticas do Instituto de Pesquisa Econdmica Aplicada - IPEA, entre 0s anos de 1996 e 2005,
foram gerados mais de 53 milhdes de toneladas de rejeitos da mineracdo de Cu e estima-se que
aproximadamente 819 milhdes de toneladas sejam gerados até o final de 2030 (SILVA et al.,
2012). A disposicéo final e o gerenciamento desses materiais sdo temas cada vez mais
importantes na sociedade devido as exigéncias por sustentabilidade ambiental da atividade
(AZNAR-SANCHEZ et al., 2018).

Os residuos de mineracdo, dependendo da sua composicdo, podem ser considerados
perigosos e causar efeitos negativos no solo, nas aguas subterraneas e superficiais, na vegetacdo
e até na fauna e na populacdo local. Isto por, na maioria das vezes, ainda conterem altas
concentragdes de elementos potencialmente toxicos (EPT) residuais, poluentes persistentes que
podem se bioacumular em organismos e representar toxicidade significativa para 0s
consumidores no topo das cadeias alimentares, se presentes em concentragcdes excessivas
(LOOI et al., 2018). A mina de Cu Pedra Verde no nordeste do Brasil, por exemplo, cessou
suas atividades em 1987, deixando varias toneladas de rochas residuais, e mesmo apds 25 anos
de abandono, a concentracdo total de Cu nos solos excedeu os valores de referéncia para a
qualidade dos solos brasileiros em 185, 78 e 18 vezes nas areas de processamento de minério,
rocha residual e fronteira, respectivamente (PERLATTI et al., 2015). Mas além dos efeitos
deletérios dos EPTSs, os residuos de mineracao podem apresentar pH extremamente acido, baixo
fertilidade, baixo conteddo de matéria organica, retencdo minima de agua e substrato
desestruturado, caracteristicas que além de influenciar diretamente a biodisponibilidade dos
elementos, tornam esses materiais inOspitos para a maioria das plantas e organismos
(CHILESHE et al., 2019).

Os residuos de mineracdo devem ser tratados e gerenciados estrategicamente para
combinar eficiéncia econdmica com demandas de sustentabilidade ambiental. Neste contexto
que projetos de recuperacdo de areas degradadas pela mineragdo sdo executados atraves de
processos de revegetacdo, como a fitorremediacdo, tornando-se de grande importancia a

caracterizagdo quimica, fisica e mineralégica dos materiais que serdo utilizados como substrato
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para o crescimento e desenvolvimento das plantas, a fim de identificar previamente as
caracteristicas benéficas ou aquelas adversas para essas plantas (SILVA et al., 2006).

A fitorremediacdo € uma forma bioldgica de remediar areas poluidas, atraves do uso de
meios metabdlicos naturais como as plantas e microrganismos associados, para remover oS
poluentes ou reduzir a sua toxidade (ALI et al., 2013). Recriar comunidades de plantas que
refletem a diversidade e composicdo natural circundante as areas de mineracdo devem ser o
objetivo principal dos projetos de revegetacio empregados na fitorremediacio (PARRAGA-
AGUADO et al., 2013). Espécies nativas que crescem em ambientes adversos, como 0s
contaminados por EPTSs, possuem capacidade de adaptacéo e rusticidade, o que pode apresentar
alto potencial de uso para a fitorremediacao (SILVA et al., 2015). Assim, identificar espécies
de plantas que crescem naturalmente em areas contaminadas por EPTs para serem testadas
guanto ao seu potencial fitorremediador € um passo importante na revegetacdo de residuos de
mineracao.

Cenostigma tocantinum Ducke é uma espécie arbdrea pioneira pertencente a familia
Fabaceae gue ocorre naturalmente em toda regido amazonica podendo se desenvolver em locais
adversos com bom crescimento (CRUZ, 2017; LIMA JUNIOR, 2017). Caracteristicas que
tornam a C. tocantinum de interesse para a revegetacao de ambientes contaminados por metais
pesados como as areas de mineragdo da regido.

Recentemente, tem-se associado a utilizacdo de plantas para remediar areas
contaminadas por EPTSs, agentes imobilizadores que atuam na amenizacdo da toxicidade,
contribuindo para promover o estabelecimento da vegetacdo e aumentar a eficiéncia da
fitorremediacdo (MARTINS et al., 2018). Materiais biossortivos alternativos como residuos
vegetais e agroindustriais vém sendo empregados como adsorventes naturais para imobilizagdo
de ions metélicos no solo. Estes materiais vém se tornando atraentes devido a abundancia,
facilidade de obtencdo e custo reduzido (GONCALVES JUNIOR, 2013) e que na maioria das
vezes quando dispostos em locais inadequados podem causar polui¢cdo. Por exemplo, na cidade
de Belém — PA, aproximadamente 100.000 a 120.000 toneladas de frutos de agai sdo
processados anualmente para consumo domestico e exportacdo, gerando 300 toneladas de
residuos organicos das sementes a cada dia (WYCOFF et al., 2015).

No caso de éareas degradadas, devido elevada contaminagdo, a integracdo de
biotecnologias é recomendada para reforcar os efeitos dos tratamentos organicos e acelerar a
recuperacdo dos solos e o crescimento da vegetacdo (SEVILLA-PEREA; MINGORANCE,
2015). A adubacdo organica é sugerida como promotor da atividade dos microrganismos no

solo e na planta para favorecer a fixacdo de nitrogénio, solubilizacdo de fosfatos inorgénicos,
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degradacdo da matéria orgénica e estimulo no crescimento das plantas (HIEN et al., 2014).
Além da interacdo na rizosfera, as plantas sdo internamente colonizadas pelos microrganismos
endofiticos, principalmente fungos e bactérias, que através de varios mecanismos induzem
resisténcia a estresses abioticos e promovem o crescimento das plantas (SEVILLA-PEREA,
MINGORANCE, 2015). Logo, a associa¢cdo destes microrganismos as plantas que crescem em
areas poluidas torna-se uma alternativa para a bioestabilizacéo e fitorremediacdo de ambientes
como os das areas de mineracdo (BURGES et al., 2017). Estas técnicas tem se tornado cada vez
mais aplicaveis em ambientes contaminados por EPTs como o Cu (JU et al., 2019) e podem ser
adaptadas para o tratamento dos residuos de mineracéo de Cu da regido da Provincia Mineral
de Carajas, bem como para recuperacao das areas alteradas em cenarios futuros.

O primeiro capitulo intitulado “Impacto dos residuos de mineracdo de cobre na
Amazonia: propriedades e riscos ao meio ambiente e a sallde humana” tem como hipétese que
os residuos de mineracdo de Cu da regido possuem carateristicas que oferecem risco de
contaminagdo ambiental eminente e sdo desfavoraveis a revegetacdo. Por isso, 0 objetivo foi
caracterizar quimica, fisica e mineralogicamente diferentes residuos da mineracdo artesanal e
industrial de Cu, bem como avaliar os riscos da deposicdo desses materiais no solo através de
indicadores ambientais e a saide humana.

No segundo capitulo, cujo titulo é “Bactéria e adubacdo organica como condicionantes
para a fitorremediagdo com Cenostigma tocantinum em rejeito de mineragdo de cobre”, a
hipbtese é que a inoculacdo com bactéria isolada de planta crescida em area de mineracao
consorciada a adubacdo organica com composto de caroco de acai promove o crescimento de
planta nativa em rejeito de mineragdo de Cu, induzindo resisténcia aos estresses provocados
por EPTs e aumentando a eficiéncia de fitorremediacdo. Assim, o objetivo foi avaliar o
desenvolvimento de Cenostigma tocantinum sob inoculagédo bacteriana em rejeito de mineracéo

Cu tratado com composto organico para fins de fitorremediacéo.
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IMPACT OF COPPER MINING WASTES IN THE AMAZON: PROPERTIES AND
RISKS TO ENVIRONMENT AND HUMAN HEALTH
ABSTRACT
Improper disposal of copper (Cu) mining wastes can threaten the ecosystem and human health
due to the high levels of potentially toxic elements released into the environment. The objective
of this study was to determine the properties of Cu mining wastes generated in the eastern
Amazon and their potential risks to environment and human health. Samples of forest soil and
artisanal/industrial Cu mining wastes were collected and subjected to characterization of
properties and pseudo-total concentrations of Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni,
Pb, and Zn, in addition to chemical fractionation of Cu. The pH ranged from near neutrality to
alkaline. Pseudo-total concentrations of Cu were high in all wastes, mainly in the artisanal rock
waste, with 19034 mg kg-1, of which 61% is concentrated in the most reactive fractions.
Pollution indices indicated that the wastes are highly contaminated by Cu and moderately
contaminated by Cr and Ni. However, only the artisanal rock waste is associated with
environmental risk. Non-carcinogenic and carcinogenic human health risks were detected,
especially from exposure to Cr in the artisanal rock waste. Prevention actions and monitoring

of the artisanal mining area are necessary to avoid impacts to the local population.

Keywords: Carajas Mineral Province; artisanal mining; metal contamination; environmental

pollution; risk assessment.
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Highlights
e Properties of mining wastes favor copper retention
e Environmental risks are associated with artisanal mining
e Chromium may represent risk to the health of children and adults

e Artisanal copper mining generates more hazardous wastes than industrial mining
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2.1. INTRODUCTION

Copper (Cu) is one of the most important metals for the world economy, since it is
essential for the production of several consumer goods (Rzymski et al., 2017). Currently, Brazil
is among the largest Cu ore producers and may become the main exporter, since 85% of reserves
are concentrated in iron-copper-gold oxide deposits in the Carajas Mineral Province, eastern
Amazon - Brazil (Craveiro et al., 2019). This region contains industrial extraction plants such
as the Sossego and Salobo mines, which annually produce 140 and 200 thousand tons of
concentrated Cu, respectively (Juliani et al., 2016), in addition to several artisanal Cu mining
areas, whose information is scarce.

Artisanal Cu mining is mainly carried out in Africa (Katz-Lavigne, 2019) and South
America (Castro and Sanchez, 2003). In Brazil, this activity is recent and has less prominence
when compared to industrial mining, which predominates in the country. Both forms of Cu
mining cause significant environmental impacts, since they are mainly conducted in open-pit
mines and produce large amounts of wastes. For each 1 ton of Cu produced, more than 150 tons
of ore are required for excavation, crushing, flotation, and extraction using different methods
that depend on the nature of the material (Rzymski et al., 2017).

When wastes from extraction (sterile) and processing (tailing) of metallic ores are not
properly managed, they can lead to serious environmental and human health risks due to the
release of potentially toxic elements (PTES) into the ecosystem (Chileshe et al., 2020; Forjan et
al., 2016; Jannesar Malakooti et al., 2014, Perlatti et al., 2015; Souza Neto et al., 2020). Such
elements can be transferred to water, soil and plants (Kumar et al., 2021), are not biodegradable
and can be accumulated in organisms (Sobihah et al., 2018), affecting human health through
ingestion, inhalation, and dermal contact (Pereira et al., 2020). Because of these potential risks,
human exposure to PTES in mining areas has been widely assessed (Ma et al., 2020; Pereira et
al., 2020; Souza et al., 2017; Souza Neto et al., 2020).

In addition to Cu, elements such as arsenic (As), cadmium (Cd), cobalt (Co), chromium
(Cr), manganese (Mn), nickel (Ni), lead (Pb), and zinc (Zn) may occur in Cu mining wastes at
levels that vary according to the geological material and the mining methods used for extraction
(Chileshe et al., 2020; Karczewska et al., 2015). In wastes from the Pedra Verde mine,
northeastern Brazil, high concentrations of Cu were associated with the occurrence of
malachite, chalcopyrite, chalcocite, and pseudomalachite at different levels (Perlatti et al.,
2015). In Africa, high concentrations of PTEs in wastes from Cu and gold (Au) mining areas
were mainly related to the low efficiency of exploration processes, especially in artisanal

mining, which generally adopts little technology (Chileshe et al., 2020; Darko et al., 2019).
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Several studies have assessed the properties and potential risks caused by mining wastes
(Chileshe et al., 2020; Gitari et al., 2018; Jannesar Malakooti et al., 2014; Kowalska et al., 2016;
Perlatti et al., 2015; Souza Neto et al., 2020). However, this information is unknown regarding
Cu mining in Carajas Mineral Province, mainly in relation to the artisanal exploration areas.
Knowledge about wastes produced by mining in this region is extremely important to support
the development of recovery strategies for the mining-affected areas. Therefore, the objective
of this study was to characterize the properties of wastes from artisanal and industrial Cu
mining, as well as the concentrations of PTEs and potential environmental and human health

risks caused by these elements.

2.2. MATERIAL AND METHODS
2.2.1. Study site

The study was carried out in the municipality of Canad dos Carajas (Fig. 1), southeast
of the state of Par4, Eastern Amazon - Brazil. The predominant climate of this region is humid
tropical, classified as Aw according to Koppen, with an average annual temperature of 27.2 °C
(Alvares et al., 2013). The accumulated annual rainfall varies from 1800 to 2300 mm, with 80%

concentrated in the rainiest season (November to May) (Silva Junior et al., 2017).
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Fig. 1. Location map of sampling points in the eastern Amazon - Brazil.
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Tropical rainforest still constitutes the predominant phytophysiognomy in the region,
associated with the occurrence of cangas, also known as ferriferous savannas (Mitre et al.,
2018), which is a type of predominantly herbaceous-shrubby vegetation related to ferruginous
rocks (Mota et al., 2018). The region is influenced by the Parauapebas, Vermelho, Itacailnas,
Fresco and Xingu Rivers, and the local topography is characterized by hills associated with
plateau areas (Teixeira and Lindenmayer, 2012).

The Carajas Mineral Province is located in the southeastern Amazonian Craton and is
subdivided into two tectonic domains: Rio Maria (south) and Carajas Basin (north). The
municipality of Cana& dos Carajas is located in the Transition Domain between the Rio Maria
granite-greenstone terrain and the Carajas Basin, with several mafic, ultramafic and felsic rock
formations (Lima et al., 2020). This region is intercepted by a shear zone that caused
deformation and probably the circulation of fluids, modifying the rocks in the area (Mesquita
and Feio, 2017).

The artisanal Cu mining area (06°24.614" S and 49°52.346' W) has approximately

12,584 m? and is located near the Planalto village, about 12 km from the municipality
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headquarters (Fig. 1). Areas with possible occurrence of Cu have been identified in this region.
However, the iron-copper-gold oxide deposit closest to artisanal mining is Bacuri, whose
cupriferous mineral (chalcopyrite-CuFeS,/pyrite-FeSz/magnetite-FesO4) is widespread and
related to veins and gaps (Melo et al., 2014). In this area, artisanal mining was illegally carried
out between 2015 and 2018. Currently, the mine is deactivated and abandoned. The exploration
processes involved: i) disassembly by explosives and excavation using manual backhoe, which
generated an overburden without economic value, and ii) fragmentation and grinding by means
of a crusher, producing a material composed of finer particles stored in piles.

The industrial Cu mining area (06°27.109' S and 50°04.758" W), whose main mineral
extracted is chalcopyrite, is located about 37 km from the municipal headquarters. In this area,
mineralization of Cu is composed of the Pista, Sequeirinho, Baiano, Sossego and Curral
deposits, of which Sequeirinho and Sossego are the most important (Shimizu et al., 2012).
Sodium and calcium-sodium changes are well developed in Sequeirinho and are not expressive
or almost absent in Sossego, where potassic, chloritic and hydrolytic changes predominate
(Monteiro et al., 2008). In operation since 2004, the industrial mine employs methods that
include fragmentation, grinding, classification and concentration of sulfide Cu. After extraction
and primary crushing near the mineralized body, the ore is transported to the processing plant,
where it is subjected to grinding and flotation processes. Flotation occurs in three stages:
rougher, scavenger and cleaner, of which the rougher stage generates 95% of the final industrial

tailing deposited in the dam, which has a current capacity of 154 million m® (Bergerman, 2009).

2.2.2. Sampling of soils and mining wastes

The sampled materials were identified as: i) forest soil, collected in area of remaining
tree vegetation near the artisanal Cu mining area, considered as a reference material, ii) artisanal
overburden, consisting of sterile material resulting from the stripping of the area, collected from
the top of the artisanal mining pit, iii) artisanal rock waste, collected from piles deposited on
the banks of the lagoons formed after excavation, and iv) industrial tailing, collected from an
industrial exploration tailings dam, resulting from the flotation of Cu ore.

Sampling was carried out using a Dutch stainless-steel auger to avoid contamination.
For each composite sample, five subsamples (about 0.5 kg each) were collected at a depth of
0.0-0.2 m, totaling about 2.5 kg of material per sample. Composite samples were homogenized

and stored in polyethylene bags for mineralogical, chemical, and granulometric analyzes.

2.2.3. Mineralogical, chemical, and granulometric characterization
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The mineralogical characterization of the soil samples (0.15 mm fine fraction) was
performed by PANalytical X’PERT PRO MPD (PW 3040/60) diffractometer powder method,
with goniometer PW3050/60 (6/0), ceramic-ray tubes with Cu (Kal = 1.540598 A), model
PW3373/00, long fine focus (2200 W - 60 kV), KB nickel filter. The instrumental scanning
conditions were: 4° to 70°20, step size 0.02° 20 and time/step of 10 s, divergent and automatic
slit and anti-spreading of 4°; 10-mm mask; sample in circular motion with frequency of 1
rotation/s for all samples. The materials were identified using X-ray diffraction (XRD).

The sample pH was measured at a soil-water ratio of 1:2.5. Exchangeable contents of
calcium (Ca?*) and magnesium (Mg?*) were extracted with KCI 1 mol L™ and quantified by
complexometry with EDTA 0.0125 mol L. Potential acidity (H+Al) was released by reaction
with a non-buffering KCI solution and determined by titration with NaOH in the presence of
phenolphthalein. Phosphorus (P), potassium (K*), and sodium (Na*) were extracted with
Mehlich 1 solution (0.05 HCI mol L + H,SO4 0.0125 mol L) and quantified by visible
ultraviolet spectrophotometry (P) and flame photometry (K™ and Na*) (Teixeira et al., 2017).
The cation exchange capacity (CEC) was found through the sum of the concentrations of Ca?*,
Mg?*, K*, Na* and H+Al. Carbon was determined as described by Hussain et al. (2019), with
quantification of organic carbon (OC) by loss of ignition at 450 °C and inorganic carbon (1C)
by loss of ignition at 950 °C. The particle size was determined using the pipette method, with
0.1 mol NaOH solution as a chemical dispersant under high-speed mechanical stirring for 10
min. The clay fraction was separated by sedimentation, the sand by sieving and silt was
calculated by the difference (Gee and Bauder, 1986).

2.2.4. Quantification of PTE concentrations

Pseudo-total concentrations of Al, As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Mo, Ni, Pb, and
Zn were extracted by acid digestion (HCIl: HNO3z 3:1) in a microwave oven (McGrath and
Cunliffe, 1985). Chemical fractionation of Cu was carried out using the sequential extraction
proposed by the Bureau Community of Reference (BCR), in which four fractions are
considered: exchangeable, soluble in water or linked to carbonates (F1), reducible or bound to
oxides (F2), oxidable or associated with organic matter and sulfides (F3), and residual (F4),
which represents the fraction associated with the crystalline structures of minerals (Pereira et
al., 2020). In addition, a 0.05 mol L DTPA solution (pH 7.3) was used to study the
bioavailability of Cu (Teixeiraetal., 2017). Quantification of PTEs was performed in triplicate,

using Inductively-Coupled Plasma Mass Spectrometry (ICP-MS, Perkin Elmer). The analytical
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quality (for pseudo-total concentrations) was assessed using a certified reference material
(ERM® CC-141), with recovery rates varying from 86 to 90%.

Based on the concentrations found in the chemical fractionation of Cu, it was possible
to study the mobility of the element using the mobility factor (Gitari et al., 2018), according to

equation 1:

Mobility factor = —————— x 100 (1)

F1+F2+F3+F4

Where F1, F2, F3 and F4 represent the concentrations of Cu in exchangeable, reducible,
oxidable and residual fractions, respectively. High values of MF indicate a high mobility and,
consequently, greater bioavailability (Gope et al., 2017).

2.2.5. Pollution indices

The enrichment factor (EF) and the contamination factor (CF) were calculated to assess
the pollution levels based on the geochemical background values of the elements (Kowalska et
al., 2018). The forest area was considered as a reference due to the higher concentration

associated with lithogenic origin. The EF was found according to equation 2:

EF = (715)/(2m) 2)
Where Cpre is the concentration of PTE in the sample, Cre is the concentration of iron
in the same sample, Bpre is the concentration of PTE in the reference area and Bre is the
concentration of iron in the reference area. lron was used for geochemical normalization
because of its conservative geochemical behavior (Bhuiyan et al., 2010). The EF results were
classified following the intervals proposed by Looi et al. (2019) (Table 1S).
The CF was used to estimate the individual contamination of each PTE, calculated

according to Hakanson (1980), following equation 3:

CFprg = G (3)

BpTE
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Where Cpre is the concentration of PTE in the sample and Bpre is the concentration of
PTE in the reference area (natural forest). The CF results were interpreted according to
Hakanson (1980) (Table 1S).

2.2.6. Assessment of environmental and human health risks

Environmental risk was assessed by the potential ecological risk factors (PERF) and the
potential ecological risk index (PERI). PERF reflects the single impact of each PTE on the
environment concerning biological toxicology and ecology (Saloméo et al., 2019), calculated

according to equation 4:

PERFprg = CFprg X TRprg (4)

Where CFpre is the contamination factor of the PTE, and TR is the toxic-response factor
of the respective PTE (As=10,Ba=Cr=2,Cd=30,Co=Cu=Ni=Pb=5, Mo=Mn=12Zn
= 1) (Hakanson, 1980; Shangguan et al., 2015; Yang et al., 2015; Ngole-Jeme and Fantke,
2017). The results were classified according to Hakanson (1980) (Table 2S).

PERI is an index that considers the potential joint impact of PTES on ecosystems
(Pereira et al., 2020). This index has been used in several studies to estimate the ecological risk
in soils and mining wastes (Kowalska et al., 2018; Lin et al., 2019; Souza Neto et al., 2020;
Tapia-Gatica et al., 2020; Xiao et al., 2019), calculated following equation 5:

PERI = YPERFprg (5)

Where Y PERFpre is the sum of all PERF values found for the different PTES studied.
The results were interpreted according to Hakanson (1980) (Table 2S).

The assessment of the potential non-carcinogenic risk was based on the average daily
dose (ADD) considering three routes: ingestion (ADDing), inhalation (ADDinn) and dermal
contact (ADDyger), which allowed the estimation of the risk quotient (HQ) and hazard index (HI)
for adults and children (USEPA, 2001). The HI was calculated according to Souza et al. (2017).
For the potential carcinogenic risk, calculated only for elements with carcinogenic potential
reported in the literature, ADD was multiplied by the corresponding slope factor (SF) to

produce a level of cancer risk (Lu et al., 2014), using equations 6-12:
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ingR x EF x ED

ADDjpg = Cx “E=222 x CF (6)
inhR x EF x ED

ADDjpp = Cx PEF x BW x AT )
SL X SA X ABS x EF x ED

ADDger = Cx BWXA’,‘F = xCF (8)

HQing = ADDing/Rfd )

HQjnh = ADDinh/Rfd (10)

HQqger = ADDder/Rfd (11)

HI =) HQ; (12)

Where ADD = average daily dose (mg kg d!); C = concentration of PTE (mg kg™?);
ingR = soil intake rate, 100 mg d* for adults and 200 mg d for children (USEPA, 2001); inhR
= inhalation rate, 7.6 m® day* for children and 20 m® day™ for adults (Lu et al., 2014; USEPA,
2001); PEF = particle emission factor, 1.36 x 10° m® kg™ (USEPA, 2001); SL = skin adherence
factor, 0.2 cm day* for children and 0.875 cm™ day* for adults (USEPA, 2001); SA = exposed
skin area, 732 cm? for children and 3202 cm? for adults (USEPA, 2001); ABS = dermal
absorption factor, 0.03 (Lu et al., 2014); EF = frequency of exposure, 279 d y* (Moreira et al.,
2018); ED = duration of exposure, 24 hours for adults and 4 hours for children (Moreira et al.,
2018); BW = body weight, 70 kg for adults and 16 kg for children (Moreira et al., 2018); TA =
average time without carcinogenic effects (ED x 365 d); CF = conversion factor = 10 kg mg-
1 (USEPA, 2001); Rfd = reference dose (USEPA, 2001); and SF = slope factor (Lu et al., 2014)
(Table 3S).

2.2.7. Statistical analyzes

Descriptive statistical analysis was performed for the chemical and granulometric
properties, concentrations of PTEs, pollution and ecological risk indices. The Shapiro-Wilk
normality test was performed and data that did not follow a normal distribution were log

transformed for adequacy. A principal component analysis (PCA) was used to assess the
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relationship between the pseudo-total concentration of PTEs and the properties of the materials
assessed. The descriptive statistical analysis was carried out using R (version 3.4.3) (R Core

Team, 2017) and the PCA using the Canoco 5.0 program.

2.3. RESULTS AND DISCUSSION
2.3.1. Sample characterization

The samples showed a high mineralogical variation (Fig. 2), with quartz as the main
primary mineral found in all samples. The forest soil is composed of potassium feldspar,
plagioclase, ilmenite, and the secondary minerals kaolinite and hematite (Fig. 2A). Amazon
soils are highly weathered and have a predominance of kaolinite and Fe and Al oxides (Souza
et al., 2018). The occurrence of primary minerals in the forest soil, even under the strong
weathering conditions of the Amazon, is related to the geological formation that includes mafic,
ultramafic and felsic rocks, which have shear zones with intense hydrothermal alterations
(Craveiro et al., 2012).

Fig. 2. X-ray diffractograms of samples from forest soil (A), artisanal overburden (B), industrial

tailing (C), and artisanal rock waste (D) collected in the eastern Amazon - Brazil.
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Qtz - Quartz, Hem - Hematite, Mca - Mica, Kln - Kaolinite, Kfs - K-Feldspar, Pl - Plagioclase,
Chl - Chlorite, Am - Amphibole, Ilm - limenite, Ccp - Chalcopyrite, Rit - Richterite, Tlc - Talc.

A variety of gangue minerals was evidenced in the samples of artisanal overburden and
industrial tailing. In the artisanal overburden, there is occurrence of quartz, chlorite, mica,
potassium feldspar and plagioclase, in addition to kaolinite and hematite. Kaolinite, hematite,
and chlorite are typical of the clay fraction (Souza et al., 2018). The occurrence of such minerals
is related to the mixture of soils from surface layers in these wastes. Besides gangue minerals,
the industrial tailing is characterized by the occurrence of amphibole. Similar results were
reported by Smuda et al. (2014) in Chile and Khorasanipour et al. (2011) in Iran, both in Cu
mining areas.

In artisanal overburden (Fig. 2B) and industrial tailing (Fig. 2C), mica may be occurring
in the most common forms (muscovite and biotite) because of the influence of hydrolytic and
potassium alterations (Shimizu et al., 2012). The occurrence of chlorite in these wastes is
associated with the greatest chloritic change in the local deposits, especially in the Sossego
region (Shimizu et al., 2012). The sulfide mineral found in both artisanal overburden and
industrial tailing was chalcopyrite (Fig. 2B, C), which is the main Cu mineral species in the
region, occurring as microcrystals included in the gangue minerals and larger crystals (Shimizu
etal., 2012).

Samples of artisanal rock waste and industrial tailing contain amphibole, whose
predominant forms are actinolite and hastingsite (Craveiro et al., 2012). The artisanal rock
waste is composed of talc and may be distinguished from the other wastes by the occurrence of
richterite (Fig. 2D). Talc was one of the main phyllosilicates in the mineral composition of Cu
mining tailings derived from the transformation of mafic minerals in the region of Vigozano,
Italy (Dinelli and Tateo, 2001). Due to its secondary origin, talc occurs in association with
octahedral impurities in which Mg is replaced through isomorphic substitution by other metal
ions such as Cu, Fe, Cr, Ni, among others (Pontes and Almeida, 2008), which may have
influenced the occurrence and levels of these elements in the artisanal rock waste. However, in
the artisanal rock waste, it was not possible to observe mineral phases directly associated with
Cu, which may be related to the probable predominance of Cu accessory minerals, whose
presence may not have been detected due to levels lower than the detection limit.

The forest soil has moderate acidity (Table 1), with pH (4.5 - 5.5) above the average
value found for most soils in the state of Para (Birani et al., 2015; Souza et al., 2018). Among

the Cu mining wastes, the artisanal overburden and the artisanal rock waste have a pH close to
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neutrality (6.2 and 6.6, respectively). Similar results were reported by Perlatti et al. (2015) in

Cu mining area in the Brazilian semiarid. The alkaline pH of the industrial tailing was similar

to that found by Chileshe et al. (2020) in Cu exploration tailing, due to the addition of lime to

control acidity of the effluent before deposition into the dam.

Table 1. Chemical properties and granulometry of forest soil and copper mining wastes from

the eastern Amazon - Brazil.

_ pH  Ca® Mg® H+Al Na' CEC® P K* 0c® IC® Sand Silt  Clay
Material - cmolc dm3 mg kg g kg %

Mean 541 753 143 324 003 1231 151 3260 2405 7.82 5146 854 40.00

Median 539 744 141 333 003 1228 153 3151 2405 7.82 5160 840 40.00

Forest soil Min. 520 675 121 220 003 1205 140 2330 2280 674 5000 7.50 40.00

Max. 570 859 173 400 003 1266 160 4520 2510 9.08 5250 10.00 40.00

sD! 020 068 019 067 000 023 007 812 089 104 929 929 000

Mean 620 394 151 140 010 7.04 030 3373 983 919 6080 832 30.82

_ Median 620 394 151 140 010 704 030 3373 989 919 6080 830 30.80

ch::)sjr”dﬂn Min. 570 306 10l 120 006 579 010 2570 840 856 5500 7.50 22.50

Max. 670 455 201 160 013 819 050 4010 11.30 1041 6750 10.00 37.50

sD 035 055 035 014 003 085 014 519 115 075 4445 1021 5401

Mean 6.64 025 989 114 017 1272 050 49388 990 1229 6050 1950 20.00

_ Median 641 017 1026 100 018 1282 0.60 49661 990 1229 60.00 20.00 20.00

A"'fﬂ;‘:t'eroc" Min. 580 010 902 070 017 1246 010 46490 940 12.07 6000 17.50 20.00

Max. 7.60 047 1028 200 019 1288 110 51200 1030 1256 6250 20.00 20.00

sD 068 015 056 049 00l 019 042 1741 043 018 1118 1118 0.00

Mean 804 205 005 064 056 383 70462 207.74 019 1987 8500 250 1250

Median 830 202 004 060 061 387 92500 19381 019 19.87 8500 250 1250

Industrial tailing Min. 730 175 004 060 015 351 830 18520 001 392 8250 250 10.00

Max. 840 242 009 070 073 405 96450 267.30 041 3859 87.50 250 12.50

SD 046 024 002 005 024 019 40297 3364 016 1585 250 0004 250

4Cation exchange capacity.

bOrganic carbon.

‘Inorganic carbon.

dStandard deviation.

The predominance of basic rocks may have contributed to the formation of soils with a

higher pH than that usually found in other locations in the state (Craveiro et al., 2019; Souza et

al., 2018). In mining wastes, the increase in pH is commonly associated with the occurrence of

carbonates, phosphates and hydroxides, which have a high neutralization capacity (Ceniceros-

Gobmez et al., 2018). In the absence of these minerals, pH neutralization in tailings is related to
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the buffering character of the chlorite dissolution (Moon et al., 2013). The pH is one of the
properties that most affects the availability, persistence and mobility of PTEs in mining areas
(Darko et al., 2019; Perlatti et al., 2015). Low pH values are common in Cu mining wastes rich
in sulfide minerals, which release PTEs under oxidizing conditions (Forjan et al., 2016). On the
other hand, under neutral to alkaline pH, as found in this study, PTE immobilization and nutrient
retention are favored (Chileshe et al., 2020).

In the forest soil, concentrations of Ca?* and K* were higher than those found in previous
studies (Lima et al., 2020; Souza et al., 2018). In the artisanal rock waste, Ca?* is in very low
concentration, while Mg?* and K* are at high levels (Venegas et al., 1999) and correspond to
the highest values among the materials studied. High levels of Mg?* and K* in the artisanal rock
waste are associated with the occurrence of amphibole (Fig. 2D), while the concentration of K*
in the industrial tailing, which was also high, may be due to the occurrence of potassium
feldspars and micas (Fig. 2C).

The available P in the industrial tailing is at levels up to 466 times higher than in the
forest soil and 1,400 times higher than in the artisanal wastes. In most soils from the state of
Para, the available P is very low (less than 6.6 mg kg™) due to the scarcity of this element in
the parent material and pedogenetic processes (Souza et al., 2018). Moreover, most of P is
retained in biomass or adsorbed (Guedes et al., 2018). In Cu mining wastes from the Brazilian
semiarid, the highest levels of P were related to the occurrence of pseudomalachite (Perlatti et
al., 2015). However, in the industrial tailing studied, the high concentration of P may be related
to the application of sodium dithiophosphate without dilution during flotation (Bergerman,
2009). This reagent may also have increased the concentration of Na, which was higher in
relation to the other wastes.

In the forest soil, the high CEC (Table 1) is due to the OC content (24 g kg™) and the
occurrence of feldspar and plagioclase. In soils from tropical regions, negative charges are
almost exclusively derived from organic matter, which is due to the predominance of low
activity secondary minerals in the clay fraction (Fernandes et al., 2018). The accumulation of
OC in the forest soil was favored by the high clay content (40%), which reduces the rate of
microbial decomposition (Souza et al., 2018), in addition to the vegetation cover that reduces
losses (Pereira et al., 2020).

The higher CEC in the artisanal mining wastes, especially in the artisanal rock waste, is
associated with the relatively high OC content when compared to the industrial tailing (Kumar
et al., 2021). On the other hand, the extremely low OC level and the high sand content in the

industrial tailing contributed to a lesser amount of potential exchange sites, resulting in lower
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CEC (Table 1). Practices such as the removal of vegetation cover and washing of wastes
significantly reduce the organic matter content and accelerate decomposition (Pereira et al.,
2020; Teixeira et al., 2019).

The industrial tailing and the artisanal rock waste, which have characteristics more
similar to parent material, showed higher contents of IC than those found in forest soil and
artisanal overburden. IC is the main form of carbon in the industrial tailing, with an average of
20 g kg, which can be explained by the addition of limestone to control acidity. Considering
that IC is strongly related to geological characteristics, changes in the contents of this property
between the studied materials are associated with the linear increase with depth (Hussain et al.,
2019).

Coarser particle sizes found in basins of Cu mining tailings indicate environments with
sedimentation and high flow power (Andersson et al., 2018), such as the tailing collected in the
industrial mining dam, that showed a high sand content. Similarly, a greater amount of quartz
than carbonates in the parent material results in coarser tailings (Andersson et al., 2018). On
the other hand, the higher silt content in the artisanal rock waste in relation to the other wastes
is due to the occurrence of talc (Fig. 2D), which favors grinding and generates finer particles.
High silt levels in mining wastes contribute to compaction, crusting and erosion, restricting the
revegetation (Andersson et al., 2018; Chileshe et al., 2020).

2.3.2. Pseudo-total concentrations of PTEs

Pseudo-total concentrations of PTEs in forest soil and Cu mining wastes indicate high
chemical heterogeneity, even in materials from the same area, such as the artisanal wastes
(Table 2). This variation is due to the highly varied mineralogical composition (Fig. 2) and
different degrees of weathering, depths of occurrence and extraction processes, resulting in
mining wastes with different concentrations of residual PTEs (Chileshe et al., 2020; Perlatti et
al., 2015; Souza Neto et al., 2020).
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Table 2. Pseudototal concentration of potentially toxic elements in forest soil and copper

mining wastes from the eastern Amazon - Brazil.

Element Forest soil ~ Artisanal overburden Artisanal rock waste  Industrial tailing ~ PV? QRW®
Al (g kg?) 22.4+09 22.8+3.2 40.3+14 139+15 - -
Fe (g kg}) 443+04 26.3+£26 84.9+3.3 71.4+29.9 - -

As (mg kg?) 11+02 0.8+0.3 1.8+0.2 1.7+£0.1 15.0 14
Ba(mgkg?)  140.0+0.0 120.0 £10.9 145.0+7.7 475+3.9 150.0 14.3
Cd (mg kg 0.05+0.0 0.06 + 0.02 0.02 +0.01 0.03+0.0 13 0.4
Co (mg kgt 54.7+0.7 24919 626+1.1 26.3+x6.4 25.0 -
Cr (mg kgl 80.5+0.3 13.0+1.1 1407.5 +59.1 46.2+2.9 75.0 24.1
Cu(mg kg?) 451.0+166.8 2113.3 £63.3 19033.9+2716.0  1486.5+ 11128 60.0 9.9
Hg (mg kg?) 0.05+0.0 0.02+0.0 0.01+0.0 0.01+0.0 0.5 0.3
Mn (mg kg)  1100.0 + 0.0 212.0+194 472+3.0 180.2 £57.8 - 72.0
Mo (mg kg™) 0.5+0.03 0.8+0.08 2.9+0.02 143+2.4 30.0 0.1
Ni (mg kg?) 32.1+25 29.1+1.0 492.0 + 16.0 156.9 £ 52.1 30.0 14
Pb (mg kgt) 17.9+£0.7 16.8+1.5 43+0.1 142 +53 72.0 4.8
Zn (mg kgl) 350x14 25022 55+1.0 16.2+1.2 300.0 7.2

Prevention value (PV) for Brazilian soils (CONAMA, 2009).

bQuality reference value (QRV) for soils from the state of Para (Fernandes et al., 2018).

The forest soil presented pseudo-total concentrations of Ba, Co, Cr, Cu, Mn, Mo, Ni, Pb
and Zn above the quality reference values (QRVs) for soils in the state of Para (Fernandes et
al., 2018). However, only Co, Cr, Ni and Cu exceeded the prevention value (PV), which may
suggest anthropic contamination according to the Brazilian National Environment Council
(CONAMA, 2009). These results are in accordance with those found by Lima et al. (2020) in
soils from the southeastern Carajas Mineral Province, where the high concentrations of PTES
were related to the strong influence of the parent material. Regions with high mineral potential
have soils with high metal concentrations, especially sulfide Cu ores, which are polymetallic
(Karczewska et al., 2015).

In the forest soil, the concentration of Cu corresponds to 451 mg kg™, which exceeds
the PV by 700% (CONAMA, 2009). In forest soils from the Carajas Mineral Province, the
pseudo-total concentration of Cu reached 408 mg kg™ (Lima et al., 2020). Soils from the Serra
Pelada mine showed pseudo-total Cu concentrations ranging from 129 to 468 mg kg (Pereira
et al., 2020), indicating that high concentrations of this element are common in soils with high
mineral richness. A high concentration of Mn (1100 mg kg™?) was found in the forest soil, a
value within the typical variation of the element in soils, which is between 200 and 3000 mg

kg (Pais and Jones, 1997). In soils of the region studied, the high concentrations of Mn are
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mainly due to the expressive occurrence of Mn oxides in the Carajas Formation (Schaefer et
al., 2016). The local geological formation also favored the high concentrations of Al and Fe,
both in forest soil and mining wastes, resulting from changes in the pre-Cambrian basic rocks
of the Gréo Para Group (Lima et al., 2020).

In the Cu mining wastes studied, the pseudo-total concentrations of most PTEs are
below the PV (CONAMA, 2009), with the exception of Cu in the artisanal overburden, Cu, Cr
and Ni in the artisanal rock waste, and Cu and Ni in the industrial tailing. Therefore, the pseudo-
total concentrations of PTEs in the artisanal overburden followed the order Cu > Mn > Ba > Ni
>7Zn>Co>Pb>Cr>As>Mo > Cd > Hg, while the artisanal rock waste followed the sequence
Cu>Cr>Ni>Ba>Co>Mn>Zn>Pb> Mo > As > Cd > Hg. Although these two wastes
are from the same mining area and have high levels of Cu, the artisanal overburden has a lower
concentration (2113 mg kg™?) than that observed in the artisanal rock waste (19034 mg kg™),
which may be explained by the mixture of soil and surface material with less mineral potential,
whose prolonged exposure to weathering may have contributed to greater solubilization and
leaching of PTEs. The lack of mineral processing in the artisanal mine produced the artisanal
rock waste, which is more recent and composed of crushed rock material with high
concentrations of PTEs, especially Cu, Cr and Ni.

Uncommon values of PTEs, mainly Cu, Cr and Ni, which are strongly associated in the
Carajas Basin, are related to local lithology (Sahoo et al., 2020). Cr and Ni had a strong
correlation and exceptionally high levels, related to mafic-ultramafic complexes, with
accumulation resulting from supergenic alteration (Saloméo et al., 2019). The levels of Cu
differ from the other elements, since it is enriched in areas of intense hydrothermal alteration
and concentrated in sulfide minerals such as chalcopyrite and pyrite, that are the most abundant
mineral species (Sahoo et al., 2020).

In the industrial tailing, the concentration of Cu (1486 mg kg™) is also higher than those
found for the other PTEs, following the sequence: Cu > Mn > Ni >Ba > Cr > Co > Zn > Mo >
Pb > As > Cd > Hg (Table 2), even with the highly efficient processing that recovers 90% of
the metal from the sulfide ore (Bergerman, 2009). In Zambia, Chileshe et al. (2020) attributed
the high concentration of Cu (12237 mg kg™) in mining tailings to the mineralogy and the low
processing efficiency, which extracted up to 40% of metal from the ore.

2.3.3. Chemical fractionation, bioavailability, and mobility of copper
The chemical fractionation of Cu was carried out to better understand the risks

associated with this metal, considering that it showed the highest concentrations among the
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elements studied (Table 2). The sequential extraction revealed that the highest Cu
concentrations are associated with the residual fraction, except in the artisanal rock waste (Fig.
3 and Table 4S), which indicates that Cu is strongly associated with the crystalline structure of
minerals in forest soil, artisanal overburden and industrial tailing. On the other hand, in the
artisanal rock waste, high concentrations of Cu are in the most reactive (exchangeable,
reducible and oxidable) and potentially bioavailable forms (Pereira et al., 2020).

Artisanal overburden and artisanal rock waste have high percentages of Cu in the
exchangeable fraction, corresponding to 13 and 19% of the pseudo-total concentrations,
respectively (Fig. 3). These results are noteworthy, since the exchangeable fraction is more
susceptible to environmental changes and considered more toxic than the other fractions. High
concentrations of PTEs in this fraction have the greatest potential to cause risk to surrounding
areas through the dispersion of soil, tailings and water (Gitari et al., 2018; Souza Neto et al.,
2020). In this fraction, Cu is adsorbed on the wastes by a relatively weak electrostatic
interaction and can be easily released by ion exchange or co-precipitated with carbonates (Gitari
et al., 2018). The contents of IC (Table 1) found in the artisanal wastes, mainly in the artisanal

rock waste, suggest that Cu may be linked to carbonates in the exchangeable fraction.

Fig. 3. Chemical fractionation of Cu in forest soil and copper mining wastes from the eastern
Amazon - Brazil.
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High proportion of Cu was found in the reducible fraction in the artisanal overburden
and the artisanal rock waste, corresponding to 13 and 37% of the pseudo-total concentrations,
respectively (Fig. 3). Such results can be related to the adsorption of Cu?* by iron oxides derived
from the oxidation of sulfides (Perlatti et al., 2014). The higher concentration of Cu (55%) in
fractions linked to carbonates and oxides suggests that the Cu ore extracted in the artisanal mine
was formed in oxidation zones (more superficial), through the alteration of sulfides, with
malachite (Cu2COsz (OH)) and cuprite (Cu20) as probable minerals, which have low dissolution
(Guilbert and Park, 2007; Jannesar Malakooti et al., 2014).

In the industrial mine, the processes of flotation and washing of wastes reduced Cu
concentration in the exchangeable fraction to 6% of the pseudo-total level (Fig. 3), while 32%
is in the oxidable fraction, with probable association with chalcopyrite, since OC is extremely
low. Most of pseudo-total Cu in the industrial tailing is concentrated in the residual fraction
(60%) (Fig. 3), especially associated with gangue minerals (Fig. 2C), where chalcopyrite occurs
in the form of microcrystals generally encapsulated in silicate grains, which decrease
dissolution (Jannesar Malakooti et al., 2014; Shimizu et al., 2012).

In the forest soil, 95% of the total concentration of Cu is in the residual fraction and
4.8% in the oxidable fraction (Fig. 3). These results confirm the lithogenic origin of the element
and suggest absence of anthropic contamination. The very low percentage of Cu (0.16%) in the
exchangeable fraction of the soil may have occurred due to the losses by leaching with the
strong rainfall in the Amazon region (Moreira et al., 2018), associated with the moderate soil
acidity (pH 5.4) (Forjan et al., 2016).

The Cu mobility factors calculated using the results of sequential extraction were 13 and
19% in the artisanal overburden and artisanal rock waste, respectively (Table 4S), which
suggests high mobility and susceptibility to leaching (Gitari et al., 2018). These results are in
accordance with the bioavailable concentrations of Cu extracted by DTPA solution, which were
equal to 218 mg kg in the artisanal overburden and 350 mg kg in the artisanal rock waste,
values much higher than that observed in the industrial tailing (19 mg kg) (Fig. 4). These
concentrations may put the ecosystem and the population at risk, depending on the levels of

exposure (Forjan et al., 2016).
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Fig. 4. Bioavailable concentration of copper in forest soil and copper mining wastes from the
eastern Amazon - Brazil.
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High bioavailability of Cu is expected when the total concentration is high (Kumar et
al., 2021). However, in the present study, the available/pseudo-total ratio was low when
compared to other Cu mining areas. In Cu mining tailing from the Touro mine, Spain, the
available concentration exceeded 21% of the total level, which was related to the low Cu
sorption in the waste, due to the low organic matter content and extremely acidic pH (Forjan et
al., 2016). Therefore, these properties may have significantly reduced the available
concentrations of Cu in the artisanal wastes of this study.

Perlatti et al. (2015) reported a buffering mechanism through the dissolution of
malachite and the consequent increase in the pH values. According to these authors, this process
can also contribute to the release of Cu?*, which may have occurred partially in the artisanal
wastes, especially in the artisanal rock waste. However, the pH close to neutrality favored other
processes, such as the formation of complexes and stable chelates of Cu with organic matter,
mainly through carboxylic and phenolic groups (Covre et al., 2020), reducing availability. In
addition, it is possible that a high concentration of Cu in the reducible fraction of the artisanal
rock waste is associated with amorphous Fe oxides, which have a greater Cu sorption capacity
(Perlatti et al., 2021).

The industrial tailing has a low bioavailable concentration of Cu (19 mg kg*) when
compared to the other wastes studied, in addition to a mobility factor of approximately 5.5%
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(Fig. 4 and Table 4S). In addition to the resistance of chalcopyrite to weathering, the alkaline
character of this waste may have limited the availability of Cu, forming a geochemical barrier
for the element (Dinelli and Tateo, 2001). Another factor related to the low available
concentration of Cu in the industrial tailing is the high content of P (704.6 mg kg™), since the
phosphate group has an affinity for metallic cations and can adsorb or precipitate Cu in the form
of Cus(POa)3, which reduces the availability of the metal (Deng et al., 2019). In the conditions
of storage of the industrial tailing, the results indicate a low risk of Cu mobility due to the high
pH and mobility factor below 10% (Mikoda and Gruszecka-Kosowska, 2018).

In the forest soil, whose pseudo-total concentration of Cu is considered high in relation
to the soils from the state of Para (Fernandes et al., 2018), the bioavailability (25 mg kg?) and
the mobility factor (0.16%) of Cu are quite low (Fig. 4 and Table 4S). The natural available
concentrations of Cu usually vary from 2 mg kg? in granite-derived soils to 150 mg kg? in
basalt-derived soils (Hugen et al., 2013). In Amazonian soils, pH, CEC, OM, and Mn oxides
had a significant effect on Cu adsorption (Gongalves et al., 2016), decreasing availability.

2.3.4. Pollution indices

The study area has high natural concentrations of PTEs (Pereira et al., 2020; Souza et
al., 2017) and mining may have increased the levels of these elements in relation to the natural
environment (reference area), which was studied through the enrichment factor (EF) and the
contamination factor (CF), whose results were varied between the different materials studied
(Table 3). In the artisanal overburden, Cd and Mo showed moderate enrichment and Cu had
significant enrichment. Similarly, the CF values indicated that contamination is moderate for
Cd and Mo, considerable for Cu, and low for the other elements. Higher EF values were
observed in the artisanal rock waste, with moderate enrichment by Mo, significant by Cr and
Ni, and extreme by Cu (Table 3). These results are in accordance with the values of CF, which
suggested considerable contamination by Mo, and high contamination by Cr, Ni and Cu. Values
of EF in the industrial tailing indicated absent or minimal enrichment for most elements,
moderate by Cu and Ni, and very high by Mo. The minimal enrichment by As in the industrial
tailing contributed with a moderate CF for this metalloid, while Cu and Ni showed considerable

contamination and Mo presented high contamination.
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Table 3. Enrichment factor (EF) and contamination factor (CF) of potentially toxic elements in

copper mining wastes from the eastern Amazon - Brazil.

Artisanal overburden Artisanal rock waste Industrial tailing
Element EF CF EF CF EF CF
As 1.2 0.7 0.9 1.6 11 15
Ba 1.4 0.9 0.5 1.0 0.2 0.3
Cd 2.1 1.2 0.2 0.4 0.4 0.6
Co 0.8 0.5 0.6 11 0.3 0.5
Cr 0.3 0.2 9.1 17.5 0.4 0.6
Cu 8.6 5.0 23.6 453 2.0 35
Hg 0.7 0.4 0.1 0.2 0.1 0.2
Mn 0.3 0.2 0.02 0.04 0.1 0.2
Mo 2.6 15 29 55 20.2 27.3
Ni 15 0.9 8.0 15.4 3.2 4.9
Pb 1.6 0.9 0.1 0.2 0.5 0.8
Zn 1.2 0.7 0.1 0.2 0.3 0.5

Anthropogenic origin for elements in mining areas is more likely to occur when EF
exceeds 1.5 (Kinimo et al., 2018). Therefore, EF values above this limit indicate that the
respective materials are enriched in relation to the soil from the forest area and that the metal
source is probably anthropogenic (Darko et al., 2019), leading to risks of contamination by
PTEs. Contamination of soils under influence of Cu mining was evidenced in China through
the CF calculation, in a study that revealed high contamination by Cu and Cd (Cheng et al.,
2018).

The materials showed enrichment and contamination by Mo, especially industrial
tailing. However, the pseudo-total concentrations of this element (which are well below the PV)
probably do not represent serious environmental risks (CONAMA, 2009). In the area studied,
there is occurrence of sulfides such as molybdenite, which can disperse Mo when subjected to
the revolving of soil layers (Monteiro et al., 2008). Due to the minor toxicological effects, Mo
is not on the priority list of toxic substances (ATSDR, 2017).

Although the pollution indices were low in most cases, some elements showed
enrichment/contamination and deserve attention regarding the threat that it may pose to biota.
The results indicated that artisanal mining generates wastes that lead to greater Cu
contamination in the surface layer, possibly due to the ore processing with low recovery,

resulting in higher EF and CF values when compared to the industrial mining tailing.
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2.3.5. Principal component analysis

The first component explained 64% of the total data variation, positively charged by As,
Cu, Cr, Fe, Ni, K*, silt and Mg, and negatively charged by Cd, Hg, Pb, Mn and Zn (Fig. 5).
Positive correlations were found between Cu and Al, As, Cr, Fe and Ni, ranging from moderate
to strong (Table 5S), indicating similar origin and geochemical behavior. Moreover, positive
correlations with Al and Fe suggest that Cu may be associated with aluminum silicates and
hydroxides, indicating a geogenic character. On the other hand, the negative correlation ranging
from moderate to strong between Cu and Cd, Hg, Pb, Mn and Zn indicates different affinity,
geochemical behavior and mineral origins between these elements and Cu, while suggests
similar affinity, geochemical behavior and mineral origin between them (Fernandes et al.,
2018).

Fig. 5. Principal component analysis between potentially toxic elements and properties of forest

soil and copper mining wastes from the eastern Amazon - Brazil.
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Positive and significant correlations between Al, As, Cr, Cu, Fe and Ni are common in
mining areas, due to the associated occurrence in host rocks and accessory minerals (Punia et
al., 2017). In addition, the artisanal rock waste showed a predominance of minerals of the
amphibole group (Fig. 2D). Such minerals are sources of these elements, which explains the
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high (Table 2) and correlated (Table 5S) concentrations. When exposed to environmental
conditions, these minerals oxidize and release PTEs (Souza et al., 2017). Positive correlations
between As, Cu, Cr, Fe and Ni were found in Au mining areas in Brazil (Souza et al., 2017)
and Cu mining areas in India (Punia et al., 2017).

The second principal component explained 21% of the total data variation (Fig. 5),
positively controlled by P, sand, pH, Mo and Na*, indicating similar behavior in wastes and
soil, and negatively charged by Al, Ba, Co, clay, and OC, also indicating similar geochemical
characteristics and behavior, but opposite to P, sand, pH, Mo and Na".

Samples of artisanal overburden were also negatively related to principal component 1,
indicating that this material has a greater contribution to the enrichment of Cd, Pb, Mn, and Zn
in the area studied. Silt and OC were the properties that most influenced the dynamics of Cd,
Mn, Pb, and Zn in forest soil and artisanal overburden. The affinity of metals with OC is from
the dissociation of hydroxyls from phenolic and carboxylic groups, which increases surface
charges and the ability to sorb PTEs (Pereira et al., 2020; Souza et al., 2017). The association
between artisanal overburden and forest soil in the principal component 1 (Fig. 5) is related to
the similar granulometric composition between these areas (Table 1), since the overburden
corresponds to the mixture of surface soil layers (pits are commonly 6 m deep). The correlation
between PTEs and silt indicates that this fraction plays an important role on the distribution and
sorption of such elements in these areas (Licina et al., 2017).

Sand and pH were the properties that most affected the dynamics of As, Cu, Cr, Fe, and
Ni in the artisanal rock waste. This material is predominantly sandy (Table 1), indicating that
the concentrations of PTEs in this area are related to primary minerals. The pH is one of the
properties that most affects the mobility, availability and toxicity of PTEs (Licina et al., 2017,
Punia et al., 2017), which explains the strong association found. Immobilization of PTEs
increases under low acidity conditions (Fernandes et al., 2018). In samples of the artisanal rock
waste, pH close to neutrality (6.6) and the occurrence of minerals such as talc, richterite and
amphiboles, that are rich in Ca and Mg (Fig. 2D), can restrict the mobility of PTEs. These
results are in accordance with those found in a coal mining area in Serbia, where a correlation
between Co, Cr, Fe, and Ni and the sand fraction was observed by Lic¢ina et al. (2017), and in
Cu mining area in India, where association between Co, Cu, Cr, Fe and Ni was observed by
Punia et al. (2017).

Al, Ba, and Co showed a significant correlation with each other and were negatively
associated with principal component 2 and the forest soil (Fig. 5 and Table 5S), which suggests

a common origin due to pedogenetic processes (Punia et al., 2017). It was found a negative
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association of Hg with principal component 1 and the soil from the forest area (Fig. 5 and Table
5S), indicating that the concentrations of this element should not be associated with Cu mining
and are derived from the parent material, soil formation processes and atmospheric depositions.
The levels of Hg in all areas studied were lower than the QRV established for this element in
the state of Pard (Table 2), suggesting that both industrial and artisanal mining are not
contributing to the enrichment of this element.

Mo was positively associated with principal component 2 and showed positive Pearson
correlations with Zn, Fe, S and pH (Fig. 5 and Tables 5S and 6S). Correlation between Mo and
S suggests a common origin related to sulfide minerals (Skierszkan et al., 2016). Solubilization
and leaching of Mo occur during the oxidative weathering of sulfuric rock waste. In the aqueous
form (Mo0O4%) and under moderately acidic conditions, this element is strongly adsorbed on Fe
oxyhydroxides (Xu et al., 2006). The mobility of Mo is low under acidic conditions and high
under neutral to alkaline conditions, such as those found in mining wastes (Skierszkan et al.,
2016).

The areas of artisanal and industrial mining are situated in the same geological
formation. Nevertheless, the wastes from artisanal and industrial mining did not correlate with
each other (Fig. 5), which is related to the different levels of PTEs in these areas (Table 2).
Typically, due to the use of rudimentary technologies during mineral exploration and
processing, artisanal mining causes greater pollution in relation to industrial mining (Liu et al.,
2020).

2.3.6. Risks to environment and human health

Values of PERF indicated low ecological risk for most of the materials studied
according to the classification proposed by Hakanson (1980). In the artisanal overburden, PERF
ranged from 0.2 to 36, indicating low ecological risk (Table 4). Similar behavior was observed
in the industrial mining tailing, whose results ranged from 0.2 to 27.3. On the other hand, in the
artisanal rock waste, PERF values indicated ecological risk ranging from low to high among
the PTEs studied, with low risk for As, Ba, Cd, Co, Cr, Hg, Mn, Mo, Pb and Zn, moderate for
Ni, and high for Cu. Values of PERI, based on the sum of all PERF, were low in the artisanal
overburden (100.7) and industrial tailing (111.9), and considerable in the artisanal rock waste
(389.0).
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Table 4. Potential ecological risk factors (PERF) and potential ecological risk index (PERI) of

potentially toxic elements in copper mining wastes from the eastern Amazon - Brazil.

Element Artisanal overburden Artisanal rock waste Industrial tailing
As 7.0 16.4 15.4
Ba 1.7 21 1.0
Cd 36.0 12.0 16.8
Co 2.3 5.7 24
Cr 0.3 35.0 11
Cu 25.2 226.5 17.7
Hg 16.5 7.3 0.9
Mn 0.2 0.04 0.2
Mo 15 55 27.3
Ni 4.6 77.1 24.6
Pb 4.7 1.2 4.0
Zn 0.7 0.2 0.5

PERI 100.7 389.0 111.9

Although the ecological risk has been low in the artisanal overburden, it deserves
attention due to the abandonment conditions of the mine, whose wastes are unprotected and
exposed to rainfall and wind, favoring the transport of particles, surface runoff, and leaching,
which can threaten areas far from the waste disposal sites (Pereira et al., 2020; Souza et al.,
2017; Teixeira et al., 2019). Even more worrying results were obtained in the artisanal rock
waste, whose PERI is considerable, with a relevant contribution from the high-risk PERF of
Cu, indicating that metallic contaminants represent a risk of adverse effects for the environment
(Darko et al., 2019), mainly in areas without vegetation cover and erosion control. Abandoned
Cu mine waste in northeastern Brazil may have released about 7.2 tons of Cu into the
environment over 30 years, with chemical weathering and erosion, leading to Cu enrichment in
water, sediments and biota (Perlatti et al., 2021).

The human health risk assessment considered exclusively the elements in pseudo-total
concentrations above the prevention value established by Brazilian legislation (CONAMA,
2009) in mining wastes, that is, Ni, Cr and Cu (Table 2), of which only Cu has no recognized
carcinogenic effects in the literature (Lu et al., 2014). Hazard index (HI) values higher than 1
indicate potential non-carcinogenic toxic effects according to the United States Environmental
Protection Agency (USEPA, 2001). The results indicated that there is no non-carcinogenic risk
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associated with the artisanal overburden, while there are non-carcinogenic risks for adults and
children from exposure to Cr, Cu and Ni in the artisanal rock waste, and Cr in the industrial
tailing (Table 5). The occurrence of carcinogenic risks, in turn, is strongly related to HI values
higher than 10 (Chen et al., 2015; Lu et al., 2014). In this study, carcinogenic health risks for
children and adults were observed for Cr and Ni in all materials studied, with the exception of
Ni for adults in the artisanal overburden and in the industrial tailing (Table 5).

Table 5. Non-carcinogenic and carcinogenic hazard indices (HI) of potentially toxic elements

in copper mining wastes from the eastern Amazon - Brazil.

Non-carcinogenic risk

Element Group - - - —
Acrtisanal overburden Avrtisanal rock waste Industrial tailing
Adults 6.66 x 10! 72.13 2.37
cr Children 3.44x10? 37.30 1.23
Adults 5.79x 10?1 5.22 4.07 x 101
cu Children 7.51x 10 6.77 5.28 x 101
Ni Adults 1.66 x 101 2.81 8.95x 10
Children 8.93 x 102 151 4.81x 101
Carcinogenic risk
Element Group - - - —
Artisanal overburden Artisanal rock waste Industrial tailing
Adults 2.02x 10 2.18x10? 7.17x 10
cr Children 2.52 x 102 2.73 8.96 x 102
Ni Adults 1.35x 10 2.29x 10 7.29 x 10
Children 1.69 x 10* 2.86x 10°° 9.12 x 10*

Based on the risk assessment, it is possible to state that Cr is the element of greatest risk
to human health in the study area, considering that the HI values (non-carcinogenic and
carcinogenic) of this metal were above the acceptable threshold in all materials, with the
exception of the non-carcinogenic HI in the artisanal overburden (Table 5). Cr is an essential
element for humans, but high concentrations of this element can cause serious problems to
human health, such as cardiovascular effects, lung cancer, cardiorespiratory arrest, and liver
and kidney damage (Beaumont et al., 2008; Ertani et al., 2017; Manoj et al., 2021; Shadreck
and Mugadza, 2013; Shakir et al., 2012). It is also possible to state that the artisanal rock waste
is the most hazardous material in the study area, since it presented carcinogenic and non-
carcinogenic risks for children and adults due to exposure to all the elements evaluated in the
human health risk assessment (Table 5), in addition to being deposited in an unprotected
manner, unlike industrial mining tailing, which despite presenting risks to human health, are

not in contact with the population of the region and are properly deposited.
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2.4,  CONCLUSIONS

The materials studied have a high mineralogical variation, with quartz as the main
primary mineral. Mining wastes are less acidic than the natural forest soil, mainly due to the
dissolution of minerals with neutralizing potential and the addition of reagents to control
acidity. The main contaminant in mining wastes is Cu, and although chemical fractionation has
revealed higher concentrations of this metal in the residual form for all wastes, considerable
concentrations are in forms of high reactivity in the artisanal mining wastes, which also have
higher Cu mobility factors in relation to industrial mining tailing. The artisanal rock waste is
the material with the greatest environmental and human health risks, with a considerable
ecological risk index for biota, as well as human health risks above the acceptable thresholds
for all the elements found in concentrations higher than the prevention value established by
Brazilian legislation. These results indicate that industrial mining generates wastes with less
environmental impact than artisanal exploration and can guide the development and application
of remediation techniques for contaminated areas, aiming to protect the health of the local

population.

ACKNOWLEDGEMENTS

We thank the Brazilian National Council for Scientific and Technological Development
(CNPq), the Coordination for the Improvement of Higher Education Personnel (CAPES), and
the Amazon Foundation for the Support of Studies and Research (FAPESPA), for the financial

support and the scholarships provided in the development of this work.

REFERENCES

Abbas, Q., Yousaf, B., Liu, G., Zia-ur-Rehman, M., Ali, M.U., Munir, M. A.M.,
Hussain, S.A., 2017. Evaluating the health risks of potentially toxic elements through wheat
consumption in multi-industrial metropolis of Faisalabad, Pakistan. Environ. Sci. Pollut. Res.
24, 26646-26657. https://doi.org/10.1007/s11356-017-0311-9

Alvares, C.A., Stape, J.L., Sentelhas, P.C., de Moraes Goncalves, J.L., Sparovek, G.,
2013. Koppen’s climate classification map for Brazil. Meteorol. Zeitschrift 22, 711-728.
https://doi.org/10.1127/0941-2948/2013/0507

Andersson, M., Finne, T.E., Jensen, L.K., Eggen, O.A., 2018. Geochemistry of a copper
mine tailings deposit in Repparfjorden, northern Norway. Sci. Total Environ.
https://doi.org/10.1016/j.scitotenv.2018.06.385



47

ATSDR, 2017. Substance Priority List | ATSDR, Agency for Toxic Substances and
Disease Registry.

Beaumont, J.J., Sedman, R.M., Reynolds, S.D., Sherman, C.D., Li, L.-H., Howd, R.A.,
Sandy, M.S., Zeise, L., Alexeeff, G. V., 2008. Cancer Mortality in a Chinese Population
Exposed to Hexavalent Chromium in Drinking Water. Epidemiology 19, 12-23.
https://doi.org/10.1097/EDE.Ob013e31815ceadc

Bergerman, M.G., 2009. Modelagem e simulagéo do circuito de moagem do Sossego.
Universidade de S&o Paulo, Sdo Paulo. https://doi.org/10.11606/D.3.2009.tde-21102009-
100600

Bhuiyan, M.A.H., Parvez, L., Islam, M.A., Dampare, S.B., Suzuki, S., 2010. Heavy
metal pollution of coal mine-affected agricultural soils in the northern part of Bangladesh. J.
Hazard. Mater. 173, 384-392. https://doi.org/10.1016/j.jhazmat.2009.08.085

Birani, S.M., Fernandes, A.R., Braz, A.M. de S., Pedroso, A.J.S., Alleoni, L.R.F., 2015.
Available contents of potentially toxic elements in soils from the Eastern Amazon.
Geochemistry 75, 143-151. https://doi.org/10.1016/j.chemer.2015.01.001

Castro, S.H., Sanchez, M., 2003. Environmental viewpoint on small-scale copper, gold
and silver mining in Chile. J. Clean. Prod. 11, 207-213. https://doi.org/10.1016/S0959-
6526(02)00040-9

Ceniceros-Gomez, A.E., Macias-Macias, K.Y., de la Cruz-Moreno, J.E., Gutiérrez-
Ruiz, M.E., Martinez-Jardines, L.G., 2018. Characterization of mining tailings in México for
the possible recovery of strategic elements. J. South Am. Earth Sci. 88, 72-79.
https://doi.org/10.1016/j.jsames.2018.08.013

Chen, H., Teng, Y., Lu, S., Wang, Y., Wang, J., 2015. Contamination features and health
risk of soil heavy metals in China. Sci. Total Environ. 512-513, 143-153.
https://doi.org/10.1016/j.scitotenv.2015.01.025

Cheng, X., Drozdova, J., Danek, T., Huang, Q., Qi, W., Yang, S., Zou, L., Xiang, Y.,
Zhao, X., 2018. Pollution Assessment of Trace Elements in Agricultural Soils around Copper
Mining Area. Sustainability 10, 4533. https://doi.org/10.3390/su10124533

Chileshe, M.N., Syampungani, S., Festin, E.S., Tigabu, M., Daneshvar, A., Odén, P.C.,
2020. Physico-chemical characteristics and heavy metal concentrations of copper mine wastes
in Zambia: implications for pollution risk and restoration. J. For. Res. 31, 1283-1293.
https://doi.org/10.1007/s11676-019-00921-0

CONAMA, 2009. Resolugdo No 420. Conselho Nacional do Meio Ambiente, Brasilia.



48

Covre, W.P., Pereira, W.V. da S., Gongalves, D.A.M., Teixeira, O.M.M., Amarante,
C.B. do, Fernandes, A.R., 2020. Phytoremediation potential of Khaya ivorensis and Cedrela
fissilis in  copper contaminated soil. J. Environ. Manage. 268, 110733.
https://doi.org/10.1016/j.jenvman.2020.110733

Craveiro, G.S., Villas, R.N., Da Costa Silva, A.R., 2012. Depo6sito Cu-Au Visconde,
Carajas (PA): geologia e alteracdo hidrotermal das rochas encaixantes. Rev. Bras. Geociéncias
42. https://doi.org/10.5327/20375-75362012000300002

Craveiro, G.S., Xavier, R.P., Nobre Villas, R.N., 2019. The Cristalino IOCG deposit:
An example of multi-stage events of hydrothermal alteration and copper mineralization.
Brazilian J. Geol. https://doi.org/10.1590/2317-4889201920180015

Darko, G., Boakye, K.O., Nkansah, M.A., Gyamfi, O., Ansah, E., Yevugah, L.L.,
Acheampong, A., Dodd, M., 2019. Human Health Risk and Bioaccessibility of Toxic Metals in
Topsoils from  Gbani  Mining Community in Ghana. J. Heal. Pollut.
https://doi.org/10.5696/2156-9614-9.22.190602

Deng, R., Huang, D., Wan, J., Xue, W., Lei, L., Wen, X., Liu, X., Chen, S,, Yang, Y.,
Li, Z., Li, B., 2019. Chloro-phosphate impregnated biochar prepared by co-precipitation for the
lead, cadmium and copper synergic scavenging from aqueous solution. Bioresour. Technol.
293, 122102. https://doi.org/10.1016/j.biortech.2019.122102

Dinelli, E., Tateo, F., 2001. Factors controlling heavy-metal dispersion in mining areas:
The case of Vigonzano (northern Italy), a Fe-Cu sulfide deposit associated with ophiolitic rocks.
Environ. Geol. https://doi.org/10.1007/s002540100316

Ertani, A., Mietto, A., Borin, M., Nardi, S., 2017. Chromium in Agricultural Soils and
Crops: A Review. Water, Air, Soil Pollut. 228, 190. https://doi.org/10.1007/s11270-017-3356-
y

Fernandes, A.R., Souza, E.S., Braz, A.M.S., Birani, S.M., Alleoni, L.R.F., 2018. Quality
reference values and background concentrations of potentially toxic elements in soils from the
Eastern Amazon, Brazil. J. Geochemical Explor. 190, 453-463.
https://doi.org/10.1016/j.gexplo.2018.04.012

Forjan, R., Asensio, V., Vila, A.R., Covelo, E.F., 2016. Contributions of a compost-
biochar mixture to the metal sorption capacity of a mine tailing. Environ. Sci. Pollut. Res.
https://doi.org/10.1007/s11356-015-5489-0

Gaetke, L.M., Chow-Johnson, H.S., Chow, C.K., 2014. Copper: toxicological relevance
and mechanisms. Arch. Toxicol. 88, 1929-1938. https://doi.org/10.1007/s00204-014-1355-y



49

Gee, G.W., Bauder, J.W., 1986. Particle-size analysis, in: Klute, A. (Ed.), Methods of
Soil Analysis. American Society of Agronomy, Madison, pp. 383-411.

Gitari, M.W., Akinyemi, S.A., Thobakgale, R., Ngoejana, P.C., Ramugondo, L.,
Matidza, M., Mhlongo, S.E., Dacosta, F.A., Nemapate, N., 2018. Physicochemical and
mineralogical characterization of Musina mine copper and New Union gold mine tailings:
Implications for fabrication of beneficial geopolymeric construction materials. J. African Earth
Sci. 137, 218-228. https://doi.org/10.1016/j.jafrearsci.2017.10.016

Gitari, W., Thobakgale, R., Akinyemi, S., 2018. Mobility and Attenuation Dynamics of
Potentially Toxic Chemical Species at an Abandoned Copper Mine Tailings Dump. Minerals
8, 64. https://doi.org/10.3390/min8020064

Gongcalves, D.A.M., Matos, G.S.B. de, Fernandes, A.R., Barros, K.R.M., Campinas, D.
do S.N., Amarante, C.B. do, 2016. Adsorption of cadmium and copper in representative soils
of Eastern Amazonia, Brazil. Semin. Ciéncias Agrérias 37, 3005. https://doi.org/10.5433/1679-
0359.2016v37n5p3005

Gope, M., Masto, R.E., George, J., Hogue, R.R., Balachandran, S., 2017. Bioavailability
and health risk of some potentially toxic elements (Cd, Cu, Pb and Zn) in street dust of Asansol,
India. Ecotoxicol. Environ. Saf. 138, 231-241. https://doi.org/10.1016/j.ecoenv.2017.01.008

Guedes, R.S., Rodriguez-Vila, A., Forjan, R., Covelo, E.F., Fernandes, A.R., 2018.
Adsorption and risk of phosphorus loss in soils in Amazonia. J. Soils Sediments.
https://doi.org/10.1007/s11368-017-1845-7

Guilbert, J.M., Park, C.F., 2007. The Geology of Ore Deposits. Waveland Pr Inc, Long
Grove.

Hakanson, L., 1980. An ecological risk index for aquatic pollution control. A
sedimentological approach. Water Res. 14, 975-1001. https://doi.org/10.1016/0043-
1354(80)90143-8

Hugen, C., Miquelluti, D.J., Campos, M.L., Almeida, J.A. de, Ferreira, E.R.N.C.,
Pozzan, M., 2013. Teores de Cu e Zn em perfis de solos de diferentes litologias em Santa
Catarina. Rev. Bras. Eng. Agricola e Ambient. 17, 622-628. https://doi.org/10.1590/S1415-
43662013000600008

Hussain, S., Sharma, V., Arya, V.M., Sharma, K.R., Rao, C.S., 2019. Total organic and
inorganic carbon in soils under different land use/land cover systems in the foothill Himalayas.
CATENA 182, 104104. https://doi.org/10.1016/j.catena.2019.104104



50

Jannesar Malakooti, S., Shafaei Tonkaboni, S.Z., Noaparast, M., Doulati Ardejani, F.,
Naseh, R., 2014. Characterisation of the Sarcheshmeh copper mine tailings, Kerman province,
southeast of Iran. Environ. Earth Sci. https://doi.org/10.1007/s12665-013-2630-6

Juliani, C., Monteiro, L.V.S., Fernandes, C.M.D., 2016. Potencial mineral: cobre, in:
Recursos Minerais Do Brasil: Problemas e Desafios. Rio de Janeiro, pp. 134-156.

Karczewska, A., Mocek, A., Golinski, P., Mleczek, M., 2015. Phytoremediation of
copper- contaminated soil, in: Phytoremediation. Management of Environmental
Contaminants, Volume 2. https://doi.org/10.1007/978-3-319-10969-5 12

Katz-Lavigne, S., 2019. Artisanal copper mining and conflict at the intersection of
property rights and corporate strategies in the Democratic Republic of Congo. Extr. Ind. Soc.
6, 399-406. https://doi.org/10.1016/j.exis.2018.12.001

Khorasanipour, M., Tangestani, M.H., Naseh, R., Hajmohammadi, H., 2011.
Hydrochemistry, mineralogy and chemical fractionation of mine and processing wastes
associated with porphyry copper mines: A case study from the Sarcheshmeh mine, SE Iran.
Appl. Geochemistry 26, 714—730. https://doi.org/10.1016/j.apgeochem.2011.01.030

Kinimo, K.C., Yao, K.M., Marcotte, S., Kouassi, N.L.B., Trokourey, A., 2018.
Distribution trends and ecological risks of arsenic and trace metals in wetland sediments around
gold mining activities in central-southern and southeastern Cote d’Ivoire. J. Geochemical
Explor. https://doi.org/10.1016/j.gexplo.2018.03.013

Kowalska, J., Mazurek, R., Gasiorek, M., Setlak, M., Zaleski, T., Waroszewski, J., 2016.
Soil pollution indices conditioned by medieval metallurgical activity — A case study from
Krakow (Poland). Environ. Pollut. https://doi.org/10.1016/j.envpol.2016.08.053

Kowalska, J.B., Mazurek, R., Gasiorek, M., Zaleski, T., 2018. Pollution indices as
useful tools for the comprehensive evaluation of the degree of soil contamination - A review.
Environ. Geochem. Health 40, 2395-2420. https://doi.org/10.1007/s10653-018-0106-z

Kruszewski, B., Obiedzinski, M.W., Kowalska, J., 2018. Nickel, cadmium and lead
levels in raw cocoa and processed chocolate mass materials from three different manufacturers.
J. Food Compos. Anal. 66, 127-135. https://doi.org/10.1016/j.jfca.2017.12.012

Kumar, V., Pandita, S., Singh Sidhu, G.P., Sharma, A., Khanna, K., Kaur, P., Bali, A.S.,
Setia, R., 2021. Copper bioavailability, uptake, toxicity and tolerance in plants: A
comprehensive review. Chemosphere. https://doi.org/10.1016/j.chemosphere.2020.127810

Licina, V., Aksi¢, M.F., Tomi¢, Z., Trajkovi¢, 1., Anti¢ Mladenovié, S., Marjanovié, M.,

Rinklebe, J., 2017. Bioassessment of heavy metals in the surface soil layer of an opencast mine



51

aimed for its rehabilitation. J. Environ. Manage. 186, 240-252.
https://doi.org/10.1016/j.jenvman.2016.06.050

Lima, M.W., Hamid, S.S., de Souza, E.S., Teixeira, R.A., da Conceic¢éo Palheta, D., do
Carmo Freitas Faial, K., Fernandes, A.R., 2020. Geochemical background concentrations of
potentially toxic elements in soils of the Carajas Mineral Province, southeast of the Amazonian
Craton. Environ. Monit. Assess. https://doi.org/10.1007/s10661-020-08611-9

Lin, W., Wu, K., Lao, Z., Hu, W., Lin, B., Li, Y., Fan, H., Hu, J., 2019. Assessment of
trace metal contamination and ecological risk in the forest ecosystem of dexing mining area in
northeast Jiangxi  Province, China. Ecotoxicol. Environ. Saf. 167, 76-82.
https://doi.org/10.1016/j.ecoenv.2018.10.001

Liu, X., Shi, H., Bai, Z., Zhou, W., Liu, K., Wang, M., He, Y., 2020. Heavy metal
concentrations of soils near the large opencast coal mine pits in China. Chemosphere 244,
125360. https://doi.org/10.1016/j.chemosphere.2019.125360

Looi, L.J., Aris, A.Z., Yusoff, F.M., Isa, N.M., Haris, H., 2019. Application of
enrichment factor, geoaccumulation index, and ecological risk index in assessing the elemental
pollution status of surface sediments. Environ. Geochem. Health 41, 27-42.
https://doi.org/10.1007/s10653-018-0149-1

Lu, X., Zhang, X., Li, L.Y., Chen, H., 2014. Assessment of metals pollution and health
risk in dust from nursery schools in Xi’an, China. Environ. Res. 128, 27-34.
https://doi.org/10.1016/j.envres.2013.11.007

Ma, L., Xiao, T., Ning, Z., Liu, Y., Chen, H., Peng, J., 2020. Pollution and health risk
assessment of toxic metal(loid)s in soils under different land use in sulphide mineralized areas.
Sci. Total Environ. https://doi.org/10.1016/j.scitotenv.2020.138176

Manoj, S., RamyaPriya, R., Elango, L., 2021. Long-term exposure to chromium
contaminated waters and the associated human health risk in a highly contaminated
industrialised region. Environ. Sci. Pollut. Res. 28, 4276-4288. https://doi.org/10.1007/s11356-
020-10762-8

McGrath, S.P., Cunliffe, C.H., 1985. A simplified method for the extraction of the
metals Fe, Zn, Cu, Ni, Cd, Pb, Cr, Co and Mn from soils and sewage sludges. J. Sci. Food
Agric. 36, 794-798.

Melo, G.H.C., Monteiro, L.V.S., Moreto, C.P.N., Xavier, R.P., Silva, M.A.D., 2014.
Paragenesis and evolution of the hydrothermal Bacuri iron oxide-copper-gold deposit, Carajas
Province (PA). Brazilian J. Geol. 44, 73-90. https://doi.org/10.5327/Z2317-
4889201400010007



52

Mesquita, C.J.S., Feio, G.R.L., 2017. Caracterizagdo microestrutural e da alteragéo
hidrotermal dos granitoides arqueanos proximos de vila Planalto - Canad dos Carajas, Provincia
Carajas. Contrib. a Geol. da Amaz. 10, 163-180.

Mikoda, B., Gruszecka-Kosowska, A., 2018. Mineral and chemical characteristics,
textural parameters, and the mobility of the selected elements of flotation waste, originating
from  the  Polish  copper-mining  industry. Hum. Ecol. Risk  Assess.
https://doi.org/10.1080/10807039.2017.1410694

Mitre, S.K., Mardegan, S.F., Caldeira, C.F., Ramos, S.J., Furtini Neto, A.E., Siqueira,
J.0., Gastauer, M., 2018. Nutrient and water dynamics of Amazonian canga vegetation differ
among physiognomies and from those of other neotropical ecosystems. Plant Ecol. 219, 1341—
1353. https://doi.org/10.1007/s11258-018-0883-6

Monteiro, L.V.S., Xavier, R.P., Hitzman, M.W., Juliani, C., de Souza Filho, C.R.,
Carvalho, E. de R., 2008. Mineral chemistry of ore and hydrothermal alteration at the Sossego
iron oxide-copper-gold deposit, Carajas Mineral Province, Brazil. Ore Geol. Rev.
https://doi.org/10.1016/j.oregeorev.2008.01.003

Moon, Y., Zhang, Y.S., Sonn, Y.K., Hyun, B.K., Song, Y., Moon, H.S., 2013.
Mineralogical characterization related to physicochemical conditions in the pyrite-rich tailings
in Guryong Mine, Korea. Soil Sci. Plant Nutr. https://doi.org/10.1080/00380768.2013.773416

Moreira, L.J.D., Silva, E.B., Fontes, M.P.F., Liu, X., Ma, L.Q., 2018. Speciation,
bioaccessibility and potential risk of chromium in Amazon forest soils. Environ. Pollut. 239,
384-391. https://doi.org/10.1016/j.envpol.2018.04.025

Mota, N.F.D.O., Watanabe, M.T.C., Zappi, D.C., Hiura, A.L., Pallos, J., Viveros, R.S.,
Giulietti, A.M., Viana, P.L., 2018. Amazon canga: The unique vegetation of Carajas revealed
by the list of seed plants. Rodriguesia. https://doi.org/10.1590/2175-7860201869336

Pais, 1., Jones, J.B., 1997. The handbook of trace elements. CRC Press, Boca Raton.

Pereira, W.V. da S., Teixeira, R.A., Souza, E.S. de, Moraes, A.L.F. de, Campos,
W.E.O., Amarante, C.B. do, Martins, G.C., Fernandes, A.R., 2020. Chemical fractionation and
bioaccessibility of potentially toxic elements in area of artisanal gold mining in the Amazon. J.
Environ. Manage. 267, 110644. https://doi.org/10.1016/j.jenvman.2020.110644

Perlatti, F., Ferreira, T.O., da Costa Roberto, F.A., Romero, R.E., Sartor, L.R., Otero,
X.L., 2015. Trace metal/metalloid concentrations in waste rock, soils and spontaneous plants
in the surroundings of an abandoned mine in semi-arid NE-Brazil. Environ. Earth Sci.
https://doi.org/10.1007/s12665-015-4556-7



53

Perlatti, F., Martins, E.P., de Oliveira, D.P., Ruiz, F., Asensio, V., Rezende, C.F., Otero,
X.L., Ferreira, T.O., 2021. Copper release from waste rocks in an abandoned mine (NE, Brazil)
and its impacts on ecosystem environmental quality. Chemosphere 262, 127843.
https://doi.org/10.1016/j.chemosphere.2020.127843

Perlatti, F., Otero, X.L., Macias, F., Ferreira, T.O., 2014. Geochemical speciation and
dynamic of cooper in tropical semi-arid soils exposed to metal-bearing mine wastes. Sci. Total
Environ. https://doi.org/10.1016/j.scitotenv.2014.08.086

Pontes, L.F., Almeida, S.L.M., 2008. Talco, in: Rochas e Minerais Industriais Usos e
Especificagdes. CETEM/MCT, Rio de Janeiro, pp. 607-628.

Punia, A., Siddaiah, N.S., Singh, S.K., 2017. Source and Assessment of Metal Pollution
at Khetri Copper Mine Tailings and Neighboring Soils, Rajasthan, India. Bull. Environ.
Contam. Toxicol. 99, 633-641. https://doi.org/10.1007/s00128-017-2175-6

R Core Team, 2017. R: A language and environment for statistical computing.

Rzymski, P., Klimaszyk, P., Marszelewski, W., Borowiak, D., Mleczek, M., Nowinski,
K., Pius, B., Niedzielski, P., Poniedziatek, B., 2017. The chemistry and toxicity of discharge
waters from copper mine tailing impoundment in the valley of the Apuseni Mountains in
Romania. Environ. Sci. Pollut. Res. https://doi.org/10.1007/s11356-017-9782-y

Sahoo, P.K., Dall’Agnol, R., Salomao, G.N., Junior, J. da S.F., Silva, M.S., e Souza
Filho, P.W.M., da Costa, M.L., Angélica, R.S., Filho, C.A.M., da Costa, M.F., Guilherme,
L.R.G., Siqueira, J.O., 2020. Regional-scale mapping for determining geochemical background
values in soils of the Itacailinas River Basin, Brazil: The use of compositional data analysis
(CoDA). Geoderma 376, 114504. https://doi.org/10.1016/j.geoderma.2020.114504

Salomao, G.N., Figueiredo, M.A., Dall’Agnol, R., Sahoo, P.K., de Medeiros Filho,
C.A., da Costa, M.F., Angélica, R.S., 2019. Geochemical mapping and background
concentrations of iron and potentially toxic elements in active stream sediments from Carajas,
Brazil - implication for risk assessment. J. South Am. Earth Sci.
https://doi.org/10.1016/j.jsames.2019.03.014

Schaefer, C.E.G.R., Ribeiro, A.S.D.S., Resende, G.C., Neto, E.D.L., Simas, F.N.B.,
Ker, J.C., 2016. Caracteristicas quimicas e mineralogia de solos perférricos da Serra Sul de
Carajas. Ciéncias Nat. 11, 57-69.

Shadreck, M., Mugadza, T., 2013. Chromium, an essential nutrient and pollutant: A
review. African J. Pure Appl. Chem. 7, 310-317. https://doi.org/10.5897/AJPAC2013.0517



54

Shakir, L., Ejaz, S., Ashraf, M., Qureshi, N.A., Anjum, A.A., lltaf, I., Javeed, A., 2012.
Ecotoxicological risks associated with tannery effluent wastewater. Environ. Toxicol.
Pharmacol. 34, 180-191. https://doi.org/10.1016/j.etap.2012.03.002

Shimizu, V.K., Kahn, H., Antoniassi, J.L., Ulsen, C., 2012. Copper ore type definition
from Sossego Mine using X-ray diffraction and cluster analysis technique. Rem Rev. Esc.
Minas. https://doi.org/10.1590/s0370-44672012000400019

Silva Junior, R.O. Da, Souza, E.B. De, Tavares, A.L., Mota, J.A., Ferreira, D.B.S.,
Souza-Filho, P.W.M., Rocha, E.J.P. DA, 2017. Three decades of reference evapotranspiration
estimates for a tropical watershed in the eastern Amazon. An. Acad. Bras. Cienc. 89, 1985-
2002. https://doi.org/10.1590/0001-3765201720170147

Skierszkan, E.K., Mayer, K.U., Weis, D., Beckie, R.D., 2016. Molybdenum and zinc
stable isotope variation in mining waste rock drainage and waste rock at the Antamina mine,
Peru. Sci. Total Environ. 550, 103-113. https://doi.org/10.1016/j.scitotenv.2016.01.053

Smuda, J., Dold, B., Spangenberg, J.E., Friese, K., Kobek, M.R., Bustos, C.A., Pfeifer,
H.-R., 2014. Element cycling during the transition from alkaline to acidic environment in an
active porphyry copper tailings impoundment, Chuquicamata, Chile. J. Geochemical Explor.
140, 23-40. https://doi.org/10.1016/j.gexplo.2014.01.013

Sobihah, N.N., Ahmad Zaharin, A., Khairul Nizam, M., Ley Juen, L., Kyoung-Woong,
K., 2018. Bioaccumulation of heavy metals in maricultured fish, Lates calcarifer (Barramudi),
Lutjanus campechanus (red snapper) and Lutjanus griseus (grey snapper). Chemosphere.
https://doi.org/10.1016/j.chemosphere.2017.12.187

Souza, E.S., Fernandes, A.R., Braz, A.M. de S., Oliveira, F.J. de, Alleoni, L.R.F.,,
Campos, M.C.C., 2018. Physical, chemical, and mineralogical attributes of a representative
group of soils from the eastern Amazon region in Brazil. SOIL 4, 195-212.
https://doi.org/10.5194/s0il-4-195-2018

Souza, E. S., Teixeira, R.A., Costa, H.S.C., Oliveira, F.J., Melo, L.C.A., Faial, K.C.F.,
Fernandes, A.R., 2017. Assessment of risk to human health from simultaneous exposure to
multiple contaminants in an artisanal gold mine in Serra Pelada, Para, Brazil. Sci. Total
Environ. 576, 683-695. https://doi.org/10.1016/j.scitotenv.2016.10.133

Souza Neto, H.F. de, Pereira, W.V. da S., Dias, Y.N., Souza, E.S. de, Teixeira, R.A.,
Lima, M.W. de, Ramos, S.J., Amarante, C.B. do, Fernandes, A.R., 2020. Environmental and
human health risks of arsenic in gold mining areas in the eastern Amazon. Environ. Pollut. 265,
114969. https://doi.org/10.1016/j.envpol.2020.114969



55

Tapia-Gatica, J., Gonzalez-Miranda, 1., Salgado, E., Bravo, M.A., Tessini, C.,
Dovletyarova, E.A., Paltseva, A.A., Neaman, A., 2020. Advanced determination of the spatial
gradient of human health risk and ecological risk from exposure to As, Cu, Pb, and Zn in soils
near the Ventanas Industrial Complex (Puchuncavi, Chile). Environ. Pollut. 258, 113488.
https://doi.org/10.1016/j.envpol.2019.113488

Teixeira, J.B.G., Lindenmayer, Z.G., 2012. Serra dos Carajas, in: Geologia Do Brasil.
Beca, pp. 176-182.

Teixeira, P.C., Donagemma, G.K., Fontana, A., Teixeira, W.G. (Eds.), 2017. Manual de
métodos de anélise de solo, 3rd ed. Embrapa Solos, Brasilia.

Teixeira, R.A., de Souza, E.S., de Lima, M.W., Dias, Y.N., da Silveira Pereira, W.V.,
Fernandes, A.R., 2019. Index of geoaccumulation and spatial distribution of potentially toxic
elements in the Serra Pelada gold mine. J. Soils Sediments 19. https://doi.org/10.1007/s11368-
019-02257-y

USEPA, 2001. Supplemental guidance for developing soil screening levels for
superfund sites. Office of Solid Waste and Emergency Response, Washington.

Venegas, V.H.A., Novais, R.F., Barros, N.F., Cantarutti, R.B., LOPES, A.S., 1999.
Interpretation of soil analysis results, in: Recommendations for the Use of Correctives and
Fertilizers in Minas Gerais. Comissdo de Fertilidade do Solo do Estado de Minas Gerais,
Vigosa, pp. 25-32.

Xiao, R., Guo, D., Ali, A, Mi, S,, Liu, T., Ren, C., Li, R., Zhang, Z., 2019.
Accumulation, ecological-health risks assessment, and source apportionment of heavy metals
in paddy soils: A case study in Hanzhong, Shaanxi, China. Environ. Pollut. 248, 349-357.
https://doi.org/10.1016/j.envpol.2019.02.045

Xu, N., Christodoulatos, C., Braida, W., 2006. Adsorption of molybdate and
tetrathiomolybdate onto pyrite and goethite: Effect of pH and competitive anions. Chemosphere
62, 1726-1735. https://doi.org/10.1016/j.chemosphere.2005.06.025

Zambelli, B., Uversky, V.N., Ciurli, S., 2016. Nickel impact on human health: An
intrinsic disorder perspective. Biochim. Biophys. Acta - Proteins Proteomics 1864, 1714-1731.
https://doi.org/10.1016/j.bbapap.2016.09.008



56

SUPPLEMENTARY MATERIAL
Table 1S

Classes of enrichment factor (EF)? and contamination factor (CF)® considered for pollution

assessment.
Enrichment factor Enrichment degree Contamination factor Pollution degree
EF <2 Absent or minimal CF=<1 Low
2<EF<5 Moderate 1<CF<3 Moderate
5<EF<20 Significant 3<CF<6 Considerable
5<EF<10 Very high CF>6 Very high
10<EF<25 Extreme - -

8L ooi et al. (2019).

PHakanson (1980).
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Table 2S
Classes of potential ecological risk factors (PERF)? and potential ecological risk indices (PERI)?

considered for environmental risk assessment.

Potential Ecological Risk  Single Environmental Potential Ecological Risk Multi-element
Factor Risk Index Environmental Risk
PERF <40 Low PERI <150 Low
40 < PERF <80 Moderate 150 < PERI <300 Moderate
80 < PERF < 160 Considerable 300 < PERI < 600 Considerable
160 < PERF < 320 High 600 < PERI High
320 < PERF Very high - -

@Hakanson (1980).
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Table 3S

Reference daily doses (Rfd)® and slope factors (SF)® considered for human health risk

assessment.
Ingestion Inhalation Dermal contact
Element
Rfd SF Rfd SF Rfd SF
Cu 4.0x10? - 4.0x10? - 1.2x 107 -
Cr 3.0x10°% 42 2.9x10° 42 6.0 x 10 42
Ni 2.0x107? 8.4x10? 2.1x107? 8.4x10? 5.4 x10* 8.4x10?
aUSEPA (2001).

bLu et al. (2014).
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Table 4S
Chemical fractionation and mobility factor of copper in forest soil and copper mining wastes

from the eastern Amazon - Brazil.

Forest soil
Exchangeable (mg kg?) 0.74
Reducible (mg kg™) 0.30
Oxidable (mg kg™) 21.74
Residual (mg kg™) 415.94
Mobility factor (%) 0.16

Artisanal overburden

Exchangeable (mg kg™?) 274.07
Reducible (mg kg™?) 285.97
Oxidable (mg kg™) 165.52
Residual (mg kg™) 1387.78
Mobility factor (%) 12.97

Artisanal rock waste

Exchangeable (mg kg™?) 3705.10
Reducible (mg kg™?) 6951.90
Oxidable (mg kg™ 968.53
Residual (mg kg™) 7407.57
Mobility factor (%) 19.47

Industrial tailing

Exchangeable (mg kg™?) 83.00
Reducible (mg kg™) 29.60
Oxidable (mg kg™ 474.65
Residual (mg kg™) 899.26

Mobility factor (%) 5.58
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Pearson’s correlation between potentially toxic elements in copper mining wastes from the

eastern Amazon - Brazil.

As Ba Cd Co Cr Cu Hg Mn Mo Ni Pb  Zn S Al Fe
As 1.0
Ba -03 1.0
Cd -08* 02 10
Co 03 07 -03 10
Cr 07 04 -07* 08* 1.0
Cu 04 02 -04 03 06* 10
Hg -0.5* 05* 05* 03 -02 -0.7% 1.0
Mn -06* 01 06* 00 -05* -0.9* 09* 1.0
Mo 0.7 -0.8* -0.7* -03 0.2 03 -08* -05* 1.0
Ni 08* -01 -08* 04 08* 07 -0.7* -0.8* 0.7* 1.0
Pb -0.6* -0.2 0.6* -0.5* -0.9* -0.7* 0.6* 0.8* -03 -0.8* 10
Zn -0.7% 00 0.7* -04 -0.8* -0.8* 0.7v 0.9* -0.5* -09* 09* 1.0
S 01 -08* 00 -05* -05* -05* -01 03 05* -01 0.6* 04 10
Al 01 08 -02 07 07 07 00 -04 -04 04 -06* -0.6* -0.8* 1.0
Fe 08* -02 -0.8* 0.6* 0.8~ 05* -04 -04 06* 09* -06* -0.7* 01 03 1.0

* Significant correlations p<0.05
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Pearson’s correlation between potentially toxic elements

wastes from the eastern Amazon - Brazil.
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and properties of copper mining

pH Ca?* Mg?* Na* CEC* P K* Cuww oct IcY Sand Silt Clay
As 01 05+ -08* 03 -04 05 -05* -07* 0.0 0.2 03 -08* 0.1
Ba 07 -08 01 05 -06* 04 0.4 03 -09* 04 07 -01 -0.7*
Cd -02 -04 07 -03 04 -05* 04 06* 00 -01 -04 07 00
Co 0.6* -01 -0.6 0.6* -09* 06* -04 -05 -07* 03 07 -07* -04
C¢r 07 -00 -08* 07 -09* 08 -03 -01 -06* 04 08* -09* -0.5*
Cu 07 -04 -01 07 -04 07 04 01 -06* 05 07 -03 -0.7*
Hg -02 01 00 -03 -01 04 -02 01 -01 -02 -02 01 0.2
Mn -0.5* 0.2 01 -06* 02 -07* -03 0.1 03 -04 -06* 03 0.5*
Mo -02 07 -04 -00 02 01 -04 -06* 05 -00 -02 -04 04
Ni 05 02 -07* 0.6* -05* 07 -03 -06* -02 04 06* -08* -03
Pb -0.7 02 05* -08* 07 -0.8* 0. 04 06* -05* -08* 0.7 0.6*
Zn -06* 01 05* -07* 05 -08* -00 04 04 -04 -08* 0.6* 0.5*
s -1 08 -01 -06* 06* -05 -05* -03 09 -03 -08* 01 009*
Al 09 -07* -02 08* -08 07 03 0.1 -10* 05* 09 -04 -09*
Fe 02 05 -08 04 -05 05 -06* -08* -01 02 04 -0.8* 0.00

aCation exchange capacity.
bPseudo-total Cu concentration.
¢Organic carbon.

dInorganic carbon.

* Significant correlations p<0.05
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3. BACTERIA E ADUBACAO ORGANICA COMO CONDICIONANTES PARA A
FITORREMEDIACAO COM Cenostigma tocantinum EM REJEITO DE MINERACAO
DE COBRE

RESUMO

A mineracdo na Amazoénia brasileira faz parte de um importante setor da economia nacional,
mas produz residuos que devem ser tratados para reduzir os efeitos negativos da sua disposicao
no ambiente. A fitorremediacdo pode auxiliar a restauracdo das areas alteradas pela mineracao,
empregando novas abordagens para superar a alta concentracdo de elementos potencialmente
toxicos (EPTs) que afeta o crescimento das plantas. A integracdo de biotecnologias como
bactérias e compostos é proposta para facilitar o crescimento da vegetacdo e acelerar a
recuperacao dos locais de mineragdo. O objetivo foi avaliar o desenvolvimento de Cenostigama
tocantinum inoculada com bactéria em rejeito de mineragdo de cobre (Cu) tratado com
composto organico para fins de fitorremediacdo. Plantas, solo e rejeitos de mineracédo de Cu
foram coletados no municipio de Canad dos Carajas - Para. Das raizes de Solanum torvum foi
isolada a cepa bacteriana testada para promogéo de crescimento. O rejeito de mineracéo foi
tratado com solo e composto organico de caroco de acai em diferentes proporg¢des (v/v), cujos
tratamentos consistiram em: solo, rejeito, rejeito + solo (RS), rejeito + composto (RCO) e rejeito
+ solo + composto (RSCO). Sementes de C. tocantinum foram tratadas sem e com inoculacéo
bacteriana. Os experimentos foram conduzidos em casa de vegetacao durante 100 dias e ao final
as plantas foram avaliadas quanto as variaveis biométricas. As médias foram testadas pelo teste
de Skott-Knott (p < 0,05). O composto organico reduziu o pH, aumentou o contetido de carbono
organico e disponibilizou Cu ao tratar o rejeito. Para as plantas, o composto beneficiou a
producdo de biomassa, produzindo plantas de alta qualidade e tolerancia em ambiente
contaminado. A inoculacdo bacteriana favoreceu a germinagdo das sementes no rejeito sem

tratamento e aumentou a capacidade de fitoestabilizacdo de C. tocantinum.

Palavras-chave: EPT; residuos organicos; espécie nativa; promotores de crescimento; acai.
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BACTERIA AND ORGANIC FERTILIZATION AS CONDITIONS FOR
PHYTORREMEDIATION WITH Cenostigma tocantinum IN COPPER MINING
TAILING

ABSTRACT

Mining in the Brazilian Amazon is part of an important sector of the national economy, but it
produces waste that must be treated to reduce the negative effects of its disposal on the
environment. Phytoremediation can help restore areas altered by mining, employing new
approaches to overcome the high concentration of potentially toxic elements (EPTs) that affect
plant growth. The integration of biotechnologies such as bacteria and compounds is proposed
to facilitate vegetation growth and accelerate the recovery of mining sites. The objective was
to evaluate the development of Cenostigama tocantinum inoculated with bacteria in copper
(Cu) mining tailings treated with organic compost for phytoremediation purposes. Plants, soil
and Cu mining tailings were collected in the municipality of Canad dos Carajas - Pard. The
bacterial strain tested for growth promotion was isolated from the roots of Solanum torvum.
The mining tailings were treated with soil and organic compost of acai kernels in different
proportions (v/v), whose treatments consisted of: soil, tailings, tailings + soil (RS), tailings +
compost (RCO) and tailings + soil + composite (RSCO). Seeds of C. tocantinum were treated
with and without bacterial inoculation. The experiments were carried out in a greenhouse for
100 days and at the end the plants were evaluated for biometric variables. Means were tested
by the Skott-Knott test (p < 0.05). The organic compost reduced the pH, increased the organic
carbon content and made Cu available when treating the tailings. For the plants, the compost
benefited the production of biomass, producing plants of high quality and tolerance in a
contaminated environment. Bacterial inoculation favored seed germination in the untreated

tailings and increased the phytostabilization capacity of C. tocantinum.

Key-words: PTE; organic wastes; native species; growth promoters; acai.
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3.1. Introducéo

A mineracgdo de cobre (Cu) na Provincia Mineral de Carajas, Amaz6nia oriental, é uma
atividade de grande relevancia socioecondmica para a populagéo local (JULIANI et al., 2016).
Todavia, a mineracdo e o processamento de minerais metalicos sdao fontes potenciais de
contaminacg&o do solo com elementos potencialmente toxicos (EPTSs), podendo colocar em risco
a salde humana e dos ecossistemas (HE et al., 2020).

Os rejeitos gerados pela mineracdo de Cu podem conter niveis elevados de Cu residual
e outros EPTs perigosos persistentes no ambiente (PERLATTI et al., 2021). Mais limitacdes
quimicas frequentemente associadas a esses residuos incluem o baixo contetdo de matéria
organica (MO) e nutrientes (CHILESHE et al., 2020), baixa capacidade de troca cationica e pH
extremamente acido (FORJAN et al., 2017), que restringem o estabelecimento natural da
vegetacao e intensificam a eroséo pela chuva e vento.

A revegetacdo das areas alteradas pelas atividades de mineracdo é recomendada como
método de mitigacdo dos impactos e restauracdo de fungdes ecoldgicas (LIMA et al., 2015).
Porém, ao se tratar de residuos de mineracdo a revegetacao se torna dificultosa pela composicéao
complexa destes materiais, comprometendo o sucesso da sua implantacdo e manejo (FELLET
etal., 2011). A fitorremediacdo pode auxiliar no éxito dos programas de revegetacao destinados
a regido, pois utiliza plantas tolerantes para minimizar os efeitos tdxicos do potencial
contaminante no meio ambiente (COVRE et al., 2020), mas precisa ser desenvolvida de acordo
com as especificidades locais.

Espécies de plantas nativas que crescem em ambientes adversos, possuem capacidade
de adaptacéo e rusticidade, representando alto potencial de uso para fins recomposicao vegetal
(SILVA et al., 2015). Recriar comunidades de plantas que refletem a diversidade e composi¢éo
natural circundante as areas de mineracdo devem ser o objetivo principal dos projetos de
revegetacio (PARRAGA-AGUADO et al., 2013). A espécie arborea Cenostigama tocantinum
Ducke, pertencente a familia Fabaceae, ocorre naturalmente em toda regido amazonica podendo
se desenvolver em locais adversos com crescimento rapido e satisfatorio (CRUZ, 2017).
Caracteristicas que tornam a C. tocantinum de interesse para a fitorremediacdo de ambientes
contaminados por Cu como as areas de mineracdo da regido.

Em larga escala, novas abordagens de fitorremediacdo tem se mostrado mais eficazes
por combinar técnicas que visam aumentar o desempenho das plantas ao mesmo tempo que
promove melhorias no substrato (SARWAR et al., 2017; GIL-LOAIZA et al., 2016). O uso de

bactérias promotoras de crescimento de plantas e de residuos organicos das mais variadas
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origens, esta cada vez mais difundido nos estudos de fitorremediacdo (JU et al., 2019; SOUZA
etal., 2019; FORJAN et al., 2017; BURGES et al., 2017; GIL-LOAIZA et al., 2016).

As bactérias promotoras de crescimento tém consolidado o seu grande potencial para
facilitar a fitorremediacao de sitios contaminados com metais por melhorar o crescimento das
plantas direta e/ou indiretamente sob estresse por EPTs (NAYAK et al, 2018), produzir agentes
quelantes de EPTs (MA et al., 2016) e promover o desenvolvimento microbiano do substrato e
a disponibilidade de nutrientes (JU et al., 2019). Uma ampla variedade dessas bactérias, como
os Bacillus ssp., ja foram isoladas de plantas dos locais de mineracdo e estimularam o
crescimento e acumulo de EPTs em outras espéecies vegetais em ambientes contaminados
(NAYAK etal., 2018; MA et al., 2016).

Residuos organicos tém sido bastante utilizados como tratamento na recuperacdo de
solos de areas de mineracdo, pois supre a necessidade em grande escala desse material, assim
como atua como fonte de matéria organica e proporciona o aumento do contetdo de nutrientes
biodisponiveis (FORJAN et al., 2017). No estado do Para, os residuos da producio de acai
(Euterpe Oleracea Mart.) como os carocos pés despolpa, sdao encontrados em abundéancia
(WYCOFF et al., 2015) e apresentaram potencial para remediacdo devido a imobilizacdo EPTSs,
incremento de MO e nutrientes ao solo, além de aumentar a biomassa de plantas de alface.
(SOUZA et al., 2019).

A integracdo de biotecnologias é proposta para facilitar o crescimento da vegetacao e
acelerar a recuperacdo dos locais de mineracdo (SEVILLA-PEREA; MINGORANCE, 2015).
Neste contexto, o objetivo foi avaliar o crescimento de C. tocantinum inoculada com bactéria

em rejeito de mineracao de Cu tratado com composto organico para fins de fitorremediacé&o.

3.2. Material e métodos
3.2.1. Producdo de composto organico

O composto utilizado como tratamento organico foi produzido de caroco de acai
coletado nos pontos de venda da polpa na cidade de Belém e de esterco bovino proveniente da
criacdo da Universidade Federal Rural da Amazénia (UFRA). O processo de compostagem foi
conduzido durante 120 dias de acordo com Teixeira et al. (2005), no qual cerca de 150 kg de
caroco de acai foi triturado e misturado com esterco bovino na proporc¢éo de 65% (v/v), mantido
em leira com 1,2 m de altura com controle da umidade e revolvimento a cada 15 dias. Amostras

do composto foram separadas para posterior caracterizagdo quimica.
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3.2.2. Coleta dos materiais

Plantas, solo e rejeito de mineragcdo de Cu foram coletados no municipio de Canad dos
Carajas (06°29°49” S e 49°52°42” W), sudeste do Para, Amazonia Oriental. Duas minas de Cu
do municipio foram utilizadas para amostragem dos materiais, uma considerada artesanal
devido aos métodos rudimentares empregados e menor escala de exploracao, e a outra industrial
com processos de extracdo atuais bem definidos e exploracdo em grande escala.

O solo foi coletado a uma profundidade de 0-20 cm em uma area de floresta
remanescente nas proximidades da mina artesanal (06°24.614' S e 49°52.346' W). Plantas que
cresciam naturalmente com grande incidéncia nas pilhas de residuos de sobrecarga distribuidos
ao longo da érea de exploracdo artesanal de Cu foram selecionadas para o isolamento da
bactéria. Na mina industrial (06°27.109' S e 50°04.758" W) foi coletado o rejeito disposto em
barragem de contencéo de rejeitos do beneficiamento de minério de Cu.

O solo e o rejeito de mineragdo foram armazenados em sacos de polietileno e as plantas
acondicionadas em sacos de papel em ambiente refrigerado, entéo transportados a Universidade

Federal Rural da Amazonia (UFRA) campus Belém.

3.2.3. Isolamento da cepa bacteriana

A cepa bacteriana endofitica utilizada foi isolada das raizes de Solanum torvum coletada
na mina artesanal de Cu, adaptado conforme descrito por Burges et al. (2017). As raizes foram
desinfetadas por imerséo em alcool 70% durante 2 min, em solu¢do de hipoclorito a 3% durante
3 min e, por fim, enxaguados trés vezes com agua destilada esterilizada. Foram macerados 1 g
de matéria fresca das raizes em 10 mL de solucdo de agua salina (0,85% NaCl), utilizando um
almofariz e pistilo, adicionando areia de quartzo para melhorar a ruptura da parede e incubando
a temperatura ambiente em um agitador orbital por 1 h. Os extratos foram diluidos em série até
10~ com solucdo de agua salina e, em seguida, aliquotas de 100 pL de cada dilui¢do foram
espalhadas em placas (em triplicata) contendo meio de cultura 523 proposto por Kado e Heskett
(1970). As placas foram incubadas a 28 ° C durante 72 h. Com base nas caracteristicas
morfoldgicas (cor, tamanho e forma), diferentes colonias foram selecionadas e semeadas para
a obtencdo de culturas puras.

As cepas bacterianas selecionadas foram avaliadas quanto a coloragdo de Gram, que se
baseia na capacidade que certas bactérias possuem em reter a coloracéo de cristal violeta apds
a descoloragdo com éalcool e, nesse caso, denominadas Gram-positivas (LIMA et al., 2011).

Bactérias Gram-positivas apresentam resisténcia a ions metalicos devido a alteracGes na
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composigdo da parede e/ou membrana celular, restringindo a permeabilidade desses elementos
e protegendo seus componentes celulares essenciais (NANDA et al., 2019).

3.2.4. Caracterizacao da cepa bacteriana

A avaliagdo da producéo de &cido indol-3-acético (AlA) foi adaptada conforme descrito
por Gordon (1951). A cepa bacteriana foi cultivada em tubos contendo 10 mL de meio liquido
de tripticaseina de soja diluida 1/10 (4 g em 1000 mL de agua destilada), adicionado de
triptofano (100 mg L) e colocado em agitador rotativo por 72 ha 28 ° C e 100 rpm. As culturas
foram centrifugadas a 4000 rpm durante 10 min. Em seguida, 90 pL do sobrenadante foi
transferido para um microtubo contendo 60 pL de reagente Salkowski. Os microtubos foram
envolvidos em papel aluminio e acondicionados no escuro durante 30 min a 2 h. Uma mudanca
na cor rosada na solucéo indica a presenca de AlA.

A capacidade de solubilizacdo de fosfato da bactéria foi determinada inoculando a
cultura bacteriana em meio NBRIP a 25 ° C durante 5 dias (NAUTIYAL, 1999). O meio foi
preparado com 20 g L de 4gar, 10 g L™ de glicose, 2,5 g L™ Caz(PO4)2, 5 g L™ MgCl2.6 H20,
0,25 g Lt MgS04.7H20, 0,2 g Lt KCI e 0,1 g L™ (NH4)2SO0s, ajustando o pH a 7,0. A
capacidade da bactéria de solubilizar o fosfato insoluvel € indicada pela formagéo de um circulo
transparente ao redor de cada colonia (NAUTIYAL, 1999).

A produgcdo de sider6foros foi verificada em tubo de ensaio contendo solucéo indicadora
de cromo azurol S (CAS) de acordo com Schwyn e Neilands (1987). A cepa foi inoculada em
tubos de ensaio com meio liquido de tripticaseina de sojaseguido de incubacdo a 28 ° C por 24
h. Posteriormente, a suspensdo de células foi centrifugada a 12000 g por 10 min, transferindo
em seguida, 1 mL do sobrenadante para microtubos contendo 1 mL de CAS. Os microtubos
foram envolvidos em papel aluminio e incubados por 15 min. A conversao da coloracdo azul
da solucdo CAS para amarelo é o indicativo da producdo de sideréforos e o tempo de
transformacéo e intensidade do amarelo sdo indicativos de maior ou menor producdo de

sideréforos.

3.2.5. Identificacdo genética da bactéria

A cepa bacteriana endofitica foi identificada usando analise de 16S rDNA. O DNA foi
extraido usando o protocolo CTAB (brometo de cetil trimetil aménio) descrito por (DOYLE;
DOYLE, 1990) modificado. Para obter sequéncias de 16S rDNA, o DNA gendmico foi
amplificado com PCR usando os iniciadores ... com aproximadamente 1500 pares de base de

amplificagdo. Os produtos amplificados por PCR foram sequenciados na .... Sequéncias do
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isolado bacteriano juntamente com outras sequéncias de genes de referéncia foram comparadas
ao banco de dados GenBank usando o programa NCBI Blast e uma arvore filogenética

construida usando o software de bioinformatica Mega 7.0.

3.2.6. Teste de promocéo de crescimento

A cepa bacteriana foi previamente testada para a promocao de crescimento em plantas
de arroz (cultivar. Primavera Clearfield) utilizando um Latossolo Amarelo tipico proveniente
de floresta secundaria, autoclavado a 121 ° C por 20 min. Uma suspensdo bacteriana foi
preparada com agua destilada esterilizada, e a concentragdo ajustada em espectrofotdmetro para
densidade Optica de 550 nm (A550 = 0,1 ABS correspondendo a 102 UFC-mL™1). Os
tratamentos consistiram no controle (sementes com &gua ndo inoculadas) e no isolado 23
(sementes inoculadas com a suspensao da cepa bacteriana selecionada). As sementes de arroz
foram desinfetadas e entdo microbiolizadas por 24 horas a temperatura ambiente em agitador
orbital. Apds esse periodo 10 sementes de cada tratamento foram semeadas em vasos plésticos
contendo 300 g de solo, de forma inteiramente casualizada, com 5 repetigdes.

Aos 10 dias ap0ds a semeadura um desbaste foi realizado, permanecendo 5 plantas por
vaso. O experimento foi conduzido por 29 dias no total, quando as plantas foram colhidas, secas
em estufa com circulacdo forgada de ar a 60 °C, durante 72 h e os pesos conferidos em balanca
de precisdo para a determinacdo da producdo de matéria seca da raiz e parte aérea.

3.2.7. Desenho experimental e condicGes de crescimento

O experimento foi conduzido em casa de vegetacdo usando vasos de polietileno de 1
dm? (peso seco), preenchidos com rejeito de mineragdo industrial de Cu, solo de floresta e
composto organico de caroco de acai em diferentes misturas e proporcbes (Tabela 1). Os
tratamentos foram previamente misturados, homogeneizados e incubados por 60 dias em sacos

plasticos, com umidade proxima a 60% do volume total dos poros.

Tabela 1. Tratamentos identificados com as respectivas misturas e propor¢oes.

Tratamento Misturas Proporcéo (v/v)
Solo Solo de floresta 100%

Rejeito Rejeito de mineragdo de Cu 100%

R+S Rejeito + Solo 70% + 30%
R+CO Rejeito + Composto organico 70% + 30%

R+S+CO  Rejeito + Solo + Composto organico  70% + 20% + 10%
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Apos o periodo de incubagdo dos tratamentos foi realizado o semeio de 10 sementes da
espécie C. tocantinum por vaso. Os valores médios de comprimento, largura e espessura dessas
sementes foram de 14,8 mm, 4,2 mm e 12,9 mm, respectivamente, enquanto a massa média de
100 sementes era de 51,3 g. Antes do semeio as sementes foram desinfetadas e microbiolizadas
durante 24h em agua para os tratamentos ndo inoculados e na suspensdo bacteriana a 108
UFC-mL para os tratamentos com inoculagdo bacteriana, conforme descrito no item 3.2.6.

O delineamento foi inteiramente casualizado, com dez tratamentos e trés repeticoes,
totalizando 30 unidades experimentais. Durante a conducdo do experimento, a umidade foi
mantida aproximadamente constante, a 60% do volume total de poros, atraves de regas diarias.

A germinacdo das sementes foi avaliada através de contagens diarias, sendo
consideradas germinadas a partir do aparecimento dos cotilédones na superficie do substrato.
Foram calculados a porcentagem e o indice de velocidade de germinacdo (IVG) seguindo as
equacdes 1 (NOVO; GONZALEZ, 2014) e 2 (MAGUIRE, 1962), respectivamente, e o indice

de vigor de plantulas (I'\VVP) através da equacéo 3 utilizada por Novo e Gonzalez (2014).

Germinacado (%) = 100 x n° de sementes germinadas / n° total de sementes Q)

IVG = N1/D1 + N2/D2 + .... + Nn/Dn (2

Onde: N = nimeros de plantulas verificadas no dia da contagem; e D = nimeros de dias

apos a semeadura em que foi realizada a contagem.

IVP = germinagéo (%) x comprimento radicular (3)

O crescimento inicial das plantas foi avaliado por meio de variaveis biométricas aos
25 dias apds a semeadura, seguido de desbaste para manter uma planta por vaso, cultivadas por
mais 75 dias. Ao final do experimento, as plantas remanescentes foram novamente avaliadas e
entdo colhidas, lavadas em solucédo de detergente (0,1% v/v) e enxaguadas em agua corrente e
agua deionizada. As avaliacOes biométricas consistiram em: comprimento radicular e altura de
planta, por meio de fita métrica; diametro de coleto, utilizando paquimetro digital; conteddo
relativo de clorofila nas folhas do ter¢co médio das plantas utilizando medidor SPAD-502-Plus;
area foliar total, medida utilizando medidor de bancada (L1-3100C); e producéo de matéria seca
da raiz e parte aérea (folhas e caule), secas em estufa com circulacdo forcada de ar a 60 °C,

durante 72 h e os pesos conferidos em balanca de preciséo.
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3.2.8. Andlises quimicas

Amostras do composto organico, do solo de floresta e do rejeito de mineracdo de Cu
foram analisadas antes do experimento e as caracteristicas gerais de cada material sdo mostradas
na Tabela 2. Ap6s 0 experimento foram retiradas amostras dos substratos de cada tratamento

para as analises quimicas subsequentes.

Tabela 2. Propriedades quimicas do composto organico, solo de floresta e rejeito de mineragéo de Cu.

pH Ca? Mg?* H+AI cTC? P K* coP

- cmolc dm? mg kg! g kg?

Composto 5,2 2,0 2,5 6,4 7,5 371,3 1139,0 2335
Solo 54 7,5 1,4 3,2 12,3 1,5 32,6 24,0
Rejeito 8,0 2,0 0,1 0,6 3,8 704,6 207,7 0,2

2 capacidade de troca catidnica; ° carbono organico.

O pH das amostras foi medido na proporc¢éo solo-agua de 1:2,5. Os conteudos trocaveis
de célcio (Ca?*) e magnésio (Mg?") foram extraidos com KCI 1 mol L e quantificados por
complexometria com EDTA 0,0125 mol L. A acidez potencial (H+Al) foi liberada pela reacéo
com uma solucdo nao tamponante de KCI e determinada por titulacdo com NaOH na presenca
de fenolftaleina. Fosforo (P) e potassio (K*) foram extraidos por Mehlich 1 (0,05 HCI mol L
+ HS04 0,0125 mol L) e quantificados por espectrofotometria ultravioleta visivel (P) e
fotometria de chama (K*) (TEIXEIRA et al., 2017). A capacidade de troca catidnica (CTC) foi
encontrada através da soma das concentracbes de Ca?*, Mg?*, K* e H+Al. O carbono foi
determinado conforme descrito por Hussain et al. (2019), com quantificacdo de carbono
organico (CO) por perda de ignigéo a 450 ° C.

As concentragdes pseudo-totais e biodisponiveis de Cu das amostras foram extraidas
por digestdo acida (HCI:HNO3 3:1) em forno microondas (MCGRATH; CUNLIFFE, 1985) e
por solugdo de DTPA 0,05 mol L (pH 7,3), respectivamente. A matéria seca das plantas foi
triturada em moinho Willey e processada em peneira de 20 mesh. As concentragdes de Cu nos
tecidos vegetais foram extraidas de 250 mg de amostra através de digestdo acida em
microondas, envolvendo a adi¢do de 2 mL de HNO3 + 2 mL de H202 e 5 mL de &gua ultrapura
(MS 2000, Gehaka) (ARAUJO et al., 2002).

O Cu foi quantificado nos extratos por espectrometria de massa com plasma acoplado
por inducdo (ICO-MS, Perkin Elmer). A qualidade analitica foi avaliada por meio de amostras
em branco e materiais de referéncia certificados para concentracdo de PTEs em solos (ERM®
CC-141) e plantas (ERM® CD-281). As taxas de recuperagdo foram de 97% dos substratos e
95% das plantas.
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3.2.9. Parametros de eficiéncia de fitorremediacao

O indice de tolerancia (IT) das plantas ao Cu foi calculado a partir da relacdo matéria
seca total (MST) das plantas sob doses de Cu e matéria seca total das plantas do tratamento
controle (MSTc), conforme a equacdo 4 (SOUZA et al. 2012):

IT =MST (g) / MSTc (9) 4)
O indice de qualidade de Dickson (IQD) foi determinado em funcdo da altura (H),
didmetro de coleto (DC), matéria seca da parte aérea (MSPA), matéria seca da raiz (MSR) e
matéria seca total (MST), utilizando a formula descrita na equagdo 5 (DICKSON et al. 1960).
1QD = [MST (9)] /[{(H (cm)/ DC (mm)} + {MSPA (g) / MSR (9)}] ()
Os fatores de translocacdo (FT) da raiz para a parte aérea e de bioconcentracdo (FBC)

foram calculados de acordo com as equacgdes 6 e 7 descritas por Hussain et al. (2017), e o fator

de biotransferéncia (FBT) seguindo a equacdo 8, adaptada de Rodriguez-Vila et al. (2014):

FT = [Cu]parte aérea /[Cu]raiz (6)
FBC =[Cu]raiz /[Cu]solo total @)
FBT = [Cu]raiz /[Cu]solo disponivel (8)

3.2.10. Anélises estatisticas

Os dados obtidos foram submetidos a analise de normalidade pelo teste de Shapiro-Wilk
e homogeneidade da variancia pelo teste de Bartlett. A porcentagem de germinacdo foi
normalizada através de arco seno e as demais normaliza¢fes quando necessarias, por meio de
log transformacdes. Para verificar o efeito dos tratamentos nas varidveis de estudo, os resultados
foram submetidos a andlise de variancia e quando significativos pelo teste F, as médias foram
comparadas pelo teste de Scott-Knott (p < 0,05). As analises estatisticas foram realizadas por
meio do software R (versdo 3.4.3) (R Core Team, 2017).
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3.3. Resultados
3.3.1. Caracterizacdo da cepa bacteriana

Durante a triagem inicial, um total de 6 cepas bacterianas Gram positivas (+) foram
selecionadas para teste de promocao de crescimento de plantas em arroz. Contudo, apenas a
cepa B23 promoveu o crescimento das plantas, cujos ganhos significativos (p < 0,05) na
producdo de matéria seca de raiz e de parte aérea em comparagdo ao controle (sem inoculacéo)

sdo mostrados na figura 1.
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Figura 1. Matéria seca da raiz e parte aérea de plantas de arroz inoculadas com a cepa bacteriana B23. Barras
seguidas por letras iguais ndo diferem significativamente pelo teste t (p < 0,05).

O crescimento melhorado das plantas de arroz devido a inoculacdo bacteriana levou a
caracterizacdo dos tracos de promocéao de crescimento de plantas. Além de Gram positiva, a
cepa bacteriana isolada demonstrou capacidade de producéao de sider6foros, porém, a sintese de
acido indol-3-acético (AlA) e capacidade de solubilizacdo de fosfato ndo foram observadas
(Tabela 3)

Tabela 3. Coloracdo Gram e caracteristicas de promocéo de crescimento de plantas da cepa bacteriana
selecionada.

Cepa Coloragdo  Sintese de Producdo de  Solubilizacdo
P Gram AIA? sider¢foro de PP
B23 + - + -

+, positivo; -, negativo.
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3.3.2. Germinag&o e crescimento inicial

As porcentagens de germinacdo de sementes de C. tocantinum foram baixas para a
maioria dos tratamentos utilizados (Tabela 4). As sementes semeadas no rejeito de mineracéo
de Cu com inoculacdo e no RS sem e com inoculacdo foram significativamente (p < 0,05)
maiores que 0os demais tratamentos, se igualando a germinagdo obtida no solo. Contudo, o
indice de velocidade de germinacdo (IVG) e o indice de vigor de plantulas (IVP) de C.
tocantinum foram mais elevados apenas no tratamento RS, se igualando aos indices obtidos no
solo (Tabela 4).

Tabela 4. Porcentagem de germinagdo, indice de velocidade de germinagdo (IVG), indice de vigor de plantulas
(IVP), comprimento radicular (CR) e matéria seca total (MST) de C. tocantinum aos 25 dias apds o semeio.

Solo Rejeito RS RCO RSCO
Sem inoculacéo
Germinacéo (%) 63,3+4,7a 30,0+8,1b 56,7+ 4,7a 36,7+4,7b 27,0+4,7b

IVG 36%04a 20x04b 42+06a 1,9+0,2b 1,7+x0,3b
IVP 468,2+54,7a 3775x54b 4516+725a 353,8+579b 230,7+380D
CR (cm) 74+06d 126+01a 80+0,2c 9,7x09b 87+13c

MST (mg planta?) 337,3+59,3a 2936+812a 4166+6,7a 2610+490a 4323+504a
Com inoculagéo
Germinacéo (%) 70,0+8,1a 53,3+4,7a 60,0+8,2a 40,0+£8,1b 30,0+8,1b

VG 33%x09a 26x04b 3,7+03a 1,8+x0,3b 16+0,2b
IVP 4426+70,3a 3374+519b 5668+16,8a 3450x57b 3060+757Db
CR (cm) 85+10c 6,3+0,1d 9,0+08¢c 86+0,1c 10,2+0,8b

MST (mg planta) 4396 +39,0a 336,2+41,7a 379,0+316a 291,0+730a 3534+1053a

RS - Rejeito + Solo, RCO — Rejeito + Composto Organico, RSCO — Rejeito + Solo + Composto Organico. Letras iguais na
mesma linha ndo diferem significativamente pelo teste de Scott-Knott (p < 0,05).

O comprimento radicular (CR) das plantulas aos 25 dias apds a semeadura no rejeito foi
consideravelmente superior aos tratamentos aplicados. Nenhuma diferenca significativa (p <
0,05) foi registrada entre os tratamentos para a matéria seca total (MST) das plantulas.

3.3.3. Crescimento e tolerancia das mudas

A matéria seca de raiz (MSR) e de parte aérea (MSPA) de plantas de C. tocantinum
foram medidas 100 dias apds a semeadura no rejeito de mineracdo de Cu e variaram (p < 0,05)
conforme os tratamentos aplicados (Figura 2 A e B). Uma auséncia de variacdo na MSR foi
verificada entre plantas cultivadas no solo e aquelas do rejeito de mineragcdo. O ganho na
producdo de MSR foi significativamente (p < 0,05) mais elevado nas plantas do tratamento
RCO em relacdo aos obtidos para os demais tratamentos, ndo havendo diferenca entre plantas

sem e com inoculagéo bacteriana (Figura 2 A).
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Figura 2. Matéria seca de raiz - MSR (A) e matéria seca de parte aérea - MSPA (B) de plantas de C. tocantinum
apos experimento. RS — Rejeito + Solo, RCO — Rejeito + Composto Orgénico, RSCO — Rejeito + Solo + Composto Organico.
Barras seguidas por letras iguais ndo diferem significativamente pelo teste de Scott-Knott (p < 0,05).

O tratamento RCO também influenciou positivamente a producdo de MSPA de C.
tocantinum, com o aumento significativo (p < 0,05) promovido pela inoculacdo bacteriana
endofitica nas plantas em cerca de 253% acima da MSPA obtida naquelas do rejeito,
correspondendo a 4,66 g planta®. Comportamento contrario foi encontrado nas plantas
cultivadas no rejeito independente de inoculacdo bacteriana com reducdo média de
aproximadamente 247% na MSPA em relacdo as plantas do solo.

A parte aérea de C. tocantinum foi consideravelmente beneficiada pelos tratamentos
adicionados e os ganhos na MSPA corresponderam aos aumentos promovidos na altura,
diametro de caule (DC), numero de foliolos (NF) e area foliar (AF) das plantas, sobretudo no
tratamento RCO (Tabela 5). A reducdo da AF de C. tocantinum cultivada no rejeito de
mineracdo foi bastante acentuada, enquanto um efeito significativo (p < 0,05) para o aumento
da AF nas plantas foi obtido com o tratamento RCO (Tabela 5). O contetdo relativo de clorofila
foi mais o elevado (p < 0,05) nas plantas cultivadas no solo, seguido das plantas inoculadas RS
e das plantas RCO sem e com inocula¢do. O cultivo das plantas no rejeito de mineracdo de Cu

ainda que tratado, reduziu o contetdo relativo de clorofila.
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Tabela 5. Altura, didametro de caule (DC), area foliar (AF), nimero de foliolos (NF), contetido relativo de clorofila,
indice de gualidade de Dickson (IQD) e indice de tolerancia (IT) de C. tocantinum apds o experimento.

Solo Rejeito RS RCO RSCO
Sem inoculacdo
Altura (cm) 245+27a 159+10b 183+22hb 242+23a 186+3,0a
DC (mm) 39+04b 33+0,1c 40+£0,3b 51+05a 41+03b
AF (cm?planta®) 440,4+126,4b 1151+9,1d 230,7+246c 5602+30,6a 298,2+69,6¢
NF 51,3+7.8b 20,3+34c 38,7+96Db 58,0+ 6,7a 483+7,0b
Clorofila/SPAD  29,5+33a 19,0£09¢c 199+24c 226+33b 193+26¢
IQD 050+0,10b 031+003b 053+0,17b 099+015a 0,60+0,18b
IT - 0,42+0,03c 0,73+0,22b 141+012a 0,82+024b
Com inoculacéo
Altura (cm) 250+15a 139+0,7b 179+19b 264+06a 222+16a
DC (mm) 40+0,1b 32+0,1c 40+0,2b 51+0,2a 41+01c
AF (cm?planta®) 421,3+616b 1132+11,1d 2198+209c 668,2+332a 3215+748¢c
NF 497+4,1b 203+x21c 447+94b 71,7+50a 453+78Db
Clorofila/SPAD  27,2+35a 159+3,0¢c 233+14b 240+£05b 202+11c
IQD 050+0,08b 0,34+0,03b  0,49+0,09b 1,00£0,19a 0,50+0,13b
IT - 041+004c 0,67+0,13b 159+0,19a 0,81+0,12b

RS - Rejeito + Solo, RCO — Rejeito + Composto Orgénico, RSCO — Rejeito + Solo + Composto Organico. Letras iguais na
mesma linha ndo diferem significativamente pelo teste de Scott-Knott (p < 0,05).

A reducdo da AF de C. tocantinum cultivada no rejeito de mineracdo foi bastante
acentuada, enquanto um efeito significativo (p < 0,05) para o aumento da AF nas plantas foi
obtido com o tratamento RCO (Tabela 5). O conteldo relativo de clorofila foi mais o elevado
(p < 0,05) nas plantas cultivadas no solo, seguido das plantas inoculadas RS e das plantas RCO
sem e com inoculagéo. O cultivo das plantas no rejeito de mineracdo de Cu ainda que tratado,
reduziu o conteudo relativo de clorofila.

Um melhor padrdo de qualidade de mudas indicado pelo indice de qualidade de Dickson
(IQD) foi atingido pelas plantas RCO, apresentando 1QD significativamente (p < 0,05) mais
elevado em relacdo as demais, com valores equivalentes entre plantas sem e com inoculagéo
bacteriana (0,99 e 1,00, respectivamente) (Tabela 5). De maneira similar, 0 RCO proporcionou
maior tolerancia das plantas as condicdes presentes no rejeito segundo o indice de toleréncia
(IT) de 1,59. Por outro lado, as plantas cultivadas no rejeito ndo tratado, mesmo sob inoculagdo

bacteriana, mostraram baixa tolerancia.

3.3.4. pH, CO e concentracao de Cu apds o experimento
O pH alcalino do rejeito foi significativamente (p < 0,05) reduzido com a adi¢do dos

tratamentos e cultivo das plantas (Figura 3 A). A maior reducdo de pH foi observada no
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tratamento RCO chegando a uma faixa média de 7,1, seguido do tratamento RSCO com pH de

7,6. No solo, uma diferenca de pH entre o cultivo com plantas sem e com inoculagédo foi
observada.

O Sem inoculagio B Com inoculagio @ OSem inoculagio BlCom inoculagio ®

a

bt
=]
L

2
.
.

pH (H)
Carbono orginico (g kg
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Figura 3. pH (A) e contetdo de carbono organico (B) nos substratos apds o experimento. RS — Rejeito + Solo, RCO

— Rejeito + Composto Organico, RSCO — Rejeito + Solo + Composto Organico. Barras seguidas por letras iguais ndo diferem
significativamente pelo teste de Scott-Knott (p < 0,05).

Uma grande variacgdo (p < 0,05) no contetido de carbono orgénico (CO) dos substratos
foi observada apds o experimento, havendo diferencas significativas entre a inoculacéo e ndo
inoculacdo das plantas (Figura 3 B). A adi¢do dos tratamentos e a inoculacdo das plantas com
a bactéria aumentou o conteddo de CO nos substratos. Os maiores contetudos de CO ocorreram
nos tratamentos que receberam o composto orgénico. Contudo, de forma significativa o RCO
com plantas inoculadas se sobressaiu em relagdo aos demais, apresentando 13,1 g kg™ de CO.
E importante destacar que o contetido de CO foi aumentado em 378% no rejeito cultivado com
C. tocantinum inoculada com a bactéria em relacdo ao rejeito com a planta sem inoculacao.

A adicéo dos tratamentos RS e RSCO ao rejeito de mineragéo reduziram a concentragao
pseudo-total de Cu apds o experimento, enquanto no tratamento RCO a concentracdo de Cu
permaneceu alta como a encontrada no rejeito (Figura 4 A).
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Figura 4. Concentracdo pseudo-total (A) e disponivel (B) de Cu ap6s o experimento. RS — Rejeito + Solo, RCO —
Rejeito + Composto Organico, RSCO — Rejeito + Solo + Composto Organico. Barras seguidas por letras iguais nao diferem
significativamente pelo teste de Scott-Knott (p < 0,05).

A inoculacdo bacteriana ndo influenciou a disponibilidade de Cu. A concentracdo
disponivel de Cu no rejeito sem tratamento foi baixa se assemelhando (p < 0,05) a
disponibilidade de Cu encontrada no solo (Figura 4 B). Em contrapartida, a adicdo dos
tratamentos aumentou a disponibilidade de Cu ap0s o experimento em 166% no RS, 235% no
RCO e 240% no RSCO em relacdo a encontrada no rejeito (Figura 4 B).

3.3.5. Cu nas plantas
As plantas de C. tocantinum cultivadas no rejeito de mineracdo de Cu apresentaram
concentragOes elevadas do elemento na raiz variando (p < 0,05) conforme o tratamento

adicionado (Figura 5 A). Uma maior concentracdo de Cu na raiz em relacdo a parte aérea das
plantas foi encontrada.
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Figura 5. Concentracdo de Cu na raiz (A) e parte aérea (B) de C. tocantinum ap6s 0 experimento. RS — Rejeito +

Solo, RCO — Rejeito + Composto Organico, RSCO — Rejeito + Solo + Composto Organico. Barras seguidas por letras iguais
ndo diferem significativamente pelo teste de Scott-Knott (p < 0,05).

As concentragdes mais baixas de Cu na raiz foram encontradas nas plantas do solo sem
(80 mg kg™) e com inoculagéo bacteriana (69 mg kg™). Embora a inoculagio bacteriana tenha

contribuido de maneira menos efetiva para a promocao do crescimento de C. tocantinum, a
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absorcdo de Cu pelas plantas foi fortemente influenciada pela cepa utilizada. A inoculagéo
bacteriana nas plantas do rejeito dobrou a absorcéo de Cu em relacéo aquelas néo inoculadas.
Aumentos significativos (p < 0,05) da concentracdo de Cu foram verificados nas raizes das
plantas inoculadas do rejeito ndo tratado e do tratamento RS, correspondendo a 905 e 800 mg
kg, respectivamente. O efeito positivo da bactéria também foi encontrado para a concentracio
de Cu nas raizes das plantas RCO. Na parte aérea das plantas, a concentracdo mais expressiva
de Cu (52,4 mg kg™t) ocorreu apenas no rejeito sem nenhum tratamento, nos demais tratamentos
a concentragio variou de 7,7 a 13,2 mg kg sem diferencas significativas (Figura B).
Corroborando com as concentragdes de Cu nas partes das plantas, o fator de translocagéo
(FT) da raiz para a parte aérea foi baixo em todos os tratamentos (Tabela 6). O FT mais elevado
ocorreu nas plantas inoculadas do solo, seguido das plantas sem inoculacao do solo e do rejeito,
respectivamente. Baixos fatores de bioconcentracdo (FBC) de Cu nas plantas foram verificados,

sendo os mais elevados (0,067 e 0,069) naquelas do solo e do rejeito sem inoculacao (0,026).

Tabela 6. Fatores de translocagdo (FT), bioconcentragdo (FBC) e biotransferéncia (FBT) de C. tocantinum apds o
experimento.

Solo Rejeito RS RCO RSCO
Sem inoculagdo
FT 0,147 +0,008 b 0,130 +0,050b 0,026 +0,002¢c 0,021 +0,003c 0,017 £0,001 ¢
FBC 0,067 +0,105a 0,026+0,048b 0,006+0,051¢c 0,004+0,041c 0,005+ 0,066 c
FBT 2,11+0,62cC 15,14+ 4,46 b 436+124c 413+138¢c 535+120¢c
Com inoculacéo
FT 0,180+ 0,006 a 0,014+0,001c¢ 0,015+0,001c 0,015+0,001c 0,021+0,002c
FBC 0,069 +0,061a 0,007+0,083c 0,008+0,110c 0,005+0,041c 0,006+ 0,049 c

FBT 163+£051c 30,30+7,83a 10,66+2,83b 6,13+1,23¢c 500+121c
RS - Rejeito + Solo, RCO — Rejeito + Composto Organico, RSCO — Rejeito + Solo + Composto Organico. Letras iguais na
mesma linha ndo diferem significativamente pelo teste de Scott-Knott (p < 0,05).

Houve uma alta biotransferéncia de Cu da solu¢do dos substratos para as raizes de C.
tocantinum, que apresentou fatores de biotransferéncia (FBT) maiores que 1 em todos os
tratamentos. A inoculagéo bacteriana nas plantas elevou em 100% o FBT de Cu para a raiz em
relacdo aquelas ndo inoculadas no rejeito de mineracdo, estabelecendo o aumento mais
significativo (p < 0,05) verificado, com FBT de 30,3. A bactéria também favoreceu o FBT de

Cu nas plantas, elevando em 143% o FBT sobre as plantas ndo inoculadas no tratamento RS.
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3.4. Discusséo
3.4.1. Efeito dos tratamentos no rejeito

O pH foi reduzido no rejeito tratado com composto organico de caroco de acai. Reducdo
de pH também foi verificada por Souza et al. (2019) em solo de mineragéo ao adicionar carogo
de acgai decomposto e atribuida a troca idnica entre prétons presentes nos grupos funcionais dos
residuos orgénicos pelos EPTs no solo, liberando ions H* que acidifica o meio. A ligeira
diminuicdo do pH de 8,6 para 7,9 em rejeito de mineracgéo de Fe tratado com composto organico
teve a sua causa relacionada a mineralizacdo de CO realizada por microrganismos do solo
(SEVILLA-PEREA; MINGORANCE, 2015).

O contetdo de CO dos substratos foi aumentado nos tratamentos com composto
organico, como era esperado proporcionalmente a aplicacdo. Resultados parecidos foram
obtidos para adicdo de compostos organicos em residuos de mineracdo de Cu das minas de
Touro (NOVO; GONZALEZ, 2014; RODRIGUEZ-VILA et al., 2017) e Riotinto
(MINGORANCE et al., 2017) na Espanha. Segundo Horvath (2007), o acimulo de CO no
ecossistema se da atraveés de trés formas: 1) acimulo da biomassa de plantas vivas; 1) producéo
primaria liquida; e 111) acumulo de litter e exsudados das plantas. Diante disso, pode-se inferir
que o aumento do contetido de CO constatado no rejeito inoculado é proveniente de exsudados
resultantes da interacdo bactéria-planta, uma vez que esse resultado ndo se repetiu para rejeito
sem inoculacdo. Vale ressaltar, que 2 a 3% do CO total presente no solo é composto pela
biomassa microbiana (PULROLNIK, 2009).

De acordo com Ullah et al. (2015) as bactérias podem alterar as propriedades redox do
solo ao produzir acidos organicos, compostos quelatos de metal e biossurfactantes, aumentando
assim a fluidez e a biodisponibilidade dos metais no solo.

3.4.2. Efeito dos tratamentos nas plantas

A germinagéo obtida para sementes de C. tocantinum pode ser considerada baixa, uma
vez que a especie alcanca 96% de germinacdo no 10° dia ap6s o semeio (CRUZ, 2017). A baixa
germinacdo tem relacdo com o teor de agua das sementes, naquelas recem coletadas com teor
de 4gua de 23,4% a germinago chega a 98% (LIMA JUNIOR et al., 2017). Mas a germinagao
das sementes € uma das etapas mais criticas do ciclo de vida de uma planta, pois representa a
primeira interface de troca com o meio circundante (NOVO; GONZALEZ, 2014). Assim, a ma
germinacdo de sementes de C. tocantinum pode ser efeito do excesso de Cu (ADREES et al.,
2015). A concentracéo de 400 mg kg™ de Cu n&o afetou a taxa de germinacio de Myracroduon
urundeuva (FREITAS et al.,, 2018). Em Schinus terebinthifolia 10000 mg kg* reduziu
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significativamente a porcentagem de sementes germinadas (SIQUEIRA et al., 2020). Segundo
Siqueira et al. (2020), a reducdo na germinacdo das sementes causada pelo excesso de metais
pesados pode ser atribuida a reducdo da absorcao de agua pelas sementes devido a toxicidade e
efeitos osmdticos da solucdo, interferéncias na permeabilidade da membrana celular e
alteragcBes na mobilizagéo de reservas no embrido como a diminuigdo da hidrolise enzimatica
do amido, afetando o fornecimento de aglcar ao embrido em desenvolvimento.

O conteldo elevado de areia no residuo de mineragao, sugere que o substrato tem baixa
capacidade de agregacdo e de ligacdo de nutrientes, assim como baixa retencdo agua
(CHILESHE et al., 2020). Isso pode ter reduzido a germinagédo das sementes de C. tocantinum,
uma vez que tais caracteristicas influenciam diretamente nesse processo. Embora o rejeito tenha
caracteristicas pouco favordveis a germinacdo, a cepa bacteriana utilizada facilitou esse
processo. Espécies de bactérias do género Bacillus tém efeitos variaveis (estimulantes e
inibitorios) na germinagdo de sementes de espécies arboreas (HADIZADEH et al., 2014).
Bacillus subtilis aumentou a germinagdo de sementes de Abies religiosa e um dos possiveis
mecanismos para melhorar a germinacdo incluiram a producdo de sider6foros (ZULUETA-
RODRIGUEZ et al., 2015).

A aplicacdo de composto organico pouco contribuiu para a germinacao das sementes, é
provavel que a predominancia de substancias fendlicas presentes em carogos de acai (MELO et
al., 2021) tenha inibido a germinacdo de C. tocantinum. Como o efeito alelopatico dessas
substancias citado por Sousa et al. (2015) para explicar a inibicdo da germinacédo de Sesbania
virgata (SOUSA et al., 2015).

A alta concentracdo de Cu como a encontrada no rejeito de mineragdo, pode inibir o
crescimento das plantas, a comegar pelas raizes (KUMAR et al, 2021). Por ser o primeiro érgéo
a entrar em contato com os PTEs, as raizes sdo geralmente mais afetadas pela toxicidade desses
elementos e a sentir seus efeitos (SINGH et al. 2016). No caso do excesso de Cu, a reducdo do
comprimento radicular, da producdo de biomassa e o escurecimento e morte de raizes
secundarias das plantas sdo comumente relatados. Entretanto, os efeitos adversos do Cu na
MSR de C. tocantinum foram minimos no rejeito de minerag&o industrial, sugerindo que mesmo
sob uma alta concentracéo de Cu a espécie mantém o desenvolvimento radicular similar ao do
cultivo nas condi¢des naturais de solo da regido. Por outro lado, a introducdo de compostos
organicos altera a producdo de biomassa da raiz, aumentando a superficie radicular (REES et
al., 2016).

De acordo com Araujo et al. (2021), mudas de leguminosas pioneiras, utilizadas na

recuperacao de areas degradadas, sdo muito responsivas e apresentam crescimento significativo
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quando s&o adicionados residuos organicos ao substrato, mostrando que esses materiais podem
atuar como fertilizantes organicos e suprir a demanda de nutrientes caracteristicamente alta
dessas espécies. Os beneficios de compostos organicos para plantas crescidas sob altas
concentracdes de PTEs foram relacionados principalmente a melhoria dos seus estados
nutricionais e a imobilizacdo desses elementos no solo e/ou rizosfera (SOUZA et al., 2019;
FORJAN et al., 2017). O caroco de acai decomposto misturado a um solo de mineragéo
aumentou significativamente a MSPA de plantas de Lactuca sativa (SOUZA et al., 2019).

Incrementos substanciais no crescimento da parte aérea de plantas em ambiente
contaminado por PTEs foram obtidos usando cepas bacterianas endofiticas isoladas dos tecidos
de Silene vulgaris crescida em areas sob influéncia de PTEs (PLOCINICZAK et al., 2019). A
maioria dos endéfitos podem ser transportados sistematicamente via xilema para os tecidos das
plantas acima do solo colonizando caules, folhas e frutos com efeitos positivos na biomassa da
parte aérea (COMPANT et al., 2019).

Maiores DC sédo associados ao desenvolvimento mais acentuado da parte aérea e, em
especial do sistema radicular (FELKER et al., 2015), o que corrobora com os resultados obtidos
para as plantas do RCO, que além da MSR e MSPA, apresentaram altura, NF e AF sempre
superiores em relacdo as demais tratamentos. Além disso, compostos organicos ricos em K,
como o utilizado no presente estudo, promovem o engrossamento do caule de mudas de
espécies florestais (SOUSA et al., 2015). O DC é uma caracteristica importante para avaliacdo
do potencial de sobrevivéncia e crescimento de mudas de espécies florestais nativas ap6s o
plantio (FELKER et al., 2015). J& o conhecimento da superficie foliar € util para avaliar a
influéncia de fatores abidticos nos aspectos morfofisioldgicos da planta (FERREIRA et al.,
2017).

A AF das plantas no tratamento RCO esta relacionada com o maior nimero de foliolos,
ambos associados ao equilibrio fisiolégico e nutricional proporcionado pelo meio de
crescimento. Por outro lado, uma série de distarbios fisiol6gicos desencadeados pelo estresse
provocado por excesso de PTEs reduz significativamente a AF das plantas (RUCINSKA-
SOBKOWIAK, 2016) e isso pode ter ocorrido nas plantas do rejeito. O aumento de ions
metalicos nas plantas pode aumentar a producdo de espécies reativas de oxigénio (ERO) e
consequentemente diminuir o crescimento de Orgdos como as raizes e folhas
(EMAMVERDIAN et al., 2015).

A toxicidade de Cu reduz o contetudo de clorofila através de danos as membranas do
tilacdide, do deslocamento do Mg necessario e da inibicdo da atividade de vérias enzimas
associadas a biossintese da clorofila (SALLEM et al., 2020; ADREES et al., 2015). De acordo
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com Marques et al. (2018) em plantas tolerantes o conteudo de clorfila aumenta ou néo sofre
mudangas em resposta aos PTEs.

Baseado 1QD que é considerado um bom indicador de qualidade de mudas de espécies
florestais por levar em conta a robustez e o equilibrio da biomassa vegetal (ELOY et al., 2013),
os resultados obtidos neste estudo indicaram que os tratamentos aplicados no rejeito foram
eficazes para garantir o crescimento de C. tocantinum com padréo de qualidade semelhante ou
superior ao das plantas do solo, destacando a qualidade das mudas em RCO. O excesso de Cu
reduz a qualidade e a tolerancia de mudas de espécies arboreas tropicais (COVRE et al., 2020)
sugerindo que alguma adicdo, principalmente de compostos organicos, € condicao para que C.

tocantinum cresca de maneira saudavel nesse tipo de ambiente.

3.4.3. Aplicacdes de fitorremediacéo

As concentrac¢des de Cu encontradas nas raizes de C. tocantinum séo consideradas altas,
inclusive quando cultivada no solo. Em condi¢des normais a maioria das espécies vegetais
possuem concentragdes de Cu entre 20 a 30 mg kg™ de matéria seca (KABATA-PENDIAS,
2010). Em virtude da absorcéo e do transporte de Cu nas plantas depender predominantemente
do nivel do elemento e dos ambientes de crescimento (SALEEM et al., 2020), esses resultados
estdo relacionados a alta concentragéo pseudo-total de Cu residual do rejeito e a riqueza mineral
do solo de floresta utilizado afim de simular as condi¢des edaficas naturais para o crescimento
da espécie na regiao.

Uma provavel combinacdo de sideréforos com o Cu pode ter ocorrido, aumentando a
absorcéo por C. tocantinum no rejeito e em RS de acordo com as concentracdes encontradas
nas raizes. A cepa bacteriana utilizada no presente estudo produz sideréforos, quelante de ferro
(Fe) que é um composto organico de baixo peso molecular com alta afinidade para Fe3*, mas
que também pode se combinar com outros elementos metalicos (Cd e Zn) para formar
complexos e aumentar sua utilizacdo em plantas (HE et al., 2020). Rizobactérias produtoras de
sideroforos condicionaram a absorc¢do de Cu por Brassica oxyrrhina em solo contaminado (MA
etal., 2016). Em termos praticos, resultados imediatos e menos onerosos para a fitorremediagao
de Cu podem ser alcangados apenas com a inoculagéo da cepa bacteriana nas sementes de C.
tocantinum.

A compartimentalizagdo preferencial de Cu na raiz de C. tocantinum demonstrada pela
maior concentragdo naraiz e FT < 1, ocorreu devido & natureza imovel do elemento nos tecidos
vegetais (ADREES et al., 2015). O Cu é retirado do meio de crescimento e acumulado

principalmente nas raizes de especies arboreas tropicais (SILVA et al., 2018; MEYER et al.,
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2016; SILVA et al., 2015). Contudo, isso também é citado como um mecanismo de toleréncia
das plantas, no qual o Cu é imobilizado através da formacdo de complexos insolUveis e inertes
nas raizes, reduzindo a acdo negativa no metabolismo (COVRE et al., 2020). Através desses
mecanismos, plantas tolerantes a EPTs diminuem a biodisponibilidade e mobilidade desses
elementos indicando potencial para fitoestabilizagdo (BURGES et al., 2017).

Segundo Nayak et al. (2018), as principais caracteristicas de fitoestabilizacdo da planta
séo FBC daraiz > 1 e TF < 1. Entretanto, o baixo FBC da raiz de C. tocantinum reflete aos
niveis pesudo-totais de Cu elevados presentes nos substratos. Altas concentracdes de EPTs no
solo podem resultar em FBC < 1, mesmo que a planta absorva grandes quantidades (ALI et al.,
2013). Desta forma, além do FT < 1, a recomendacédo de C. tocantinum para fitoestabilizacao
de Cu em rejeito de mineracdo no presente estudo se baseia no FBT da raiz > 1.

O FBT leva em consideracdo os niveis disponiveis de EPTs que estdo passiveis de
absorco e dispersdo (RODRIGUEZ-VILA et al., 2014). A maior eficiéncia de absorcéo de Cu
promovida pela bactéria inoculada em C. tocantinum, sobretudo cultivada no rejeito, elevou o
FBT a 30, resultado muito superior aos obtidos para Khaya ivorensis e Cedrela fissilis em testes

com solo contaminado artificialmente por Cu na regido amazénica (COVRE et al., 2020).

3.5.  Concluséo

A inoculagédo das sementes de C. tocantinum com a cepa bacteriana isolada neste estudo
promoveu a germinacao no rejeito de mineracdo de Cu. O composto organico produzido de
caroco de acai adicionado ao rejeito de mineracdo reduziu o pH, aumentou o contetido de CO
e disponibilizou Cu em maior concentracdo. O composto incrementou a biomassa de raiz e parte
aérea com elevada area foliar, produzindo plantas com melhor padrdo de qualidade e maior
tolerancia. A cepa bacteriana utilizada aumentou a fitoestabilizacdo de Cu por C. tocantinum
em rejeito de mineracédo industrial, que apresentou elevada concentracdo de Cu na raiz devido
a alta biotransferéncia da solucdo e baixa translocacdo para a parte aérea. Os resultados
encontrados indicam que a espécie C. tocantinum, o composto de caro¢o de acai e a cepa
bacteriana isolada de S. torvum de &rea de mineragdo de Cu sdo promissores para a

fitorremediacao.
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