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RESUMO

Mineragdes artesanais de bens metalicos sdo conhecidas por seus efeitos nocivos aos ecossistemas,
incluindo contaminagdes em humanos e animais, além de impactos econoémicos. Trata-se de uma
atividade realizada em maior parte sem regulacdo ambiental e que é frequentemente abandonada apos
exaustdo do minério, o que pode significar anos de persisténcia de metais potencialmente toxicos nos
solos e nos recursos hidricos. Este é o cenario do Distrito Aurifero de Lavras do Sul (DALS-RS), no
Rio Grande do Sul, onde a minera¢do de Au-Ag-Cu foi abandonada hé 40 anos. Pogos de 4gua do tipo
cacimba e tubulares profundos tiveram amostra de 4gua coletadas em duas campanhas de campo, uma
no verdo e outra no inverno, objetivando avaliar a qualidade destas 4guas para consumo humano. Ainda
no inverno, solos foram coletados em dez pontos. Os cations das dguas foram analisados por
Espectroscopia de Emissao Atomica por Plasma Acoplado Indutivamente (ICP-OES), e os anions por
volumetria de neutralizacao e precipitacao, espectrofotometria UV, Método de Winkler e iodometria. A
mineralogia dos solos foi caracterizada por Difragdo de Raios-X. A analise dos dados consistiu em uma
analise estatistica descritiva das variaveis de interesse, na determinag@o das facies hidroquimicas e na
modelagem hidrogeoquimica. As concentragdes dos metais foram submetidas a calculos dos Indices de
Poluigdo (IP): Heavy Metal Pollution Index (HPI) e Heavy Metal Evaluation Index (HEI). Os resultados
hidrogeoquimicos indicam que as aguas estdo com concentragdes mais criticas de NOs~, Cl, Al, Fe, Pb,
Cd e As, e estes elementos, juntos ou separadamente nas amostras, tornam nao potaveis 70% das aguas
do primeiro campo ¢ a totalidade das aguas no segundo campo. As concentragdes destes elementos tém
influéncia preponderante das atividades agricolas atualmente realizadas na area. Quanto aos indices,
estes demonstram algumas diferengas no diagnostico de potabilidade, indicando que no primeiro campo,
para o HEIL, 90% das amostras estdo adequadas e para o HPI, 60%. No segundo campo, HEI indica 70%
e o HPI, 90%. As discrepancias de diagnosticos entre as analises hidrogeoquimicas e as andlises pelos
indices, de principios matematicos distintos, refor¢a a necessidade de uma avaliagdo criteriosa para
determinacdo do resultado que melhor representa a area estudada. Para o contexto fisico-quimico do
DALS-RS, o indice mais adequado foi o HPI, inclusive pela sua maior efetividade em representar a
toxicologia dos metais e metaloides. O estudo demonstra ser exequivel a aplicacdo de indices de
poluicdo para diagndstico de qualidade de aguas em pequena escala, desde que avaliando-se a

hidrogeoquimica conjuntamente e considerando o contexto hidrogeologico.

Palavras-chave: Mineracdo abandonada; Metais em aguas; Hidrogeoquimica; Indices de poluigéo.



ABSTRACT
Artisanal mining of metals is known for its harmful effects on ecosystems, including contamination of
humans and animals and economic impacts. This activity is carried out mostly without environmental
regulation. The sites are often abandoned after ore exhaustion, which can cause years of persistence of
potentially toxic metals in soils and water resources. This is the scenario in the Lavras do Sul Gold
District (DALS-RS), southern Brazil, where Au-Ag-Cu mining was abandoned 40 years ago. Water
samples were collected from shallow wells and deep tubular wells in two field campaigns (summer and
winter), to assess the quality of these waters for human consumption. Also, in the winter, soil samples
were collected at ten points. The water cations were analyzed by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-OES), and the anions were analyzed by neutralization and precipitation
volumetry, UV spectrophotometry, Winkler Method, and iodometry. The soil mineralogy was
characterized by X-Ray Diffraction. Data analysis consisted of a descriptive statistical analysis of the
variables of interest, determination of hydrochemical facies and hydrogeochemical modeling. The metal
concentrations were subjected to calculations of Pollution Indexes (PI): Heavy Metal Pollution Index
(HPI) and Heavy Metal Evaluation Index (HEI). The hydrogeochemical results indicate that waters have
more critical concentrations of NOs", CI', Al, Fe, Pb, Cd e As. These elements, together or separately in
the samples, make 70% of the waters of the first field and all of the waters of the second field unpotable.
The concentrations of these elements are predominantly influenced by the agricultural activities
developed in the area. Regarding the indexes, these demonstrate some differences in the diagnosis of
potability, indicating that in the first field, for the HEIL, 90% of the samples are adequate and for the HP]I,
60%. In the second field, HEI indicates 70% and the HPI, 90%. The discrepancies in diagnoses between
the hydrogeochemical analyses and the analyses by the indexes, with different mathematical principles,
reinforce the necessity of determination of results that represents the studied area. The most adequate
index for the physical-chemical context of the DALS-RS was the HPI, also due to its greater
effectiveness in representing the toxicology of metals and metalloids. The study demonstrates that
applying pollution indexes to diagnose water quality on a small scale is feasible, as long as the

hydrogeochemistry is evaluated and the hydrogeological context is considered.

Keywords: Abandoned mining; Metals in water; Hydrogeochemistry; Pollution rates.
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1 INTRODUCAO

As aguas subterraneas e subsuperficiais interagem continuamente com rochas e
solos a medida que percolam no espago permoporoso, causando varios processos geoquimicos,
tais quais dissolucdo, precipitagdo e adsor¢do, que modificam sua composi¢do quimica e lhe
conferem caracteristicas diversas. As intera¢des das dguas com o meio geoldgico requerem
especial atencdo em areas de mineragao metalica, pois a atividade pode implicar no acimulo
de elementos potencialmente toxicos como As, Pb e Cd, advindos naturalmente dos minérios e
também do seu beneficiamento. As consequéncias humanas e ambientais dessa atividade
extrativa sdo amplamente documentadas na literatura (por exemplo, Faial et al., 2015;
Gutiérrez-Mosquera et al., 2021; Lopez-Blanco et al., 2015; Wang et al., 2015). A poluicao
mais comum se da em fungdo do processamento do minério, realizado com amalgama de Hg,

de grande alcance por causa da volatizacdo do metal (Veiga; Fadina, 2020).

Para a avaliagdo ambiental, estudos hidroquimicos tém sido conduzidos para indicar
a origem dos ions, suas espécies, mudangas composicionais ao longo do fluxo, potabilidade,
dentre outros (Biswas et al., 2014; Postawa; Motyka, 2019; Wang et al., 2024). Para além do
estudo hidroquimico, que consiste em varias etapas e fornecem multiplos resultados, indices de
poluicao tém sido aplicados para sumarizar numericamente a potencial qualidade das 4guas
(Abbasnia et al., 2019; Syeed et al., 2023). Esses indices podem ser Indices de Qualidade da
Agua (IQA), que consistem na analise de anions, cations e parimetros fisico-quimicos e
organicos, ou Indices de Polui¢do (IP), que quantificam os niveis de polui¢do de aguas e,
portanto, sua potabilidade em relagdo a presenca de metais. Os indices IQA sdo mais complexos
na aplicagdo pois normalmente sao constituidos de mais de 20 paradmetros para a designagao da
qualidade. Diante de um cenério de andlises quimicas mais restrito, 0 que ¢ comum em paises
em desenvolvimento, ¢ invidvel a aplicagdo de indices robustos. Além de serem indices
dificilmente escaldveis, a inser¢do de muitas variaveis tende a complexar o sistema e gerar
problemas matematicos relacionados a um termo conhecido como eclipsamento, que ocorre nao
sO pelo demasiado nimero de varidveis mas pela subindexagdo indevida, quando por exemplo
o peso do elemento depende da analise de um especialista e ndo de uma diretriz governamental
de potabilidade ou qualidade da agua (Balcerowska-Czerniak & Gorczyca, 2024; Uddin et al.,
2021). Frente a estes fatos, a aplicagdao dos PIs ¢ priorizada, principalmente em contextos em

que ha mineragdo e que metais figuram como principal problematica ambiental.
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O Distrito Aurifero de Lavras do Sul (DALS-RS), no Rio Grande do Sul, abrigou por
quase trés séculos a exploragdo artesanal de Au, vindo a encerrar as atividades na década de
1980. Desde entdo, as principais atividades econdmicas do municipio sao a agricultura e a
pecuaria, que se desenvolvem em terrenos sabidamente contaminados com Hg, Pb, As e outros
metais e metaldides potencialmente toxicos nos solos e em sedimentos de corrente, sem nunca
ter havido processos de remediacao ambiental (Grazia & Pestana, 2008; Machado, 2017; Dames
& Pestana, 2017; Thimotheo et al, 2021). Aguas de consumo humano ainda ndo haviam sido
estudadas, sendo desconhecido até entdo a possibilidade dessa matriz ser uma rota de
contaminagdo para humanos. O primeiro trabalho de campo no DALS-RS, no periodo de seca
em dezembro de 2022, resultou em uma amostragem de 34 pocos tipo cacimba, tubulares
profundos e dguas superficiais. Apos os resultados laboratoriais para cations e anions, 10 pontos
foram selecionados para serem reamostrados na segunda campanha de campo, no periodo de
chuvas, em julho de 2023. Além das coletas de 4gua na segunda campanha, nos mesmos locais
foram amostrados solos, posteriormente analisados por Difracdo de Raio x. Os resultados se
constituiram de um artigo, em que a potabilidade ¢ analisada sob perspectiva de um fluxo de
trabalho que inclui hidrogeoquimica e indices de polui¢do.

Os rastros ambientais e sociais deixados pela mineracao legal ou artesanal/garimpeira
sdao de grande preocupacgdo por profissionais dessa atividade e, especialmente, dos residentes
das areas-alvo. Fluxos de trabalho que avaliem as interagdes entre as fases liquidas-solidas a
fim de compreender globalmente os componentes nas matrizes ambientais sdo fundamentais
para uma gestdo adequada dos passivos. Cerca de 93% dos residentes entrevistados utilizam as
aguas dos pogos para consumo proprio e¢/ou uso doméstico, portanto, os resultados obtidos
poderdo constituir-se de instrumento de planejamento para as agéncias reguladoras, para a
elaboragdo de politicas publicas de saude, de abastecimento de 4gua rural e de seguranga

sanitaria.

1.1 Objetivo
Avaliar a distribuicao de cations e anions nas aguas e determinar, entre indices de

poluicdao, o melhor para o diagndstico de potabilidade no contexto de mineragdo artesanal

abandonada.
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2 MATERIAL E METODOS
2.1 Sintese do fluxo de trabalho

A descrigao resumida do fluxo de trabalho para as duas campanhas de campo
verifica-se na Figura 1. Os procedimentos adotados em cada Item sao explicados nos Capitulos
subsequentes.

Figura 1. Fluxo de trabalho metodolégico.

Fluxo metodoldgico

Campo 1 Campo 2
dezembro/2022, julho/2023,
periodo seco periodo chuvoso

ﬁ.g ua: 10 pontos

A . -10 amostras filtradas e 10
Agua: 34~po_ntos ~— AMOSTRAGEM —e amostras nao filtradas
-amostras nao filtradas- ltem 2.2 para cations-

1 \L Solo: 10 pontos amostrados
At . i -20 analises de cations
-34 andlises de cations,__ ETAPAS ANALITICAS ——e (LSO1,03, 11,13, 14, 16, 20, 23, 30 & 32)
-14 analises de anions ltem 2.3 -10 analises de anions
-10 analises mineralogicas DRX

TRATAMENTO DOS DADOS

[tem 2.4
d

Descritos na seguinte ordem:
2.4.1 Fase solida: DRX
2.4.2 Fase aquosa: amostras filtradas e néo filtradas;
3. Artigo: andlise hidrogeoquimica, indices de poluigéo, interpolagédo espacial.
4. Resultados e Discussdo: dados complementares (dos itens 2.4.1 e 2.4.2)

Fonte: elaborado pela autora (2024).

2.2 Amostragem de aguas e solo

A amostragem, de acordo com orientacdes de EMBRAPA (2011), se dividiu em
duas campanhas de campo, a primeira no periodo seco, em dezembro de 2022, e a segunda no
periodo chuvoso, em julho de 2023 (espacializacdo da amostragem vide Figura 2). A geologia
regional, local e informacgdes pertinentes a figura sdo apresentadas no artigo, Item 3. As
informagdes qualiquantitativas obtidas em campo para todos os pontos podem ser acessadas no
Apéndice A, contendo os pontos estudados, forma de uso e ocupacdo do solo/aguas, tempo de

exposicao aos recursos da propriedade e tratamento das dguas.



Figura 2. Geologia, areas mineiras abandonadas e pontos de amostragem das duas campanhas de campo, no Distrito Aurifero de Lavras do Sul/RS.

T T T T T T T T T T T T T
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Convengoes cartograficas Geologia m

@ POCO TUBULAR T —
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[l AGUA SUPERFICIAL - Compl. Intrusivo LS (Facies Periféricas)- Hilario Facies Vulcanica Elaboragdo:

* COLETADESOLO ) 8] compi. intrusivo LS (Facies Nacleo) B8 Hipersteniodiorito Marina Thimotheo (2023)
— Sistema de falhas/zonas de cisalhamento ) . Geologia adaptada de
77| Area de desmonte mineiro - Formagdo Santa Fé - Monzenito e quartzo-monzonito Grazia & Pestana (2008)
f==} Drenagem de margem dupla B Formagao sta. Barbara [825] quartzo-monzonito Pérfiro Datum: SIRGAS 2000
%% Area urbana de Lavras do Sul F&l Granito Jaguari [Wm] Formago Marica "i\g e s ncias

Mina desativada - Granodiorito - Gnaisses Cambaf

% Moinho de beneficiamento

Fonte: elaborado pela autora (2024).
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PRIMEIRO CAMPO

Em dezembro foram amostrados 34 pontos, 20 pogos cacimbas com aguas
subsuperficiais (profundidades entre 0,4-10 metros), 3 pontos com aguas superficiais € 11 pogos
tubulares profundos (até ~150 metros) (Apéndice B). Para conservagao dos metais, HNO3 foi
adicionado aos frascos, observando a estabilizacdo em pH 2, além do acondicionamento em
caixas térmicas a temperatura de 4°C durante o campo e, ap6s, armazenados em refrigerador a
mesma temperatura até a entrega ao laboratdrio. Nesta primeira campanha as amostras nao
foram filtradas em campo na expectativa de se verificar exatamente como as aguas sao

consumidas pelos moradores, sem filtragem prévia.

SEGUNDO CAMPO

No segundo campo, 10 pontos (LSO01, LS03, LS11,LS13,LS14,LS16,LS20, LS23,
LS30 e LS32) foram reamostrados, com duas coletas em cada ponto. Uma coleta recebeu
filtracdo in situ com filtro 0,45 um em seringa 60 ml, e a outra ndo recebeu filtracdo. A
metodologia foi empregada para avaliar a variacdo das concentra¢des dos metais a medida que
os coloides/solidos suspensos diminuissem ao ficarem retidos no filtro. Todas as amostras, de
ambas campanhas, receberam filtracdo e digestio no laboratorio pré-analise quimica (vide Item
2.3). O procedimento de conservagdao para analise de metais e acondicionamento em caixas
térmicas foi o mesmo do primeiro campo, para as amostras filtradas e nao filtradas. Para
resultados das amostras filtradas e duplicatas: Apéndice C. Concentragdes das amostras nao

filtradas estdo no artigo, Item 3.

Os 10 pontos selecionados para reamostragem no segundo campo foram definidos
segundo os seguintes critérios: 1) concentracdes de elementos potencialmente toxicos
verificados no primeiro campo; ii) relevancia para estudo de geologia médica, ou seja, tempo
de exposicao dos moradores as dguas superior a 10 anos; iii) usos das dguas; iv) distribuicao
espacial/malha amostral; v) distribui¢@o dos litotipos do DALS e vi) proximidade com antigas

areas de extra¢ao mineira.

Para ambas campanhas os frascos foram esterilizados pelo laboratério e ambientados
trés vezes in situ, sempre com o uso de luvas antes de serem preenchidos. As amostras
receberam um numero de acordo com a ordem da sua coleta, precedidas da sigla “LS”, de
Lavras do Sul. Quando consta “D” apds o niimero significa duplicata; quando “F”, que a
amostra foi filtrada; “FD” corresponde a filtrada e em duplicata. Comumente a nomenclatura ¢

referida como LSXX cl ou LSXX c2, sendo que “c1” diz respeito a primeira campanha de
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campo e “c2”, a segunda campanha. Para metais, os materiais dos frascos utilizados foram
polietileno translucido (1L), vidro transparente para oxigénio dissolvido (500 ml) e vidro &mbar

para anions (1L).

Parametros in situ foram medidos, como pH, Eh, temperatura, Condutividade Elétrica,
Salinidade e Total de Solidos Dissolvidos. A conversao do Eh para pE considerou o fator
numérico de corre¢do necessario e temperatura, uma vez que nao se utilizou em campo o
eletrodo padrao de hidrogénio (Standard Hydrogen Electrode-SHE), mas sim um eletrodo

Ag/AgCl. A conversdo ¢ descrita conforme Equagao 1.

pE = F/(2.303RT)*Eh(Volts) [Equacdo 1]

Onde: “F” =96.5 kJ/(V-eq); “R” =.0083147 kJ/(deg-mol); “T” = Kelvin; “2.303” ~ log(10)

SOLOS

Os solos foram coletados nos mesmos 10 pontos das dguas, na segunda campanha. A
coleta priorizou a proximidade com os rejeitos mineiros quando existentes e se nao,
proximidade com os pocos. Uma aliquota de 1 kg foi coletada com pa plastica até a
profundidade de 10 cm, com acondicionamento em sacos plasticos transparentes, ao abrigo do

sol e calor.

2.3 Etapas analiticas

2.3.1 Hidroquimica
CATIONS

Na primeira e segunda campanhas de campo os frascos foram direcionados ao Instituto
Tecnologico de Paleoceanografia e Mudangas Climaticas (itt Oceaneon) da Universidade do
Vale do Rio dos Sinos - UNISINOS. Foram analisados os elementos Al, Ba, Ca, Cu, Cr, Fe, K,
Mn, Na, Ni, Zn, Hg, Mg, As, Cd e Pb. Para determinagdo dos metais, as amostras de dgua
passaram por um processo de digestdo acida e filtragao com filtro comum de 0.45 um. O método
de digestao empregado baseia-se no Método EPA 3015A. Inicialmente, uma aliquota de 45 ml
foi digerida com 5 ml de HNOj3 concentrado utilizando-se um forno de microondas Ethos Up
da Milestone. O programa de digestao consistiu em rampa de 15 minutos e patamar de digestao
de 15 minutos a uma temperatura de 170°C &+ 5°C. Apo6s a etapa de digestao, as amostras foram

filtradas e avolumadas com solucao de HNO3 1% até S0mL.
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As amostras diluidas foram analisadas por meio da técnica de Espectrometria de
Emissio Optica com fonte de Plasma Indutivamente Acoplada - ICP OES e para As, Pb e Cd
por Espectrometria de Massa com Plasma Indutivamente Acoplado - ICP MS (iCAP 7200 da
Thermo Fisher Scientific). A leitura seguiu o método de referéncia SMWW 3120B. As
interferéncias isobaricas moleculares e os brancos instrumentais foram subtraidos das medidas
de intensidades das corridas de branco da solugdo de HNO3; 1%. Os dados obtidos foram
convertidos para ppm e tratados no software Qtegra. O Limite de Quantificacao foi calibrado
de acordo com a PORTARIA GM/MS N° 888, DE 4 DE MAIO DE 2021 (Brasil, 2021). O
material de referéncia utilizado para o controle de qualidade dos resultados foi o ERM-CA615
— Groundwater, mesmo método de preparacdo realizado nas amostras de ambas campanhas de

campo.

ANIONS

Dois laboratorios recepcionaram as coletas para andlise de anions. Na primeira
campanha, o Laboratdrio de Hidrogeologia e Hidrogeoquimica HzL, da Universidade Estadual
Paulista Julio de Mesquita Filho - UNESP. Os anions analisados foram alcalinidade, Cl~, NOs’,
SO4+*-. Na segunda campanha, enviou-se para o Laboratorio do Instituto de Biociéncias da
Universidade Federal do Rio Grande do Sul - CENECO/UFRGS, analisando-se Alcalinidade,
Cl7, NOs, SO4*- e Oxigénio Dissolvido. A metodologia para ambos foi a mesma, a alcalinidade
(em mg CaCOs/L) foi analisada por volumetria de neutraliza¢do e convertida para HCOs™ em
mg/L, cloreto (mgCl-/L) por volumetria de precipitacdo, nitrato (espectrofotometria UV),
oxigénio dissolvido pelo Método de Winkler e sulfato por iodometria. Para cations o controle
de qualidade se deu com frascos “brancos” figurando entre 3% e 10% do total de amostras
(frascos de polietileno preenchidos in situ com dgua destilada e acidulados com HNO3), e tanto
para cations como anions as duplicatas sdo 10% do total. Os balangos idnicos para todas as

amostras ficaram em limites maximos aceitaveis de até 10%.

2.3.2 Solos
A mineralogia dos solos foi determinada por Difracdo de Raios-x (DRX), Difratdmetro

D2 Phaser da Bruker, no laboratorio do Instituto de Geociéncias da Universidade Estadual de
Campinas - UNICAMP. As etapas consistiram em secar as amostras imidas por 24h em forno
a 30°C, em sacos de papel pardo. Apds secagem, foram moidas e homogeneizadas até a
granulometria 75 um. As fragdes foram preparadas para po total e laminas orientadas para

argilominerais. A preparagdo das laminas sucedeu o preenchimento de dois frascos com 20g de



18

solo e 4agua destilada, seguido de duas centrifugacdes para decantacdao dos argilominerais, por
7 e 30 minutos, respectivamente. Descartado o sobrenadante, houve a pipetagem das argilas e
deposicao sobre laminas de vidro.

Para a anélise do po total o intervalo 2 theta foi 5-75 e para a amostra orientada foi de
2-75, tempo 0,6 segundos em cada step, 4010 steps, somando 50 minutos de leitura. Cada
lamina passou por 4 leituras: normal, apos glicolagem por 8h, aquecida a 450°C e aquecida a

550°C (aquecimentos em mufla por 2 horas).

2.4 Tratamento dos dados

2.4.1 Fase solida

A fase solida ¢é caracterizada pelos resultados mineraldgicos do DRX. Os
difratogramas estdo no Apéndice D,E. As fases minerais foram interpretadas sempre
considerando a mineralogia ja citada na literatura sobre solos e rochas, para evitar interpretagdes
equivocadas. Para o po total utilizou-se o HighScore Plus 3.0.5, banco de dados COD, e para
as amostras orientadas o banco de dados das especificagdes constantes no manual online “Clay

Mineral Identification”, do United States Geological Survey.

2.4.2 Fase aquosa

A analise da diferenca de concentragdes dos cations entre amostras filtradas e nao
filtradas no segundo campo consistiu no célculo da diferenca simples entre os teores de ambas
amostras. A diferenca possibilita determinar as possiveis precipitagdes/perdas dos elementos

em solucdo devido a adsor¢do em coloides e/ou material particulado e dissolucao pelo acido.

A potenciometria, para defini¢do das linhas de fluxo d'dgua e interinfluéncia entre
0s pocos, foi calculada a partir de 14 pogos cacimba e tubulares na primeira campanha de campo
(LSO1 _c1, LSO3 cl, LS04 cl1, LSO05 c1, LS08 cl1, LS11 cl, LS13 cl, LS14 cl, LS16 cl,
LS20 cl1, LS23 cl, LS24 cl, LS26 cl e LS29 cl), pontos em que a informa¢do do nivel
estatico d’agua foi obtida com medidor de nivel d’dgua com sensor eletronico, de 200 metros.
A maioria dos pogos tubulares ndo continham tubo auxiliar para medi¢do, impossibilitando o
levantamento. Estudos anteriores de aquiferos sdo ausentes na regido, devido a quase
inexisténcia de pocos cadastrados no Sistema de Informagdes de Aguas Subterrdneas -
SIAGAS, ou em outras bases publicas.

Diante disso, a designacao do fluxo d’agua ¢ interpretada em carater orientador, e

sempre considerando os limitantes fisicos para as inter-relagdes entre os pogos, tanto entre os
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pogos rasos como a nivel de aquifero (ex. influéncia das falhas regionais). O célculo, em metros,
¢ realizado somando-se a cota do terreno (“c”’) e a altura da boca do po¢o (hpeca) € subtraindo o

nivel estatico d’agua (NE), conforme Equacao 2 (Feitosa et al., 2008). No Apéndice A constam
os valores de cada varidvel que foi utilizada para o célculo dos 14 pontos. No Apéndice F consta

0 mapa potenciométrico.

Nivel potenciométrico = ¢ + hpoca - NE  [Equacao 2]
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3 ARTIGO SUBMETIDO

Diagnosis of water potability based on pollution indices and hydrogeochemistry

in abandoned gold mines, southern Brazil

Authors: Marina Thimotheo; Ricardo Perobelli Borba; Francisco Manoel Wohnrath Tognoli

Abstract

Artisanal mining is responsible for extensive contamination of ecosystems, including humans
and animals. When abandoned, the environmental problem can last long as potentially toxic
metals and metalloids that are not bio(decomposed). This study focuses on a more than two-
century-old Au-Ag-Cu mining area in southern Brazil known as Lavras do Sul Gold District,
abandoned 40 years ago. Currently, these areas are inhabited and used for agricultural and
pasture activities. Based on chemical analysis of water for human consumption from
homemade/private wells collected in two field campaigns, we evaluated the presence,
distribution and quantity of potentially toxic elements. Furthermore, the determination of the
pollution indices Heavy Metal Pollution Index (HPI) and Heavy Metal Evaluation Index (HEI),
helped in the evaluation of potability. The proposed workflow includes hydrogeochemical
analysis, mathematical modelling for element speciation, index calculation and spatial
interpolation. The hydrogeochemical results indicate that source of anions and cations has
influence of the agricultural activity and, to a lesser extent, geological activities. The elements
in the highest concentrations are NOj3, Cl- and Cd*", Pb*", As(V), AI** and Fe?*, which made
70% and 100% of the water samples unsuitable for consumption, respectively from the first and
second field campaigns. The analysis of the indices revealed significant discrepancies in
potability diagnoses, with the HPI reaching a value 72.1 times higher than the HEI in the same
sample. The index that best represented contamination by critical metals in the area was the

HPI, as it favors small quantities of elements in defining the weights of these pollution indices.

KEYWORDS: Artisanal mining; Metal; Metalloid; Human contamination; Hydrogeochemical

modelling.
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Highlights

- Critical elements in water are NO3~, Cl- and Cd**, Pb*", As(V), AI*" and Fe?".

- Pollution indices are sensitive to metals and guideline values.

- HPI:HEI ratio can reach more than 70.

- Interpolation can be used on a small scale only based on hydrogeological interpretations.

- Analysis of the interpolation considering hydrogeological constraints is addressed.

Graphical Abstract
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1 INTRODUCTION

Small-scale artisanal mining is, even today, a common practice in developing countries
like Brazil, and its principal characteristic is the almost non-existent environmental regulation
and control (Balasubramanian, 2017). Gold is one of the most extracted metal in this type of
activity due to its international value (Clifford, 2017). Small-scale artisanal gold mining is
estimated to be responsible for 20% of the global Au production (Veiga et al., 2006). The most
significant pollution resulting from this activity is due to the ore processing, carried out with
the thermal decomposition of amalgams using Hg in open deposits and the amalgams of the
whole ore in small ball mills. This practice releases at least three times more Hg into the
environment than evaporating Hg from amalgams with a torch (Veiga & Fadina, 2020). In
addition to Hg, potentially toxic metals such as As, Cd, Pb and Zn are commonly observed
accumulated in these areas in various environmental compartments, even for more than 40 years
after the cessation of extractive activities (Asare et al., 2024; Clifford, 2017; Durao Janior et
al., 2009). Areas abandoned after the end of extraction should have special attention, as in the
absence of environmental remediation, they are prone to being inhabited and exploited by
agricultural and pasture activities, potentially generating human and animal contamination.

Damage to ecosystems promoted by mining activities impacts the economy and human
life. They affect the economy in many different ways, such as removing value from agricultural
land and favoring soil acidification, which requires remediation processes that can take years
and even decades (Wang et al., 2015). This scenario is severe in cities where agriculture is the
primary source of the economy. As for human life in abandoned gold mining contexts, the
harmful impact is the contamination of the organism through direct ingestion of contaminated
water, animals and soils, in addition to dermal contact with these matrices (de Souza et al.,
2017; Faial et al., 2015; Gutiérrez-Mosquera et al., 2021). The assessment of the environmental
impact of these abandoned areas must be as precise as possible, aiming to propose effective
public policies based on evidence to mitigate damage to the environment in its entirety.

In waters, the study for hydrogeochemical characterization has been applied to indicate
the origin of ions, their species and compositional changes along the route, in addition to
helping in the understanding of factors that affect their quality (Postawa & Motyka, 2019; Wang
et al., 2024). Quantification of contamination in groundwater is more complex than in surface
water, as in addition to being less visible, contamination lasts longer and may present hysteresis.
Such difficulties become magnified in fractured aquifers due to flow heterogeneity and multiple
lithologies (Christofi et al., 2020). Alternatively, hydrogeochemical modelling to determine

probable chemical species, statistics and deterministic models of spatial variability have shown
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good tools to address the problem and describe conceptual hydrochemical and water quality
models (Biswas et al., 2014; Bodrud-Doza et al., 2019).

Based on hydrochemical results, numerous indices have been proposed to numerically
summarize the potential for water pollution, such as the Pollution Index (PI) models, which
measure water quality in terms of the degree of pollution of water bodies and evaluate the
concentration of potentially toxic metals in water or sediments (Islam et al., 2018; Syeed et al.,
2023). The Heavy Metal Pollution Index (HPI) and Heavy Metal Evaluation Index (HEI) are
among the most used indices. In both, parameter selection depends on expert opinion and use.
In the HPI, the element's weight in the index is a function of the inverse of the Guideline Value
(GV), defined in environmental guidelines as the Maximum Allowable Concentration (MAC)
for potability. In HEI, there is no fixed weight for the elements, and the pollution result depends
on how much the concentration exceeds the GV in each element, which will be summed to the
final result (Kumar et al., 2019; Parsad & Bose, 2001). Spatialization by interpolation considers
the hydrogeological limitations of the terrain and is equally fundamental for the correct
diagnosis of pollution, since the interpolator makes mathematical approximations of the results
that may not represent the reality of the physical environment (Bodrud-Doza et al., 2019; Gong
et al., 2014; Yazidi et al., 2017).

Abandoned mines are challenging to quantify contamination, especially in areas with
rural housing and other polluting activities, such as agriculture. Forty years have passed since
the abandonment of gold mining in Lavras do Sul, which lasted almost three centuries using
mercury amalgam. This process contaminated soils and river bottom sediments with Hg, Cd,
Pb and other potentially toxic metals as indicated in previous studies (Grazia & Pestana, 2008;
Machado, 2017; Dames & Pestana, 2017; Thimotheo et al, 2021). However, this study is the
first to evaluate water for human and animal consumption in this region. From an initial total
of 34 sampled points, ten representative points were selected for sampling in two consecutive
field campaigns, in dry and rainy periods, evaluating cations and anions in homemade shallow
wells (homemade well/private well), tubular deep wells and surface waters. This research aims
to assess the distribution of metals in waters in different seasonal periods and determine the
best index for diagnosing pollution in the context of small-scale mining and low sample

numbers.
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2 STUDY AREA AND GEOLOGICAL BACKGROUND

The Lavras do Sul Gold District (DALS-RS) includes the homonymous municipality,
with an extension of 220 km?, located in the southwest region of Rio Grande do Sul, southern
Brazil. Figure 1 represents the location of the study area, its geology, and the location of the ten
water-sampled points for this study. The population is approximately 7,157, with 62% living in
urban areas and 38% in rural areas (IBGE, 2022). Homemade/private wells supply more than
90% of rural residences without chemical quality control for potability; around 93% are used
for human and domestic consumption. Until the 1980s, the municipality's main economic
activity came from the artisanal mining of metallic goods, which has since been replaced by
agriculture and pasture throughout the city.

The territory has a mining history that began at the end of the 18™ century, with the
artisanal exploration of Au nuggets on the sand banks of the Camaqua River, the largest river
in the region and where the public water supply comes from until nowadays. In 1870, the Gold
Mining Company established the first private capital company, which, in addition to alluvial
exploration, began to explore ores, removing them from gold-bearing quartz veins and
processing them using Hg amalgam. The record for the most significant volume extracted is
from the 1980s, with 3 kg of raw Au/month. In 1983, mining was abandoned, given the apparent
exhaustion of prospects, without decommissioning and assessing environmental impacts
(Carvalho, 1932; Teixeira & Leinz, 1942; Machado, 2017; IBGE, 2022).

The regional geology of DALS-RS falls within the southern segment of the
Mantiqueira Province de Almeida et al. (1977), called the Sul-Riograndense Shield, with the
superposition of deposits from the Camaqua Basin and the Parand Basin. Locally (Fig. 1), the
most expressive outcropping rocks are andesites from the Hilario Formation - HF
(Volcanoclastic Facies and Volcanic Facies) and granite-like rocks from the Lavras do Sul
Intrusive Complex - CILS (Peripheral Facies and Core Facies), which host the mineralized
bodies (Gastal, 2006). The fracture systems of regional expression to the north and south of
DALS-RS (Faul System-shear zone in Fig. 1), are shear zones derived from the resurgence
processes of the magmatic caldera that gives rise to the CILS, estimated at up to 8 km in depth.
These systems allowed the increase of mafic-ultramafic intrusions (e.g. lamprophyres) and
percolation of hydrothermal fluids that controlled mineralization in DALS-RS (Gastal, 2015).

The HF rocks have varied mineral composition, including the paragenesis of sulfides
(Fe, Cu, Pb, Zn and Ni), calcite, quartz, metamorphosed fragments of the host rocks and
alteration minerals (Reischel, 1980). The composition of the sulfides that form the

mineralizations is varied, and may contain Fe (pyrite), Cu (chalcopyrite/chalcosine/covellite),
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Pb (galena), Zn (blende) and As (arsenopyrite) (Machado, 2017). The CILS Core Facies
comprises granodiorites and monzogranites of shoshonite affinity. The main sets of
mineralizations occur as a disseminated ore, such as in the granites at Mina Bloco do Butia, and
in veins or veins of quartz, calcite and other minerals (Mexias, 2000). In the hydrogeological
context, Lavras do Sul belongs to the Southern Shield Province, which has aquifers restricted

to fractured zones of igneous and metamorphic rocks known as Crystalline Aquifer (Mente,
2008).



Fig. 1. Location, sampled sites and local geology of the Lavras do Sul Gold District.
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3 MATERIAL AND METHODS
3.1 Sampling sites and chemical analysis

Water was sampled in the dry season (summer), in December/2022 (samples “c1”),
and in the rainy season (winter) in July/2023 (“c2”). In total, thirty four water wells for human
and animal supply had samples collected in the first field campaign for a general survey of
chemical conditions. Of this total, ten were selected (Fig. 1), considering the significant spatial
distribution within DALS-RS and type of well, in addition to the long use time by owners (more
than ten years). The wells produce water from near the surface, in homemade well/private well
(seven wells from depths between 0.4-10 meters), groundwater (two tubular wells up to ~150
meters) and a surface water sample. The parameters pH, pE, temperature (T), electrical
conductivity (EC), salinity and total dissolved solids (TSD) were measured in the field and
previously calibrated with a standard solution. The results of the chemical analysis and the type
of well are available in Table A in Appendices.

Approximately five drops of HNO3™ aqueous solution (2%) were added to the bottles
to preserve the cations, observing stabilization at pH 2, in addition to storing all samples in
thermal boxes at a temperature of 4°C during the field and, afterward, stored into a refrigerator.
For metals, the bottle material was translucent polyethylene (1L), clear glass for dissolved
oxygen (500 ml), and amber glass for anions (1L). The vials were sterilized by the laboratory
and air-conditioned three times before being filled. The cation samples were analyzed using the
Inductively Coupled Plasma Source Optical Emission Spectrometry (ICP OES) technique,
reading the SMWW 3120B reference method. Alkalinity was analyzed using neutralization
volumetry, chlorine by precipitation volumetry, nitrate by UV spectrophotometry, dissolved

oxygen by the Winkler Method, and sulfate by iodometry.

3.2 Hydrogeochemical characterization

The hydrogeochemistry of the waters was understood using five tools: (i) a Piper
diagram of the largest species, revealing the hydrochemical facies; (ii) a Schoeller diagram to
evaluate the distribution of ion concentrations in the two sampling periods; (iii) speciation
chemistry of the elements quantified by hydrogeochemical modelling, (iv) descriptive statistics
and (v) concentrations according to the maximum tolerated values for human ingestion per liter
(Guideline Values) according to the World Health Organization (2011).

The Piper Diagram indicates the water type considering the relationship between
anions and larger cations in percentage (Ca, Mg, Na, K, CI', SO4*, COs* and HCO;3"). The

intersection of each point indicates the water type on the diagrams. For standardization,
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concentrations are in meq/L. In the figure captions, when it comes to deep tubular wells the
nomenclature contains the abbreviation “tub”, “cac” for cacimbas and “superf” for surface
water. The Schoeller Diagram was applied to verify variations in concentrations in different
seasonal periods graphically. Concentrations are also in meq/L; the elements plotted are Ca,
Na, Mg, HCOs", CI', SO4* and NOs". We used the AquaChem 2014.2 software to generate the
diagrams (Aqueous Geochemical Data Analysis and Plotting, Waterloo Hydrogeologic).

The dominant species of the studied metals was calculated from hydrogeochemical
modelling in the PhreeqC software version 3.7.3, using the lInl.dat database. As input, the
measured conditions of pH, pE, temperature and the elements quantified in mg/L were used.
Descriptive statistics comprised analysis of mean, median, minimum, maximum, quartiles and
standard-deviation, both for hydrochemical analyses and for the distribution of pollution indices
described in topic 3.4. The calculations were performed using a script written in Python in the
Google Colaboratory interface.

The physicochemical parameters and ions quantified in the water samples were
analyzed for suitability for human consumption using the maximum intake limits allowed by
the World Health Organization in the reference year 2011 (WHO, 2011). The parameters above
the permitted limits are highlighted in red in the table that summarizes the hydrochemical data

from the two field campaigns (Table A).

3.3 Heavy metal pollution indices calculation

Two metal pollution indices were selected due to their worldwide applications in the
context of metal mining: Heavy Metal Pollution Index (HPI) and Heavy Metal Evaluation Index
(HEI), using the seven metals that are most critical in concentration and toxic potential in the
study area, namely Al, Fe, As, Cd, Pb, Cr and Cu. These two indices were calculated in all
samples from the two field campaigns and over a historical series that records variations in
guidelines values (GV) between 1958 and 2011, as described in the “History of guideline
development” of the 2011 version of the World Health Organization (WHO, 2011). For both
indices, samples classified as having low pollution levels are considered drinking-water. The

water is inappropriate for consumption if the pollution levels are medium and high.

3.3.1 Heavy Metal Pollution Index (HPI)

The concept of HPI was proposed by Horton (1965), considering the maximum
concentrations allowed by the GV, defined by the equations Eq. 1 and Eq. 2 (Yazidi et al.,
2017). In this study we used values presented by WHO (2011).
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ST (Wix Qi)

HPI = > Wi Eq. 1
i
. on Mi-Ii
Qi =),-1,100x T Eq.2

Where: "Qi" and "Wi" are, respectively the sub-index and weighting of each metal,
while "Gi' is the guiding value (GV), "M1' is the measured content, and "I[i' is the maximum
desirable value for the metal (in this study assumed to be a zero value for all metals). The result
obtained qualifies the calculated point in three pollution categories: score below 15: low
pollution level; between 15 and 30, medium degree of pollution, and above 30, high level of

pollution (Horton, 1965; Dippong & Resz, 2024).

3.3.2 Heavy Metal Evaluation Index (HEI)
Like the HPI, the HEI has the calculation of the pollution level based on the GVs and
metal contents determined by the laboratory analysis, as defined by Eq. 3:

n G
1=1g;

HEI =¥ Eq. 3

Where: "Ci" is the measured concentration of the metal, "Si" is the reference value,
and "n" is the number of samples studied. The scores are divided into three pollution ranges:
below 10: low pollution; between 10 and 20: medium pollution; and above 20: high pollution

(Dippong & Resz, 2024; Ghaderpoori et al., 2018).

3.4 Thematic maps, interpolation, and graphical analysis

After calculations of all samples, the values obtained were interpolated in the ArcGIS
10.8.1 program, with the deterministic Inverse Distance Weighting (IDW) method (which
considers the Euclidean distance between two points to establish their spatial correlation), for
the three intervals established by the indices as low, medium and high pollution. Two other
maps were produced with the interpolations of the HPI and HEI, interpreting the mathematical
approximations of the IDW with the hydrological and geological limitations of the physical
environment, such as water flow defined by potentiometry, geological faults of regional
expression, relief and type of rock. The graphical analysis of the statistical data and historical

series of the GVs were performed in the Google Colab environment, written in Python.
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4 RESULTS
4.1 Hydrogeochemistry

The total result of the chemical analyses of the first and second field campaigns can
be seen in Table A. Physicochemical parameters quantified in situ indicate acidic pH in both
samples, ranging from 3.7 to 6.6. The pE ranges from 5.9 to 6.8, characterizing oxidizing
waters. Dissolved oxygen (DO) has levels higher than 6 mg/L, except in sample LS32 c2,
where the content is 0.1 mg/L. DO has an average of 6.8 mg/L, lower levels due to the wells
being in rural areas amid animal waste, septic tanks and organic substances, which promote the
depletion of O2 concentration.

The hydrochemical type in the Lavras do Sul Gold District is predominantly calcium
bicarbonate, following the same compositional trend for deep tubular wells, homemade/private
wells and surface waters, in the two field campaigns (Fig. 2). The LS13 cl point is the only
one classified as sodium chlorinated due to the greater concentration of Cl and is the most acidic
pHs in both campaigns. These two factors are influenced in this sample by the frequent addition
by the owner of hypochlorite for the treatment of these waters. Hypochlorite reacts with
hydrogen ions to form hydrochloric acid, which decreases it when combined with alkalinity.
With this decreased pH, the continuation of the dissociation reaction is favored, which leads to
more formation of hypochlorous acid, called free residual chlorine, which can also cause an

increase in Cl concentration (Meyer, 1994).

Fig. 2. Hydrochemical facies of the Lavras do Sul Gold District.
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4.1.1 Dissolved major ions

In general, considering the dry and rainy periods, there is a slight increase in the
concentration of the elements in the rainy season. Regarding the type of well and the areas near
and far from where the mining activities occurred and currently has there are sterile waste pile,
it is impossible to see differences in grades. Total dissolved solids (TDS) have an increase
during rainfall, increasing the average by about 10 mg/L and electrical conductivity (EC)
increasing by about 1.5 times. The other parameters have lower variations about the two field
campaigns: most of the cations, with higher average concentrations, range + 8 mg/L from one
campaign to another.

The Schoeller Diagram is applied by comparing the larger anions and cations in the
dry and wet seasons of the common points analyzed in the two field campaigns (Fig. 3). Cations
and anions show similar tendencies of increasing and decreasing concentrations between
periods (Fig. 3a,b), but the greatest amplitude and distinction of contents is in the samples from
the dry period (Fig. 3a). In the dry period, concentrations range from 0.5 mg/L to 7.35 mg/L,
with an outlier of 53.8 mg/L. During the wet season, variability is from 5.8 mg/L to 27.4 mg/L,
with an outlier of 43.3 mg/L. Both outliers are SO4>- in the LS30 surface water sample inside

an abandoned ore pit.

Fig. 3. Schoeller Diagram of the larger species (cations and anions).
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The CI" ion has average concentrations of 4.7 mg/L in dry and 10 mg/L in rainy
seasons. The concentrations that differ from the averages are in the volcanic rocks of the Hilario

Formation, in the rainy season, in the LS20 c¢2 and LS30 c2 samples, from tubular wells and
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surface water. Nitrate is present in all samples above 0.4 mg/L, with an average of 5.7 mg/L in
the first field and 4.7 mg/L in the second one. Bicarbonate has no variations depending on the
depth of the well. The average in the dry season is 91 mg/L, and in the rainy season, the average
1s 107.6 mg/L.

Among the cations, the highest concentrations are of Ca in the second field campaign
(rainfall), with up to 30 mg/L more in the LSO1 c¢2 and LS20 c2 samples than the other
quantified cations; however, the average of this element in the dry period is higher, 24.5 mg/L
to 22.1 mg/L during the rains. Sodium averages 11.2 mg/L in the dry season and 10.9 mg/L in
rainfall. Magnesium in the first field (drought) averages 7.8 mg/L and 6.5 mg/L in the second
season. Therefore, except for calcium, the cations do not exhibit significant differences in
content with seasonal changes. Among the higher ions, K has the lowest levels, especially in
the rainy season, with an average of 1.71 mg/L against 2.9 mg/L during the dry season, although
there is a continuous contribution of NPK-based fertilizers in the cultivation areas. There are
also low levels of Al (in the dry season with an average of 0.3 mg/L and in the rainfall of 0.9

mg/L) and Fe (in the dry season 0.2 mg/L and the rainfall 0.3 mg/L).

4.1.2 Dissolved trace ions

The trace elements quantified were Hg, Ni, Mn, Zn, Cu, Cr, As, Cd, and Pb. Mercury
was below the Limits of Quantification of the method (L.Q of 0.0001 mg/L) in all samples. The
high affinity of sorption on mineral surfaces and organic matter and the stability of Hg in soils
means that its leaching and/or transfer to water is considered insignificant (Grigal, 2013).
Therefore, its absence in hydrochemical samples is expected since there are no current inputs
of this element in the area. Nickel was quantified in only one sample, LSO1 c1 (0.01 mg/L).
Manganese does not exceed the concentration of 0.02 mg/L in the dry season and 0.01 mg/L in
the rainy season. Zinc also has low levels, with averages during the dry season of 0.03 mg/L
and during the rains, 0.08 mg/L, as well as Cu, with even lower concentrations, averaging 0.005
mg/L in the first campaign and 0.01 mg/L in the second season. Chromium was quantified in
only one sample, LS32 ¢2 (0.002 mg/L). Barium was detected in all samples and only in the
first field at average concentrations of 0.17 mg/L. Sulfide mineralization in the area consist of
chlorite, epidote and barite, associated with sulfides such as pyrite, epidote and carbonate
(Lima, 1985; Bongiolo, 2006). Although Ba is present in this mineralization, its precipitation
as barite in the presence of sulfate significantly decreases its solubility in waters (Hem, 1985;

ASTDR, 2007).
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Among the primary potentially toxic metals As, Pb and Cd, cadmium is detected only
in the first field campaign, at points LS16 c1, LS20 cl, LS23 cl and LS30 cl, with an
average concentration of 0.006 mg/L. Arsenic is quantified only in the rainy season at point
LS23 ¢2 with 0.01 mg/L. Lead is present in two samples in the first field campaign in the
tubular well LSO1 cl (0.007 mg/L) and the LS23 c1 water (0.001 mg/L), and in a sample in
the second campaign, in surface water LS30 c2 (0.006 mg/L). Spatially, both LSO1 and LS23
have a mining area distance of more than 1.7 km. In the LS30 surface water sample, the water
is captured inside an old andesitic ore pit with oxidized pyrites in contact with water. Although
mining prospects may have an influence on the hydrochemical composition in this last point,
both in the appearance of lead and cadmium in the dry season. These predominant metals likely
derive from fertilizers and pesticides that are applied to higher elevations with soybean

plantations close to water sources.

4.1.3 Hydrogeochemical modelling

The dominant species of the elements can be seen in Table 1. Most ions are bivalent,
except for trivalent Al, stable in samples with pH < 5. Aluminum as AI(OH)?" is detected in the
samples LS20 c¢2 and LS30 c2 with pH > 5.6. This form results from interaction with water

molecules and is more stable at higher pH levels, approaching neutrality.

Table 1. Elementary species in the waters.

LSo1 | LS03 | LS11 | LS13 | LS14 | LS16 LS20 LS23 LS30 LS32

AB* | APBT | ABT | AR | ABT | ABY | AIOH)** | AT | AI(OH)*" | ABY
Ca® | Ca?* | Ca?" | Ca?" | Ca?* | Ca®* Ca?* As (V) Ca® Ca®
) Cu2+ Cu2+ Fez+ Cu2+ FeZ+ Cu2+ Cu2+ Ca2+ Fe2+ Cu2+
Species
Fe** | Fe*, | Mg* | Fe?* | Mg?* | Fe*" | FeHCOs- | Cu?* Mg?* Fe?*
Mg2+ Mg2+ Mn2+ Mg2+ Mn2+ Mg2+ Mg2+ Fez+ Mn2+ Mg2+
Mn2+ Mn2+ Zn2+ Mn2+ Zn2+ Mn2+ Mn2+ M g2+ Pb2+ Mn2+
Zn2+ Zn2+ C d2+ Zn2+ Mn2+ C d2+ Zn2+

C d2+ Zn2+
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The predominant and stable iron in the waters is ferrous. In the LS20 ¢2 sample, there
is a kind of ferrous bicarbonate, which is more soluble and is formed by ionic dissociation in
the presence of bicarbonate and sulfate (Di Bernardo, 1992). Arsenic has the inorganic form
arsenate, which predominates under oxidizing conditions and is less mobile than arsenite, as it
is more susceptible to sorption in the oxyhydroxides of Fe and Mn (Le & Ma, 1997). Lead is
bivalent, a form that is more absorbed in different soil horizons, which makes it less mobile
(Cerqueira et al., 2011). Cadmium is bivalent, a form most commonly linked to less stable
exchangeable fractions such as carbonates and hydrated oxides, which favors its mobility in an
acid medium and makes it, among metals, one of the most mobile species (Tabelin et al., 2018;

Kubier et al., 2019).

4.1.4 Potability of samples according to Guideline Value

The maximum concentration allowed for ingestion according to the Guideline Values
(GV) of WHO (2011) is shown in Table A. Samples above this concentration are marked in
red. Of the total 24 physicochemical parameters analyzed, Cl, Al, Fe, As and Cd are above the
GV. Chlorine is higher in 30% of the samples in the first field campaign (up to 2.3 times higher
than GV in the LS23 c1 sample) and in all samples in the second campaign (up to 5 times
higher in the LS20 c2 sample). Aluminium is up in 30% of samples in field 1 (up to 5.7 times
above GV in sample LS23 c1) and 40% in samples from field 2 (more than 20 times or 4.39
mg/L above GV in sample LS23 c2). Iron is up to 3 times higher than GV in 20% of samples,
and in 30% of samples, it is up to 5 times higher. Arsenic is below a LQ in the first field
campaign. In the second, it is up to 0.003 mg/L, higher than GV, in the LS23 ¢2 sample.
Cadmium is above 30% of the samples in field 1, up to 4.3 times higher than GV in LS16 cl,
and below L.Q in samples in field 2.

Considering the totality of the quantified parameters and the number of parameters
above the GV, the LS11, LS13, LS16, LS20 and LS30 samples have one parameter above the
GV for each field campaign. In the first field campaign, samples LSO01 c1, LS03 cl1 and
LS14 cl are entirely suitable for consumption, i.e., without any parameter above GV, while
LS01 c2 has one element above GV (CI), LS03 c2 has three elements above GV (Cl, Al and
Fe), and in LS14 c2, two elements (Cl, Al). In summary, in the first field, 30% of the samples
(LSO1 cl, LS03 cl and LS14 cl) are totally appropriate for consumption, and the others,
70%, are inappropriate because they have at least one parameter above the allowed. In the
second field, none of the samples are entirely suitable for consumption; all have at least one

parameter above the GV. Regarding the concentration of potentially toxic elements Al, As, Cd,
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Cr, Cu, Fe and Pb, the less suitable sample for consumption is the LS23 sample in both
campaigns due to higher concentrations of As, Pb, Cd, Al and Fe compared to the others, and

the LS16_cl and LS20 cl samples due to higher concentrations of Cd.

4.2 Metal pollution indices

For the characterization of the pollution levels of drinking-water in the Lavras do Sul
Gold District (DALS-RS), two metal pollution indices were selected: HEI (Heavy Metal
Evaluation Index) and HPI (Heavy Metal Pollution Index), calculated using concentrations in
mg/L of seven metals: Al, As, Cd, Cr, Cu, Fe and Pb and following the Guideline Value of
2011 (WHO, 2011). The descriptive statistics of the concentrations of the elements and the
statistics of the results of the indices of the two field campaings are shown in Fig. 4. The
elements that do not appear in the boxplot are those that had less than two detections per field.

The concentrations of the elements in the first field are generally low, not exceeding
1.14 mg/L (for Al) (Fig. 4a). Outliers are detected in three samples, for Al, Fe and Cd and one
sample for Cu. The highest standard deviations are in the Al (0.37) and Fe (0.27) samples,
evidencing the variability of these elements in the samples. In the second field (Fig. 4b), the
concentrations were also low, except Al and Fe, which were detected up to four times higher
than in the first field, in the samples corresponding to the only outliers of both. Cadmium was
not detected. Copper also has an outlier (greater than 0.04 mg/L). Comparing both fields (Fig

4c), the most significant outliers are in the second field for Al, Fe and Cu.
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Fig. 4. Descriptive statistics of the metals used in the indices and statistics of the indices (values
in mg/L). A) Statistics of the first field campaing (dry season); B) Statistics of the second field
campaign (rainy season); C) Statistics of both fields; D) HEI and HPI field 1; E) HEI and HPI
field 2. Note that all metals and indices have anomalous values. "Max": maximum; "Min":

minimum; "Q1": first quartile; "Median": median; "Q3": third quartile. The green triangle

represents the mean.
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For the HEI in the first field (Fig. 4d), the lowest value was 0.6 and the highest was
11.6, with a mean of 2.8 and a standard deviation of 3.5. It has an outlier with a value greater
than 10. In the same field, the lowest value was 0.5 and the highest was 257.1. There are two
outliers with a value greater than 150. Consequently, the standard deviation demonstrates the
significant variability of the data, being 91.7 and raising the mean to 55.6. In the second field
(Fig. 4e), the HEI has a minimum of 0.2 and a maximum of 29, with a mean of 5.8. It has an
outlier sample with a value greater than 25 and a standard deviation 9.4. The HPI has a
minimum value of 0.14, a maximum of 46.3, and an average of 8.3. It also has only one outlier
over 40. The standard deviation is higher than that of the HEI, with a value of 14.3. The results
for the HEI and HPI indices are illustrated in Fig. 5.

In the first field, HEI has a low pollution level (HEI less than 10) in 9 of the 10 samples
and a sample at a medium pollution level (10<HEI<20), LS23 cl. On the other hand, the HPI
indicates 6 samples of low pollution (HPI below 15), one sample (LS30 c1) of medium
pollution (15<HPI<30) and 3 samples of high pollution (LS16 _c1, LS20 cl and LS23 cl). In
the second field, HEI has 7 samples with low pollution, 2 at medium pollution levels (LS03 c2
and LS32 c¢2) and high pollution in the LS23 c2 sample. In the HPI, 9 samples are suitable for
consumption with low pollution and one sample is not potable, LS23 ¢2 (HPI 46.3). The HEI
in the first field characterizes 90% of the samples as potable, and in the second, 70%. The HPI
in the first field indicates that 60% of the samples are drinkable, and in the second, 90%. The

only sample indicated as non-potable in the first and second fields is sample LS23.
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Fig. 5. Results of the HEI and HPI Indices for both field campaigns. "C1": first field campaign;

"C2": Second field campaign.
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The calculation of the HPI/HEI ratio detected significative discrepancies in pollution
diagnoses in the same sample. The most significant discrepancies are for the HPI in the dry
period, with ratio up to 72.1 in the sample LS20 cl. The five major discrepancies are verified
in the following order: LS20 c1 (72.1) > LS16_c1 (56.1) > LS30 cl (22.9) > LS01 cl (17.7)
>1.S23 c1(16). In the second field, HEI has slightly higher results than HPI in 90% of samples,
where the HPI/HEI ratio is in the range 0.7 to 0.8, except sample LS30 ¢2 (13.3) and LS23 ¢2
(1.59). The high ratios between indices in the first field, in most cases, imply different levels of
pollution, and the higher the ratio, the greater the probability that the sample is highly polluted,
according to the HPI. The most significant variations between the indices in the first field occur
in the samples LS03 cl (medium pollution HEI for low HPI), LS16 c1 (low pollution HEI and
high pollution HPI), LS20 c1 (low pollution HEI and high HPI), LS23 c1 (medium pollution
HEI and high PHI) and LS30 c1 (low pollution HEI and medium pollution PHI). In the second
field, where the ratios are lower, no sample changes the pollution level from one index to

another.

4.2.1 Interpolation of HEI results

Figures 6 (first field) and 7 (second field) show the spatialization of the results obtained
from the calculation of the HEI index using the Inverse Distance Weighting (IDW) interpolation
method. Maps 6a and 7a show the raw interpolation of the indices, whereas maps 6b and 7b
show the results interpreted, respectively, based on the hydrogeological conditions of the study
area.

The HEI in the first field shows only one area of medium-level pollution (in yellow):
LS23 cl (HEI 11.6); at the other points, the water is suitable for consumption, i.e., HEI less
than 10 (Fig. 6a). The interpreted map (Fig. 6b) shows a significative change in point LS23 cl,
which had the area of influence limited to the east and south by the geological fault of regional

expression.
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A) Spatial interpolation of raw maps for the HEI index; B) Interpreted interpolation.
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In the second field (Fig. 7a), the HEI indicates two points with medium pollution
levels, LS03 c2 (HEI 10.2) and LS32 c¢2 (HEI 14.2) and one high pollution point, LS23 c2
(HEI29). The LS32 c2 and LS23 c2 points are correlated by a gradation between their average
and high rating, respectively. On the other points, water is suitable for consumption. In the
interpreted map (Fig. 7b), the LS03 c2 has the same area of influence. The yellow gradation
established between LS32 c¢2 and LS23 c2 is disregarded since regional faults limit both
points, and west of the LS23 c¢2 there is no data to infer average pollution. The influence of the
LS32 c2, of subsurface water, is maintained until the southern limit of the fault, the same

towards the direction the terrain is descending.
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Fig. 7. A) Spatial interpolation of raw maps for the HEI index; B) Interpreted interpolation.
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4.2.2 Interpolation of HPI results

The HPI interpolation in the first field is shown in Fig. 8 and the second field in Fig.
9. The raw maps are in Figs 8a and 9a, respectively interpreted in Figs 8b and 9b. The HPI
indicated three points with high levels of pollution: LS16 ¢1, LS20 c1 and LS23 cl1, with HPI
values of 257.1, HPI 72.1 and HPI 186.4, respectively. Point LS30 c1 has medium pollution
(HPT 20.1) and the other samples are suitable for consumption (Fig 8a). Due to the proximity
of the points and similarity of the values, the interpolator grouped the points LS11 ¢1,LS13 cl
and LS14 cl, graduating to a medium level of pollution in the surroundings. To the east, points
LSO1 cl, LS3 cl and LS 32 cl are grouped from the graduation of their contents to the
surrounding high level, with the central point being the average pollution level of the LS30 cl
sample. The three samples closest to the perimeter of the Lavras do Sul Gold District, with high
levels of pollution, determine the entire area without points sampled as high pollution.

In the interpreted map (Fig. 8b), the correlation between the points towards the west
of the area is maintained, considering that waters flow from the highest elevations at point
LS13 cl towards points to the east. The background of the entire area is maintained as low
pollution (in blue) because, in the absence of sampling points, it is not possible to establish the
intermediate gradation (yellow) between the different levels of pollution and neither to establish
that all areas will be of high pollution, as shown in the raw map due to the external samples in
red LS16 cl, LS20 cl and LS23 cl. Therefore, all high pollution samples have influence
restricted to their detection zones. Point LS30 cl also has its spatial influence limited to its
sampling point since pollution is classified as low just to the south, at point LS32 c1. Although
the shorter distance and the flow direction go from point LS30 cl to point LS20 cl, each
sample has a different pollution level. There is a geological contact between the Conglomeratic
Facies and the Volcanic Facies of the Hilario Formation between the two samples. The
influence area were adjusted in order to demarcate the contact of these two rocks. This is the
only case in which a feasible gradation can be established: lower pollution of the LS32 cl
sample (low HPI), going east to intermediate pollution in the LS30 c1 sample and culminating

in high pollution of the LS20 c1 (high HPI).
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Fig. 8. A) Spatial interpolation of raw maps to the HPI index. Note that most areas are
considered high pollution by the interpolator and areas of medium pollution; B) Interpreted
interpolation. Note a substantial difference in the areas of influence and exclusion of the average

pollution generated by the interpolator.
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In the second field (Fig. 9a), only point LS23 ¢2 has inadequate levels (HPI 46.3). It
is noted again that the interpolator assigns a yellow color to the transition between the point of
the highest HPI index (red) and the other points of lower value (blue). In the interpretation (Fig.
9b), gradation is excluded because, as in other cases, in the absence of close data to corroborate

any gradation, it is unfeasible to assume it merely for mathematical reasons.

Fig. 9. A) Spatial interpolation of raw maps for the HPI index; B) Interpreted interpolation.
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4.3 Variation of the HEI and HPI indices as a function of different GVs through time

In the time span from 1958 to 2011 (WHO, 2011), we observed variations in the
tolerability of the intake of metals in each new edition of the World Health Organization and
the International Standards for Drinking-Water. This allows us to calculate the variablility the
indices and, consequently, the water quality at each point and sampling period. The relationship
between the maximum tolerance and the water quality and the importance of the appropriate
choice of Guideline Values is confirmed. Fig. 10 illustrates this relationship. Fig. 10a,b
corresponds to the HEI and HPI of the first field campaign, while Fig. 10c,d corresponds to the
HEI and HPI of the second campaign. The values of the respective GVs for each year can be
found in Table B in the Appendices.

The comparison of figures shows 1958 very similar, with low pollution levels in all
indices and sample periods. In this year, the Al and Cd elements have relevance in both indices.
They did not have the maximum allowed concentration established by the World Health
Organization; therefore, they were excluded from the calculations. Its absence resulted in low
value indices, evidencing the importance of including elements above the GV in the index and
the importance of the correct selection of the GV. Similarly, the years 1963 and 1971 obtained
similar results with low pollution levels, except for the HPI in the first field (Fig 10b), in which
the index is greater than 50 in samples LS16 cl and LS23 cl. From 1984 onwards, there was
the first edition of the International Standards for Drinking-Water, and, notably, the indices
began to be classified as having the highest pollution. This fact occurs because from that year
onwards, there is the first definition of the intake limit for Al (0.2 mg/L), and a significant
decrease in the maximum allowed begins, such as Cd, which goes from 0.1 mg/L to 0.005 mg/L
and Fe from 1 mg/L to 0.3 mg/L. The GVs decreased until 2011 and the index values increased,
ranging the amplitude significantly between the last three years evaluated (1984, 1993 and
2011).
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Fig. 10. A) HEI Index (first field); B) HPI Index (first field); C) HEI Index (second field); D)

HPI Index (second field). Note the years before 1984.
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In these last three years, in the first field campaign, the HEI (Fig. 10a) has significative
variations in the sample LS16 cl, LS23 cl and LS32 cl. In the LS16 cl sample, Cd
influenced the lower HEI value in 1984 (HEI 984 2.850) since the GV was 0.005 mg/L. In
subsequent years, the GV became lower (0.003 mg/L), which increased the HEI 19932011 to 14.8
(average pollution). The sample LS23 c1 in HEI is influenced by other metals, as the higher
Fe and Al concentrations above GV. In 1993, Fe is not mentioned, implying a HEI 993 of 8.8
(low pollution). In 1984 and 2011, when it is referred to a limit of 0.3 mg/L, pollution levels
reach the average: HEI 1984 10.3 and HEI2011 11.6. In the sample LS32 c1, the elements Al and
Fe, likewise, have a more significant influence on the index, with the two elements above the
GV. The Fe was not mentioned in 1993 determined the HEIl;993 3.7, at the lowest level
considering 1984 and 2011.

The HEI (Fig. 10c) shows higher pollution levels at points LS03 c¢2, LS23 ¢2 and
LS32 c2 for the last three years evaluated in the second field. These points have concentrations
above GV for Al and Fe, and because Fe was not mentioned in 1993, HEI levels are lower. The
arsenic above GV in the LS23 ¢2 makes this sample more polluted. In the HPI (Fig. 10d), the
changes in pollution levels are at the same points, and as in the first field, the amplitudes of the
levels are more significant. In 1984, these three samples had the highest levels of HPI. Copper
was the unique element that increased GV from 1984 to subsequent years (from 1 mg/L in 1984
to 2 mg/L). Therefore, it raised the levels of HPIi9s4. The order in the levels of the highest
pollution of the LS23 ¢2 (HPIi9s4 50.4) and LS32 c2 (HPIi9s4 25.7) samples, and the lowest
for the LS03 c2 (17.8), represents precisely the order of Cu concentration in the samples:
LS23>L.S32>LS03. In the case of the LS23 c2 sample, the As has the most relevant weight in
the index and, therefore, significantly increased this sample compared to the others.

Therefore, the most significant relevance for HEI is the concentration relationship with
the GV of all metals (which will be summed in the sample). At the same time, for HPI, the GV
of the element determines its weight in the entire index. If the element concentration is below
the GV, as in the case of Cu, the weight is high. This unique element can raise the pollution
levels of the sample. Elements above the GV not included in the index and/or GVs with high

tolerance, as seen in 1958, tend to decrease the pollution diagnosis of a sample.
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5 DISCUSSION
5.1 Hydrogeochemical perspective for water quality

The hydrogeochemical characterization elucidated the water quality standard and its
possible geogenic or anthropogenic control in the Lavras do Sul Gold District. In rural areas,
domestic hydraulic installations are generally precarious, as seen in loco, with septic tanks for
domestic sewage, wells for water supply and general use of homes without periodic treatment.
This favors the contact of these waters with animal and human waste rich in nitrogen and
contact with nitrogen fertilizers, which are decomposed to nitrate in the presence of oxygen.
This scenario is reflected in the concentrations mainly of nitrate anions, chlorine and lower
dissolved oxygen contents.

The NOs', indicative of anthropogenic pollution due to the use of agricultural fertilizers
and deposition of human and animal waste, is present in all samples, detected in various water
depths and confirmed the precariousness of the construction profile of these wells. The similar
hydrochemical signature of the waters at different depths can also indicate a fissural problem
in the profile, which can contaminate the water table. The CI" may have a geological origin, but
volcanic and igneous rocks are chloride poor (Gastmans et al., 2013). The most significant
anomalies of chlorides and nitrates are in the second sampling, in the tubular well LS20 c¢2 and
the surface water LS30 c2. The two belong to the same farm owner, who uses fertilizers and
pesticides on the surface and improperly stores them in sheds near the wells. In soil, nitrate
followed by chloride are the predominant ions in leaching, not adsorbed by the colloidal
fraction, moving vertically quickly (Phillips & Burton, 2005). The waters from these samples
are also used in irrigation, favoring the spatial distribution of ions and absorption by the plants.
The origin of sulfates, which increased during rainfall season in shallow and deep waters, may
be related to pyrite oxidation and ammonium sulfate fertilizer use (Zhang et al., 2020; Abbasnia
et al., 2019; Huang et al., 2017).

In the analysis of the cations, it is more evident that the water reflects the geological
composition, as it drains rocks with gold prospects, and the considerable contribution derived
from agricultural activities. Calcium has a geogenic relationship with the occurrence of veins
and gold veins filled with carbonates (e.g., calcite) and the primary solubilization of silicates
that release Ca, Na and Mg ions. However, liming performed in agricultural soils also
contributes to increased Ca concentrations in waters since the calcium release by primary
minerals is minimal. Potassium has the lowest concentrations because it is prone to leaching, is

widely absorbed by plant roots and fixed in the lamellae of clays 2:1.
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Among the studied sites, the LS23 well needs special attention because it contains all
toxic metals: cadmium and lead during the dry period (summer) and also arsenic during the
rainy season (winter). The considerable distance of the well from the areas of waste and mining
facilities, in addition to the direction of the flow water, leads to the belief that there is no
relationship with past mining activity. However, the relationship with metallic prospects cannot
be completely excluded, as there may be contact with mineralized veins from an old mine to
the north. The detection of As at this point, predominantly as arsenate that is less mobile and
easily absorbed into Fe/Mn oxide-hydroxides (Craw & Bowell, 2014), may have been favored
with the increase in rainfall that enables mobilization and desorption of As (Yang et al., 2020).

The LSO1_cl sample also detected Cd and Pb. The depth of the water level (50 m) and
the presence of nitrate indicate a relationship with the surface inputs. The Pb may originate
from the residence time at depth under the galena mineralization of the volcanogenic facies.
Cadmium has a very varied distribution in the types of wells, and during the rainy season, it is
not detected. Without apparent spatial, geological or anthropogenic control, it is a diffuse Cd
contamination, as much of it is above GV and in wide lateral and horizontal distribution. The
high mobility of Cd may explain the extent of the contamination and the necessity of its origin
being a current activity. Sulfate, dolomite, and calcite are common in the immobilization of Cd
in soils (Chen et al., 2024). During the rains, the substantial increase in sulfate and calcium in
most samples may explain the immobilization and absence in this rainy season. Cd, Pb, and As
are controlled by mineralogical interactions and metal-humic complexes formed.

Recent studies have shown that soils and other matrices in DALS-RS continue to be
heavily contaminated with potentially toxic metals, such as Pb, As and Hg, from tailings still
under the land from past mining activity (Grazia & Pestana, 2008; Machado, 2017; Dames &
Pestana, 2017; Thimotheo et al., 2021). On the other hand, drinking-water does not influence
this activity due to the low ionic concentrations detected. A study on Brazilian soil showed that,
fifty years after the end of artisanal gold mining (Durfo Janior et al., 2009), oxidized Hg*" was
stable by sorption in oxides of Fe, Mn, Al and organic matter, which would explain its non-
transfer to water. Nitrogen-based fertilizers applied for many years in the area to increase
agricultural production may also have played a key role in retaining metals as verified in the
studies by Addai et al. (2023) and He et al. (2023) in abandoned gold mines. This occurs given
the availability of exchangeable K from these fertilizers to bind to metal ions.

Except for the LS23 sample, which has more elements with GVs above the allowed in
the two campaigns, and the LS16 cl and LS20 c1 samples with Cd much higher than the

Guideline Values, the other samples mainly exhibit Cl, Al and/or Fe above the allowed.
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Homemade wells in contact with oxygen and being more static waters may have higher levels
of Fe. Iron has its dominant form as Fe?*, by the conditions of pH stability and electrochemical
potential of DALS-RS, where the exposure of pyrite to oxidizing conditions evolves to its
dissolution and formation of the ferrous ion (King et al., 1980). Aluminum has a dominant
origin from aluminosilicates, and its species Al*" tends to be retained by the negative charges
of soil clay particles in equilibrium with A1** in solution. The higher concentrations of Al and
Fe in samples with a pH higher than the hydrolysis pH of both (up to 5.5) indicate that these
elements are in the particulate fraction.

Iron and aluminum have low tolerances for potability, mainly due to aesthetic issues
(WHO, 2011). For Fe, concentrations below 0.3 mg/L are considered because, above this level,
there are stains on clothes and pipes and a cloudy appearance; for people drinking anaerobic
well water, concentrations of up to 3 mg/L seem acceptable. For Al, the concentrations were
defined in the ratio between the benefits of its use as a coagulant in water treatment and its
possible neurotoxic effects, which are not fully understood (WHO, 2011). There is few
indications that aluminum is toxic orally on short term exposure. Humans are inevitably
exposed to this metal daily because it is one of the three most abundant elements in the earth's
crust and constitutes a wide range of utensils and medicines (CETESB, 2017). In any case,
these elements are primarily in the particulate phase, as previously discussed. Therefore,
diagnosing the non-potability of water as a function of Al and Fe may not be adequate.

Based on the stages of hydrogeochemical analysis that includes geochemistry of the
elements, evaluation of the species, physicochemical conditions, context of installation of the
wells, soil remediation, percentage of samples with at least one element most critical to human
health above the GV, and, finally, on the evaluation of the toxicology that underlies the
potability guidelines, it is complex to establish a simple diagnosis regarding the quality of the
waters and determine their potability. However, the pollution scenario is better clarified by

applying the indices based on the concentration ratio of metals and GVs to the entire sample.

5.2 Water quality: Pollution indices and spatial variability

The analysis of water quality based on elemental concentrations is complex (Nimick
& Moore, 1991). The absolute values of the concentrations hardly allow a holistic view of the
system's pollution, as the gravity of the individual metals can have the same general weight.
Many studies evaluate water quality from the perspective of Water Quality Indices (WQI)
and/or Pollution Indices (PI) for a more comprehensive answer. The combination of these

methods with comparisons between HPI and HEI is also frequent, as well as verifying different
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diagnoses among different indices (Bhuiyan et al., 2016; Sutadian et al., 2016; Islam et al.,
2018; Bodrud-Doza et al., 2019; Syeed et al., 2023).

Different diagnoses require the decision of the index that best represents the area, but
rarely we find a critical analysis of which is better with justification and hydrogeochemical
basis. In general, the analysis is limited to the crude interpolation of the different results and
the diagnosis of the level of water pollution. A critical analysis of the results requires the
evaluation of an expert. However, in any case, no approach to index analysis, no matter how
automated it may be, dispenses the human analysis (Behmel et al., 2016). The differentiation
of the pollution indices occurs due to different mathematical principles: for the HEI, the more
polluted will be the sample with higher concentration of one or more elements that exceeds the
guideline values; for HPI, the guideline value is decisive in determining which elements are
more critical due to their lower tolerance in water, and assigning it a higher fixed weight in the
index. In this study, the most critical elements for HPI are Cd>As=Pb. Samples with low Cd
values are shown to be more polluted by HPL.

Diagnostic oscillations may be more visible in the final potability analysis, with most
samples being potable for HEI in the first campaign. In contrast, in the second campaign, most
samples are suitable according to HPI. This means that in the first sampling, the concentrations
of the elements are lower, which is confirmed in hydrochemistry, whereas in the second field,
there are higher concentrations, which differ more from the GV and raise the HEI values. The
HPI of the second sampling campaign indicates most of the samples are potable, suggesting
that during the rains, the elements with the highest weight for this index had lower
concentrations, which is also evident in the hydrochemical analysis.

The results comparing the hydrogeochemical analysis and indices also showed some
distinctions. The LS23 sample, in both fields and the LS16 c1 and LS20 c1 samples, had
already been classified as inappropriate for consumption in the hydrogeochemical analysis,
which both indices confirmed. However, for the other samples, the water had been classified as
inappropriate for only one element above the GV; this was not necessarily confirmed by the
indices' analysis of all metals. This is the case for samples LS11 and LS13, which are considered
inappropriate in both fields, while HEI and HPI indicate potability in both campaigns. In the
first field campaign, the samples considered fully potable (without any parameter above the
GV) are also adequate according to HEI and HPI. In the second field, where none sample was
considered potable, 70% were potable for HEI and 90% for HPIL.

When the sample contains more metals above the GV, the tendency is for the HPI/HEI

ratio to decrease and for the indices to be similar. This occurs mainly in the LS23 sample in
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both field campaigns. On the other hand, when the sample is more heterogeneous and fewer
elements are above the GV, the HPI is more sensitive for measuring portability. HPI also seems
to be the most appropriate index from a toxicological point of view, as it is more sensitive in
attributing more significant weight to elements hazardous to human health, which will have
lower maximum permitted concentrations (WHO, 2011), and regardless of the concentration
should not be consumed.

For the construction of both indices, the choice of the elements above the GV is
fundamental, in addition to the choice of the ideal GV, to reduce the uncertainties of the model
and avoid the underestimation of pollution (Syeed et al., 2023). These statements are supported
by the results verified in the historical series in this study. In 1958, the combination of high
tolerances of the elements plus the absence of the elements with higher concentrations in the
DALS-RS made all indices show pollution levels below 5, including in the LS23 sample in
which all subsequent years point to higher pollution.

Regarding the spatial interpolation of the results, the case that required the most
significant correction in the area of influence of contamination of each point in the raw maps
was in the HPI of the first field (Fig. 8b). After interpolation, three samples with high levels of
pollution were correlated and indicated the entire area as high polluted. In the absence of data,
the most correct interpretation is the one that considers the flow lines, with the flow lines
oriented from the west (with low pollution samples) to the east. Regional faults section the
aquifer by displacement of lithological bodies. For this reason, the areas of influence should not
exceed these geological features. In this map, we also observe intermediate areas being
classified as medium pollution, created as a function of the gradation from the lowest pollution
to the highest due to the Euclidean principle of the IDW method, which cannot be assumed in
practice because there is no data to corroborate this level of pollution, except in the LS30 cl
sample, in which the pollution is classified as average.

The georeferencing of the results is indispensable in the regional assessment of
pollution, and even on a lower scale, it is feasible. However, the smaller the scale and sample
size, the more necessary the critical analysis of the results with a view to the physiographic
reality, as the mathematical correlations tend to be more extrapolated. Here, we emphasize the
importance of critical analysis in the development stage and suggest the correct choice of
critical elements in the study area from preliminary hydrogeochemical analysis, ensuring an
accurate study. In the results stage, the interpretation of the areas of influence of the
contaminations should consider the (hydro)geological context because a mistake at this point

can completely compromise the conclusive diagnosis of the studied area.
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6 CONCLUSION

Diagnosis of pollution for small-scale studies, limited sample numbers, sparse sample
mesh, and low ion concentration samples is a challenge and, at the same time, a frequent reality
in developing countries and in many artisanal mining areas. As this case study in abandoned
mining has made clear, this challenge can be overcome with steps that do not require large
investments. However, it is essential that all steps, from preliminary to interpretation, be carried
out with a view to the (hydro)geological reality. In the Lavras do Sul Gold District, it is
concluded:
- Ore prospecting zones are natural sinks of potentially toxic elements, and processing activities
are responsible for anthropogenic contamination in these areas. After more than 40 years of
abandonment, soils are still contaminated by metals and drinking-water is not contaminated by
the past mining activities, in part due to extensive applications of agricultural correctives on the
surface for years with a metal-retaining effect on the soils.
- In hydrochemical analysis, nitrate and chloride anions and Al, Fe, As, Pb and Cd cations
interfere with water quality. All these elements have concentrations controlled by agricultural
activity, precarious construction of wells, and, to a lesser extent, geological control.
- The precarious context of the wells, common in rural areas, favors their contamination by the
inputs of different types of products on the surface up to different levels of water depth,
evidenced by the similar hydrochemical signature in both field campaigns.
- In the application of the indices, significant differences in the pollution diagnoses are verified
both between the indices and by evaluating the indices about the hydrochemical diagnosis,
which underlines the need for a careful critical analysis of the results, especially the
mathematical interpolation.
- The indices' analysis of water quality for the entire area is strongly affected by the selection
of the correct critical elements and the parameterization of adequate potability. For the
concentration range of the elements, the index that best represented the DALS-RS and the
toxicological context for the potentially toxic elements was the HPI. Thus, the best water quality
is verified in the second field, where the HPI indicates greater potability. Further studies should
be conducted in conditions analogous to DALS-RS and follow the same workflow to

corroborate the HPI as the best index.
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Table A. Hydrochemistry and descriptive statistics of both field campaigns. Concentrations in mg/L. In red, numbers above the Guideline Value (or maximum

concentration allowed for ingestion). "tub": tubular well; "cac": homemade well/private well; "Superf": Surface Water. "c1" first field campaign (summer/dry

season); "C2" Second Field Campaign (Winter/Rainy Season); ' Limit of Quantification of the method; ? Guideline Value for the year 2011 (WHO, 2011).

Field LS01
1 _cl
Well type Tub
pH 5
TDS 154.44

EC (uS/cm) 234

HCOs~ 253
Cl 1.99
NOs- 0.71

SO42- 5.6
Al <L.Q
Ba 0.36
Ca 50.99
Cu 0.004
Cr <L.Q

LS03 LS11
_cl _cl
Cac Cac
4.6 52
23.1 | 23.1

35 35
24 23
1.73 | 442
5.07 8.6
0.5 1.6
0.16 | 0.24
0.10 | 0.11
429 | 545
<L.Q <L.Q

<L.Q

<L.Q

LS13
_cl
Cac
4.9

36.96

56

5.11
8.78
439
0.14
0.12
4.54

<L.Q

<L.Q

LS14
_cl
Cac

5.4

106.92
162
122
4.46
14.5

8.9
0.09
0.24

25.04

<L.Q

<L.Q

LS16
_cl
Cac

6.2

99.66
151
144
1.25
1.04
4.28
0.05
0.25

31.56

<L.Q

<L.Q

LS20 LS23
_cl _cl
Tub Cac
4.7 44

233.64 | 40.92
354 62

- 12.6

- 11.6

- 427

- 2.85

<LQ 1.14
0.33 0.06

53.67 @ 239

<L.Q <L.Q

<L.Q <L.Q

LS30
_cl
Superf
5.3
98.34
149
137

7.19

53.8
0.05
0.10

47.61

<L.Q

<L.Q

LS32
_cl
Cac

5.6

74.58
113
84.5
4.83
3.21
1.68
0.75
0.09

19.82
0.01

<L.Q

L.Q’

<2
0.01
0.04
0.02
0.02
0.0005
0.04
0.005

0.006

GV’

50

250

0.2

0.05

Min

4.4

23.1

35

12.6

1.25

0.7

0.5

0.05

0.06

2.39

0.004

Max  Mean
6.2 5.1
233.6 89.1
354 | 13511
253 91
11.6 4.7
14.5 5.7
53.8 9.2
1.1 0.3
036  0.17
53.6 245
0.01 | 0.005

01

4.7
37.9
57.5

23

3.2
1.6
0.08
0.1
4.7

0.002

Med

5.1

86.4

131

84.5

4.4

4.2

0.1

0.11

224

0.005

03

53
105.1
159
137
5.1
8.6
5.6
0.3
0.2
435

0.007

SD

0.5

66.3

100

81

3.2

4.3

16.8

0.3

0.1

20.5

0.007



Fe

/n
Hg

Mg

Cd
Pb

Field

pH
pE
TDS

EC (uS/cm)
oD

HCOs~

NOs-

<L.Q
8.90
<L.Q
30.42
0.01
0.01
<L.Q
19.25
<L.Q
<L.Q
0.007
LSo01
_c2
4.86
6.1
284
569
6.18
364.48
8.85

0.44

0.14 | 0.14
198 | 1.19
0.01 | 0.003
524 | 6.81
<L.Q <L.Q
0.03 | 0.02
<L.Q <L.Q
090 | 1.38
<L.Q <L.Q
<L.Q <L.Q
<L.Q <L.Q
LS03 LS11
2 _c2
5 4.46
6.6 6.7
73 33
146 66
6.4 8.7
72.89 | 26.93
7.36 8.41
4.14 3.51

0.10
4.57
0.003
5.55
<L.Q
0.03
<L.Q
1.56
<L.Q
<L.Q
<L.Q
LS13
_c2
3.74
6.8
46
91

8.61

31.69

9.6

3.45

0.06
4.48
0.001
6.50
<L.Q
0.01
<L.Q
12.89
<L.Q
<L.Q
<L.Q
LS14
_c2
5.79
6.0
44
90
10.5
47.41
4.59

1.08

<L.Q
<L.Q
0.001
11.45
<L.Q
0.01
<L.Q
5.88
<L.Q
0.013
<L.Q
LS16
_c2
5.3
6.8
110
221

6.39

136.52 | 253.55

5.01

1.32

<L.Q
0.96
0.0006
21.03
<L.Q
0.11
<L.Q
19.82
<L.Q
0.003
<L.Q
LS20
_c2
5.76
5.9
276
552

7.1

25.9

16.1

0.85
2.24
0.01
9.36
<L.Q
0.07

<L.Q

<L.Q
0.009
0.001
LS23
_c2
4.46
5.6
50
100
6.49
26.81
9.99

4.72

0.09
1.25
0.01
7.78
<L.Q
0.01
<L.Q
11.96
<L.Q
0.001
<L.Q
LS30
_c2
5.6
6.2
53
305
8.25
74.96
14.6

10

0.52
1.17
0.02
8.53
<L.Q
0.01
<L.Q
4.07
<L.Q
<L.Q
<L.Q
LS32
_c2
491
6.1
31
63
0.01
41.2
5.83

23

0.05
0.89
0.0003
0.28
0.007
0.0008
0.0001
0.62
0.001
0.001

0.001

L.

0.2

0.3

0.4

200

0.07

0.006

0.01

0.003

0.01

GV’

50

0.06

0.96

0.0006

5.24

0.01

0.01

0.9

0.001

0.001

Min

3.7

5.6

31

63

0.01

26.8

4.5

0.4

0.8

8.9

0.02

304

0.01

0.11

19.8

0.013

0.007

Max

5.7

6.8

284

569

10.5

364.4

259

16.1

0.27

2.9

0.006

7.8

0.006

0.004

Mean

4.9

6.2

100

220.3

6.8

107.6

10

4.7

0.09
1.1
0.001

6.5

0.01

1.4

0.002

0.002

o1

4.5

445

90.2
6.3
34
6.2

1.5

0.1

1.9

0.003

8.1

0.01

4.9

0.006

0.004

Med

4.9

6.1

51.5

123

6.7

60.1

8.6

34

0.33
44
0.01

10.9

0.03

12.6

0.01

0.005

03

5.5
6.6
100
284
8.5
121.1
9.8

4.5

0.29

2.6

0.006

8.1

0.03

7.5

0.005

0.004

SD

0.6

0.4

97.5

194.6

2.7

114

6.2

4.8

62



SO42-

Al

Ca
Cu
Cr

Fe

/n
Hg

Mg

Cd

Pb

5.81
0.013
<L.Q
534
0.008
<L.Q
0.05
1.6
0.001
40.3
<L.Q
<L.Q
<L.Q
18.6
<L.Q
<L.Q

<L.Q

22.9
1.68
<L.Q
16.9
0.007
<L.Q
0.54
243
0.005
3.91
<L.Q
0.02
<L.Q
2.5
<L.Q
<L.Q

<L.Q

7.54
0.10
<L.Q
4.6
<L.Q
<L.Q
0.19
1.01
0.008
6.61
<L.Q
0.02
<L.Q
1.3
<L.Q
<L.Q

<L.Q

7.28
0.08
<L.Q
5.5
0.04
<L.Q

0.06

<L.Q
0.02
<L.Q
1.5
<L.Q
<L.Q

<L.Q

7.16
0.23
<L.Q
9.8
<L.Q
<L.Q
0.08
1.82
0.008
2.01
<L.Q
0.003
<L.Q
3.1
<L.Q
<L.Q

<L.Q

7.5
0.11
<L.Q
27
0.011
<L.Q
0.08
0.43

0.003

<L.Q
<L.Q
<L.Q
5.4
<L.Q
<L.Q

<L.Q

8.46
0.01
<L.Q
57.7
0.006
<L.Q
0.07
0.97
0.002
22.9
<L.Q
0.43
<L.Q
19.3
<L.Q
<L.Q

<L.Q

10.8

<L.Q
4.6
0.009
<L.Q
1.44
2.62
0.011
5.96
<L.Q
0.05

<L.Q

0.013
<L.Q

<L.Q

433
0.03
<L.Q
34.7
<L.Q
<L.Q

0.04

0.004
6.63
<L.Q
<L.Q
<L.Q
9.6
<L.Q
<L.Q

0.007

6.74
2.31
<L.Q
7.3
0.008
0.002
0.98
0.98
0.008
3.82
<L.Q
0.02

<L.Q

<L.Q
<L.Q

<L.Q

0.002

0.0005

0.006

0.005

0.002

0.011

0.001

0.0002

0.10

0.001

0.0005

0.0001

0.001

0.008

0.0005

0.002

250

0.05

0.3

200

0.07

0.006

0.01

0.003

0.01

5.8

0.01

4.6

0.006

0.002

0.04

0.4

0.001

2.01

0.003

1.3

0.007

433

4.5

57.7

0.04

0.002

1.4

4.1

0.01

40.3

0.4

19.3

12.7

0.9

22.1

0.01

0.3

1.7

0.005

10.9

0.08

6.5

7.1

0.04

5.9

0.007

0.06

0.9

0.003

44

0.02

7.5

0.1

133

0.008

0.08

1.3

0.004

6.3

0.02

2.8

10.2

1.3

32.7

0.01

0.45

2.2

0.008

10.2

0.03

8.5

11.8

1.52

20.3

0.01

0.4

1.09

0.003

11.8

0.15

63
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Table B. Guideline Value for each year according to WHO (2011), History of Guideline
Development section. Concentrations in mg/L. When "-": element was not mentioned in that
year's edition.

Guideline Value (GV) per year, in mg/L.

1958 1963 1971 1984 1993 2011

Arsenic 0.2 0.05 0.05 0.05 0.01 0.01

Cadmium - 0.01 0.01 0.005 0.003 0.003
Lead 0.1 0.05 0.1 0.05 0.01 0.01
Aluminium - - - 0.2 0.2 0.2
Chromium 0.05 0.05 B 0.05 0.05 0.05

Cooper 1.5 1.5 1.5 1 2 2

Iron 1 1 1 0.3 - 0.3
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4 RESULTADOS E DISCUSSAO DOS DADOS COMPLEMENTARES

4.1 Caracterizacio da fase solida

Os minerais presentes nos solos estdo descritos na Tabela 1. As amostras de p6 total
sdo constituidas de silicatos como o quartzo, e de feldspatos: ortocldsio em 60% das amostras,
oligoclasio em 40% e a albita em 30%. Portanto, o que predomina ¢ o quartzo, que se encontra
na area tanto disseminado nos produtos de alteracdo como constituindo veios, 0s minerais
potassicos, incluindo a moscovita, e sédicos, com exce¢do da amostra L.S23, que possui o
mineral célcico anortita. O tinico sulfeto identificado ¢ a bornita (CusFeS4), na amostra LS14
no Complexo Intrusivo de Lavras do Sul e LS32, na Formacao Hilario. Em ambos casos, a

bornita esta associada a calcopirita e pirita das mineralizagdes de Au-Cu.

Tabela 1. Resultados da Difracao de Raios-X (DRX) nos solos.

Minerais identificados

Amostra Po6 total Amostra orientada (fracdo argila)
LSO01 quartzo, oligoclasio e moscovita clorita e biotita
LS03 quartzo e ortoclasio nao foram identificados filossilicatos
LS11 quartzo, oligoclasio e ortoclasio clorita
LS13 quartzo, ortoclasio ¢ albita clorita
LS14 quartzo, ortoclasio, bornita e albita clorita e biotita
LS16 quartzo, oligoclasio e ortoclasio ndo foram identificados filossilicatos
LS20 quartzo, oligoclasio e ortoclasio clorita e biotita
LS23 quartzo e anortita ndo foram identificados filossilicatos
LS30 quartzo, magnetita € moscovita ilita-montmorilonita
LS32 tridimita (%l;t;tiztz)é I;llgi;morllonlta, clorita, biotita, ilita-montmorilonita

Fonte: elaborado pela autora (2024).

Mesmo ap0ds as quatro etapas em que as amostras orientadas foram submetidas
(amostra normal, glicolada e dois aquecimentos), os minerais/difratogramas seguiram
inalterados. Por ordem de dominancia ha clorita (60% das amostras) e biotita (40%). Ambos
minerais sdo formados a partir do hidrotermalismo que controla as mineralizagdes do DALS,
produtos de alteragdes como a propilitizagao dos maficos em clorita, quartzo, calcita e anatasio,
a cloritizagdo, carbonatagdo, entre outros processos (Mexias et al., 2007). Os minerais
identificados nas amostras ndo diferiram para solos proximos ou distantes dos descartes

mineiros.



66

4.2 Elementos adsorvidos ou presentes em coloides

A filtragdo realizada em campo evidenciou possiveis elementos que poderiam estar
adsorvidos em coloides ou constituir a fase particulada em aguas. Considerando que os
residentes ingerem as aguas sem filtragcdo, os elementos que estao possivelmente sorvidos serao

consumidos dessa forma. Os resultados para cada metal podem ser verificados na Figura 3.

Figura 3. Diferenca entre as concentragdes dos metais em cada amostra de agua do segundo
campo, em mg/L. O primeiro quadrante representa a diminuigao dos teores (-1, -2 etc.) e a partir

do zero, o aumento.
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Fonte: elaborado pela autora (2024).

Dos cations quantificados, 63% diminuiram suas concentragoes quando submetidos
a filtracdo em campo além da filtragdo do laboratorio, em 6 das 10 amostras. A variagdo mais
significativa foi para os cations Al (diminuindo apds filtragdo em 4,2 mg/L) e para Fe
(diminuindo 1,3 mg/L), na amostra LS23 c2. Nesse ponto a turbidez estava consideravel,
dificultando até mesmo a filtragdo. fons de Al e Fe comumente sdo reportados na literatura
como adsorvidos em particulas coloidais e argilas, inclusive controlando a concentracido de
poluentes como As (Pokrovsky et al., 2005). Arsénio, inclusive, teve leve diminui¢do nessa
amostra filtrada de 0,002 mg/L, mas devido a sua baixa concentracio e presenga em uma Unica
amostra, a relacao direta com os coloides € complexa de estabelecer a partir dessa constatagao

analitica.
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A matéria organica (MO) representa a fragdo mais importante na absor¢ao do Fe.
O agregado Fe-MO ¢ fortemente influenciados por Ca na solugdo, que atua como competidor
de Fe, aumentando a sor¢do de metais pelo agregado formado (Ritter et al., 2006). A preferéncia
da MO em absorver Al ¢ bastante similar ao Fe, no entanto, o ion em maior concentragao ira
controlar a precipitacdo desse agregado (Beauvois et al., 2023). O ion dominante no DALS-RS
¢ o Al, provavelmente devido a sua menor adsor¢ao nos coldides/matéria organica em relacao
ao Fe. A diminui¢do de ambos ap6s remocao das particulas, pode, portanto, ser indicio de que
uma fragcdo importante destes elementos esteja na fase particulada. A presenga do Al, de pH de
hidrolise 4.1 na amostra LS23 c2 de pH 4.46, e do Fe em amostras de pH superior a 5.5 quando
seu pH de hidrdlise é este valor, também ¢ indicativo que estes elementos estdo na fase
particulada. Durante as chuvas, tanto Al como Fe tiveram concentragdes médias maiores se
comparados ao periodo seco, nas amostras nao filtradas.
Cerca de 7% dos cations se mantiveram em mesmas concentragdes apos filtragem,
enquanto 28% aumentaram as concentragdes. Os casos de aumento foram do Na, nas amostras
LS03 c2,LS14 c2eLS23 c2, com o maior aumento sendo de 0,6 mg/L, e o Ca, que aumentou

no maximo 0,3 mg/L na amostra LS30. Por se tratarem de elementos maiores os aumentos sao

proporcionalmente baixos, e estas adigdes podem ser atribuidas a variagdes nao significativas.
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5 CONCLUSAO

Diante do estudo total, que versa as etapas que constaram e ndo constaram no artigo,
conclui-se ser primordial que a avaliagdo da qualidade das aguas perpasse as analises da
hidrogeoquimica, havendo complementacdo com analise numérica que tenha por base os
valores méximos permitidos em lei para ingestdio humana, em se tratando de estudos
toxicoldgicos. Ainda para este fim, obter a informacdo de qual a forma de consumo da agua ¢
importante, se filtrada ou ndo, para direcionar as formas de coleta e planejamento amostral. Os
elementos Al e Fe, acima do permitido em muitas das amostras de ambos campos, estdo
essencialmente complexados ou particulados na solucdo e sdo consumidos pelos moradores
dessa maneira. Ambos podem controlar a adsor¢ao de metais como o As ¢ Pb no meio aquoso.
Entre os indices HEI e HPI testados no DALS-RS, ambos sdo precisos na func¢ao de balancear
as oscilagoes de teores elementares individuais, mas em amostras de baixas concentragdes
ionicas o HPI se mostrou mais sensivel. Considerando que quanto menor o valor maximo
permitido mais toxico o elemento serd ao organismo humano, ¢ adequado que seu peso seja
maior no resultado final da qualidade da 4gua, sendo mais um ponto a favor do uso do HPI
prioritariamente em contextos analogos a este estudo. Para um diagndstico mais conclusivo da
qualidade das aguas e entendimentos das contribuigdes geoquimicas das multiplas fontes, ¢
necessario a aplicacdo de mais métodos analiticos para caracterizacao das fases aquosa-solida
como is6topos, extragdo sequencial, teor e caracterizacdo da matéria orginica, analise quimica
dos solos etc., além de um acompanhamento amostral longitudinal com um periodo de tempo
representativo. Continuagao das analises comparativas entre indices de polui¢do igualmente ¢

recomendado.
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Data Uso
Coord. | Coord. Coleta |instalagao Quantid. (Frequéncia| Tempo uso | também
Id. pogo = T Tipo do pogo Coleta C1 cC2 [anD=s) Entrevistado Usuarios [quem] usuarios uso pogo [anos] | rede geral
LE0d -63,8238 | 30,7764 rubwlar Eormeira Eormeira proprietario proprietario & Familia 7 toda semana 3 nao
L3502 -53,8656 | 30,2044 cacimba torreira =20 proprietaric proprietaric 1 toda semana »20 nao
L5032 -B3LBETF | 20,2002 cacimba Eormeira Eormeira 20 funzionariafmoradora funizionaria & Familia 3 toda semana 20 Zim
LS04 -B3A281 | 30,8368 tublar Lormeira 2 proprietario proprietario e Familia 3 toda semana 2 nao
LS05 -53.91683 | -30,8299 tubular tarneira 4 funcionario funcionarios 10 dias teis 4 nao
L'50E -53A074 | 30,8278 cacimba Qoo =100 Ingquilino animais - toda semana 1 zim
LE07 SBEE | -30,8523 tublar Eormeira 1 funcionariofmorador [funcionario e Familia, cliented 3 oumais | boda semana 1 nao
L5071 -63,8508 | 30,8817 cacimba Lormeira »20 funcionariofmorador animais - toda semana » 20 zim
L5038 SB3,8931 | -30,5479 tubular torneira 3 funcionariofmorador funcionario e Familia 3 toda semana 3 nao
L5039 -538003 | 30,9287 cacimba Qoo 30 funcionaricfmorador Juncionario e esposa, wizinhod 2 oumais | toda zemana a0 nao
LE10 -63,9268 | 30,8019 cacimba LOrmeira 32 funzionariofmorador funzionario @ esposa 2oumais | toda semana 32 nao
L511 -63,9339 | 30,8026 cacimba Eormeira Eormeira 5 proprietario prietario & esposa, Funcionar ] toda semana [ nao
L512 -53.9521 | 30,7329 tubular EOrreira 1 pai do propriet aria funcicnarios 5 dias Oteis 1 M3
L5132 -5 A064 | 30,7729 cacimba Qoo LornEira [E] proprietaric proprietano e funcionarios [3 toda semana 43 nao
L5514 -63.9109 | -30,777E cacimba pogio Lormeira »100 proprietario prietario e esposa, Funcionar 3 nais de seman » 70 nao
L51G -B3,8021 | -30,767E cacimba Eormeira Al proprietario proprictario & Familia 5 oumaiz | toda semana A0 nao
L51E SBRAVYT | 30,7548 cacimba pioco Lorreira k1] proprietaric prigtario e esposa, FUncionarn 2 toda femana » 8 M3
LE17 -BER3E | 308214 cacimba Lorreira 1 inguilino inguiling & Familia 5 toda semana 1 nao
L5123 63,8438 | 30,8138 cacimba Lormeira »100 inguilina inguilina & Familia [ toda semana 2 nao
L5143 -B3,7868 | -30,7956 tubular tarneira - proprietaric - - - - nao
L3520 -3, 7889 | 30,2097 tubwlar Lorreira Lorneira E proprietaric bprietario e Familia, funcionar g toda semana E nao
LE21 -B3,2549 | 30,8235 tublar Eormeira 2 vizinho proprietario & esposa 2 toda semana 2 nao
L522 -63,3066 | 30,8129 [agua superficial-rede de caphagac - - - - - - - -
L523 -B30E83 | 30,8582 cacimba pioGo torneira =100 proprietaric prietario e esposa, funcionan 5oumais | toda semana B2 nao
L5224 -B37EAT | 30,8536 cacimba Qoo =100 proprietaric proprietanic 1 toda semana B4 zim
L5225 SB37VEE | 30,854 rublar LOrmeira - funzionariofmorador funizionario e Familia 1oumais | toda semana i nao
L526 -63L8263 | -30,8606 cacimba Eormeira 2 proprietario proprietario & Familia 2 toda semana 2 nao
LS27 -538451 | -30,2455 |aqua sob veio sulfetado em mina - - - - - - -
L528 -B38998 | -308134 | tubulardamostra da rede geral Lorreira - - proprietarias e clientes 2oumaiz | toda semana =im
L5243 -63,8867 | -30,7644 cacimba Lormeira 40 proprietario proprietario e Familia 3 toda semana 3 nao
L530 SR Ee [ -30.81 Agua em galeria de minéric galeria galeria - funzionario funzionarios 5 diaz Uteis nao
L53 -53,9029 | 30,2038 cacimba pioco T proprietaric proprietaric e familia 4 toda femana 26 M3
LZ532 SR EEN | 30,2199 cacimba Lorreira Lorneira [1] proprietaric Funcionarios e Familia 5 toda semana 2 nao
Foco controld -B4,0585 | -30,771 cacimba pogio - pai do proprietario funzionarios 4 dias (reis Nao
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Conservagao pogo Materia Uso
Elevagio h boca do | h potenciom. |Profund.|Materia [construtivo e Bombe | | caiza para Frequéncia
Id. pogo terreno [(m) MNE [m] pogo [m]) [m]) total [m]| | pogo tampa) ando ll'SgIa Material tubulagio beber | Tratam. Periddico [qual) | tratamento
LS 234 50 0.8 1548 138 - boa sim_ [pohetilenc| cano pycdmangueira polietilena|  sim nac nao se aplica
LE02 ETE] - - - - pessima =im =im N30 nac se aplica
Ls03 385 2 05 3835 [] pedra reqular sim__ [polietilenc| cano pucimangueira polietilenc|  sim Jipoclorito de sodio [3gua sanitanid  n3o se aplica
LS04 327 20 0,5 3075 100 boa Sim Sim nao nao se aplica
LS05 358 21 0.3 3373 30 boa =im im nao nao e aplica
LS0E 334 * [ * [ reqular Sim T nao nao se aplica
LS07 353 - 160 bom Sim Sim nac nao se aplica
LS07.1 3hE - - - - bom Nao nao nao nao se aplica
LE0g 3650 152 05 4898 »150 bom sim sim nao nao se aplica
L509 346 1 - . 2 pessima nao sim nao nao e aplica
LS10 k{534 - - - - boa =M SIm Mao nao se aplica
LS 380 05 0.5 380 15 pedra regular sim__ [polietieno] ¢ano pyeimangueira polistileno sim nao nao se aplica
LS12 395 - - - 100 boa Sim Sim nao nao se aplica
LS13 401 0.4 0.6 401,2 2 pedra boa =Im polietileno] cano pycimangueira polietileno SIm ipoclornto de sodio [3gua sanitar. trimeestral
LS4 386 34 1 3326 7.3 pedra reqular sim__ [polietilenc| cano pucimangueirs polistilenc|  sim Mao nao se aplics
LSS 386 - - - - reqular Sim Sim nao nao se aplica
LS 289 0,5 0.5 289 pedra reqular sim  |polietieno| cano pyefmangueira polistileno sim nao nao e aplica
LSI7 374 - - - pessima sim sim nao nao ge aplica
(BT 359 1 - 2 regular sim sim nao nao e aplica
[EE] 230 . - . - [=F] Sim <im . -
LS20 299 20 0.5 2795 48 - boa zim__ [polietileno] ¢ano pyeimangueira polistileno im nao nao e aplica
LS21 336 - - - - boa Sim Sim fac nad se aplica
S22 762 . N . N B N . . N
[ 351 21 0y 3438 3 pedra reqular zim_ |polistilens| cano pucimangueira polistilens|  zim nag nao ge aplica
LS4 264 04 0.4 254 0.4 freqular Sim Sim nac nao se aplica
1525 261 - - - - boa Sim Sim [ nao se aplica
[ 243 3 3 243 2 [T=F] zim a0 nao nao se aplica
LS27 234 . - . - - - . . -
LS28 267 . - . - boa Sim sim . -
LS23 237 74 05 230,1 9.2 bos Sim sim__jipoclonto de sodio [3gua sanitar semestral
LS30 252 . - . 2 - pessima sim__ [polietieno] ¢ano pyeimangueira polistileno nao nao nao s aplica
LS31 34 1 - F] pessima Sim SIm nao nao se aplica
LS32 33 - - - pedra regular sim___[polietileno| cano pycimangueira polistilenc|  sim Mao nao se aplica
Fogo contral 435 i - 2 reqular nao nao nac nao 5¢ aplica

Continua...
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Tratam. Uso Animais | Consumo Consumo '*J
beber [ferve, | doméstico bebem dos ativ. Uso dgua pogo Defensivo Fertiliz
Id. pogo filtra) [qual) Criagio animais is) agua animais Ativ_ agricola agricola | irrigag3 a | agricola [tipo [tipo)
Ls01 nao qgeral gado sim Sim pastagem nao se aplica nao nac fao
LEnz2 nao qgeral galinha sim =im horta [alface, couve, komate) Zim =im nao nao
LS03 nao geral nao nao se aplica| n3o se aplica nao nao se aplica nao e aplica nao nao
LS04 nao geral aadao, ovelha nac sim pastagem nao se aplica nac nao nac
L505 nao qeral gado, ovelha, cavalo =im =im =0ja, pastagem, milheto Zim =im herbicidas & outros NPK
LS06 nag nac qado sim Zim nae nao se aplics nao £ aplica nao nao
LS07 nao geral gado, ovelha, cavalo nac sim pastagem, pomar, horta sim nac nac NP
LS07.1 n3ao nao qado, ovelha, cavalo nao gim pastagem, pomar, horta Zim gim fa0 MNFK
L5058 nao qeral gado, ovelha, porco, cavalo Sim Sim pastagem. horta i Sim nao nao
LS09 nac qgeral ovelha =M ZIm pastagem, horta ZIm =M nao nao
LS A& qeral gado, cavalo nao nao pastagem nao se aplica nEo nEo R
LS nao qgeral by, owelha, poreo, galinha, marreco, ¢a =im zim pastagem, horta zim zim nao nao
LS12 fao qeral gado, ovelha, galinha, cavalo ZiMm Zim pastagerm nao e aplica fi30 - 1]
[E nao geral gado, ovelha, cavalo nao sim pastagem nao e aplica nao nao nao
LS1§ Er qeral gado, ovelha, porco, galinha nao Sim pastagem, horta, folhagens Sim Sim nao E
LS15 N30 qeral gado =im zim pastagem nao e aplica n3o nao nao
LS nao qeral qado, ovelha nac Sim pastagem nao se aplica nao nac nac
LS17 nao qeral Vanas laitairas Zim nao paztagem, milho Zim fao cecante NFK
LSt nao qeral qado Sim fao pastagem nao se aplica fao nac fao
LS geral gado sim sim pastagem nao se aplica nao nao nao
LS20 nao qeral cayalo Zim nao pastagem, horna Zim Zim nao nao
L521 nao qgeral gado, galinha, porco Sim Sim pastagem, horta, milho, abobora Zim i MNPE
Lsz2 - - - - - - - - -
L5235 nao qgeral gado, ovelha sim sim pastagem nao e aplica nao nao nao
LS4 ferve nao qado, ovelha =im =im pastagem, milho Zim nao nao MPE
LS25 nao qeral gado, ovelha, galinha, cabrito Zim sim pastagem, milheto £im Simi nA0 NPK
LS26 qgeral gado, ovelha, galinha, cabrito, cavalo sim sim pastagem, Soja sim nao nao MNPE
LS27 - gados, cavalo . . - . - - .
L5238 nae qeral nas nao s aplics| n3o se aplics nae nao ¢ aplica nao se aplica nao nao
LS23 nao qgeral gado, ovelha nao sim pastagem nao se aplica nao nac nac
LS30 nao geral gqada, cavalo £im nao pastagem, Soja, aveia nao Mi3o lifosato, paraquati, 2,4-1 MNFK
(K] nao geral nao nac se aplical| nao s aplical horta [alface, couve, tomate] sim Sim nao [
L532¢ nac qgeral gado, ovelha, galinka B nac pastagem nao e aplica nag nao nao
Foga controld aeral aado. ovelhs. aslinhs, cavslo zim Zim Dastaderm nao se aplics R nao s3be dizer )

Continua...
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Distancia Anilises fisico
Uso solo ativ. mineira quimicas
Id. pogo || entorno [qual) | Aquifero [tipo) [km) Geologia Litotipo predominante Solo EMBRAP Altextura anteriores
L0 idern ativ. aqn cola| fraturadederistaling 1.2 Frn, Hilario Facies Vuleanics Hesito, pitita, caleapinita, galena, blenda, arsenapl]  chernossolodmuite argiloss R
L50z2 idern ativ. agricola| fraturadofcristaling 1.2 Complero Intrusivo Lavras do Sul [F acies Micleo] qrancdiornita, monzogranito argissolofargilosa cascalhenta nao
Lz idern ativ. agricola| fraturadoderistaling 1.7 Complero Intrusivo Lavras do Sul [F acies Mocleo] gqranodiorito, monzogranito argissolofargilosa cascalhenta)  siminao possui
LS04 idern ativ. agri cola| fraturadoferistaling i Compleso Intrusivo Lavras do Sul [Ficies Nicleo) granodionto, monzogranito argissolofargilosa cascalhenta nao
L5065 idem ativ_ agricola fraturadoderistalino il Complexo Intrusivo Lavras do Sul [F acies Mocleo) qranodiornito, monzogranito argissolofargilosa cascalhenta an
LS50 idem ativ. agncola| fraturadoderistaling 1 Complexo Intrusivo Lavras do Sul [F acies Nucleo)] granodiornito, monzogranito argissolofargilosa cascalkenta nao
LS07 idemn ativ. agr cola| fraturadodoristaling 3.32 Complexo Intrusivo Lavras do Sul [F acies Nucleao) grancdiornita, monzogranito argissolofargilosa cascalhenta nao
LS07.1  [idem ativ. agricola| fraturadolernistaling 332 Compleso Intrusiva Lavras do Sul [F acies Mucleo) aranodiornto, monzoaranito argissolofargilosa cascalhenta nao
L50g idemn ativ. aqn cola| fraturadoderistaling 3.4 Compleso Intrusiva Lavras do Sul [F dcies Mbclea) qranodiorito, monzogranito argissolofargilosa cascalhenta nac
LS03 idemn ativ. agri cola| fraturadadernistaling 11 Complesa Intrusiva Lavras do Sul [F acies Mieleo) qranodioritd, monzogranito argissolofargilosa cascalhenta nao
LEI0 idern ativ. agri cola fraturadoferistaling i Compleso Intrusivo Lavras do Sul [Facies MNicleo) qrancdiorita, monzogranito argissololargilosa cascalhenta nao
L1 idern ativ. agricola fraturadoforistaling i Complezo Intrusivo Lavras do Sul [F cies Micleo] qranodiornita, Monzogranito argizzolofargilosa cascalhenta nao
LS12 idern ativ. aqricola| fraturadoderistaling 28 Granito Jaguari biotita sienogranitoimaonzogranito argissolofargilosa cascalhenta Mao
LS13 idem ativ. agncola| fraturadoferistalino 3 “omplexo Intrusivo Lavras do Sul [F acies Feriféricas granito aloalino argissolofargilosa cascalhenta nao
LS14 idemn ativ. agricola| fraturadoderistaling 1.5 Compleso Intrusivo Lavras do Sul [F acies Mocleo) granodiornta, monzogranito argissolofargilosa cascalhenta nao
LS5 idemn ativ. agricola| fraturadodcristaling 3.2 Complexo Intrusivo Lavras do Sul [Facies Mucleo) grancdiorita, monzogranito argizsololargilosa cascalhenta nao
LSIE idem ativ. agricola| fraturadoderistaling I MMonzonita quartzo preenchidos por sultetostcarbonatos | neossalo/media cascalhenta M40
LSI7 idemn ativ. agricola| fraturadoderistaling 0.2 Compleso Intrusiva Lavras do Sul [Facies Muclea) qranodiorito, monzogranits neossoloimedia cascalhenta nao
LEg idern ativ. agricola fraturadoforistaling i Complero Intrusivo Lavras do Sul [F acies Micleo] qranodiornta, monzogranito argissolofargilosa cascalhenta nao
L5189 [lidemn ativ, agricola| fraturadoderistaling 5.4 Frm, Santa Fé arenitos, conglomerados vulelnicos neassoloimedia cascalhenta nao
LS20  [lidem ativ. agricola| fraturadofderistaling 13 Fm. Hilario F acies Conglomeraticas [wulcano-clastics andesito, tufos neossolofmedia cascalhenta imindo possui maif
LS3 idern ativ. agricola| fraturadoderistaling 11 Complexo Intrusivo Lavras do Sul [F acies Moclea] qranodiorita, monzogranito argissolofargilosa cascalhenta nao
LS - fratur adodcristaling i Complexo Intrusivo Lavras do Sul [F 3cies Micleo] arancdiorito, monzogranita neossolofmédia cascalhenta -
LSZd idemn ativ. agricola| fraturadoderistaling 2.2 Complexo Intrusivo Lavras do Sul [F acies Macleo) aqrancdiornito, monzoaranito argissolofargilosa cascalhenta nao
LS24 idem ativ. agricolal fraturadoderistaling 54 Fm. Hilario Facies Yuleanica Hesito, pirita, caleopinita, galens, blenda, srsenopil neossoloimedia cascalhenta [
L52h idemn ativ. agn cola| fraturadoderistaling 3.0 Fm. Hilario Facies Yulc3nica Hesito, pirita, calcopirita, galena, blenda, arsenopi] chernossolofmuito argilosa nao
LS2E  llidern ativ. agnicola| fraturadaderistaling I3 Frn, Hilario Facies Vuleanics Hesito, pitita, caleopinita, galena, blenda, arsenapi] argissolalargilosa cascalhenta Riae
Lsz7 - fraturadodoristaling ] Compleno Intrusivo Lavras do Sul [F acies Periféricas granito alcaling necssoloimedia cascalhenta -
LE28  [lidemn ativ. agricola| fraturadaderistaling 1] Complesa Intrusiva Lavras do Sul [F acies Mieleo) qranodiorito, monzoagranita neossoloimedia cascalhenta N3
L523  [lidem ativ. agricola] fraturadoderistaling KX Compleso Intrusivo Lavras do Sul [F acies Nicleo] granodiorito, monzogranito argizsolofargilosa cascalhenta nao
LS30 idem ativ_agricola| fraturadoderistalino 1] Fm. Hilario F acies Yuleanica Hasito, pirita, calcopinita, galena, blenda, arsenopil neossolofmedia cascalhenta nao
LSH idern ativ. aqricola| fraturadoderistaling 0 Compleso Intrusivo Lavras do Sul [F acies Nicleo) granodionto, monzogranita neossololmedia cascalhenta nao
LS32  [lidemn ativ. agr cola| fraturadodcristaling i Frm. Hilario Facies Yulcanica andesito neossoloimedia cascalhenta nao
Fogo controliidern ativ, aqricalal fraturadaderiztaling 10 - - - nao

Continua...
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APENDICE A- Informagdes qualiquantitativas dos pontos amostrados. Em “-““: dado ndo informados ou indisponivel (continuacao).
Anilises fisico
quimicas
I4. pogo anteriores DRX [pb total) DBX [orientadas) Dbservagies

L0 nac quartzo, oligoclasio @ mosoovita clorita e biotita

LSn2 nac _

LS03 siminao possui quartzo e ortoclasio nao foram identificados filossilicatos "pogo-industiia” da EMATELUR, para fazer merenda escolar e uso domestico

LS04 nacs

L0y nac

LS06 nao

LS07 nac
[ nac

LS08 nao

L5039 nac todos usam esse pogo retirando agqua direto do balde

LS10 nac

L1 nac quartzo, oligoclasio ¢ ontoclasio clorita

LE1? R

L5123 nac quartzo, ortoclasio & albita clorta

LS nac quartzo, artoclagio, bornita e albita clorita e biotita

LS5 nag

L3168 nao quartzo, oligoclasio & onoclasio nao Foram identificados filossilicatos

LS17 nac

Ls18 nao

L513 nac

L520  [pimfmao possui mai quartzo, oligoclasio ¢ ontoclasio clornita e biotita nunca analizou cations, apenas anions [Nao possui mais os resultados)

[EE] [

L522 = agua do Rio Camaqua, onde & realizada 3 captagao da rede municipal de abastecimento
LS22 nac quartzo e anortita nao Foram identific adoz filoszilic atos

L524 nao

L5256 nac

LSk nac

LS27 = Bgua superficial 2ob veio de quartzo sulfetado em mina de S sbandonada, para controle composicao agua sob veios mineralizado.
L5E8 nac poco de uma pousada darede de abastecimento

L523 nao

LS30 nao quartzo, Mmagnetita & Moscowita llita-mantmorilonita Zqua sflarante dentra de antina galeria de minétio; bombeads por mangqueira de PVC para casa de funciondrios
Ls31 nac

LE32 nac Tridimita [quartza), montmaorilonita, bornita e albita clorita e biotita

o0 control nac “pogo-controle”, fora do perimetro DALS; nao € considerado nas analises dos resultados

Fonte: elaborado pela autora (2024).




APENDICE B- Hidroquimica completa do campo 1, incluindo duplicatas. Em mg/L.

T
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d Ti . CE
po po Da  Hord Az, g P ppg HC o NO SO0 4, Ba Ca Cu Cr  Fe K Mn Na Ni Zn Hg Mg As Cd Pb
ta rio ua H Os 3- %

¢o  pogo oC m)

LS | Tubul 26/ 154 24, . o 154 o 19 07 o 9 0,35 50,99 0,00 <L. <L. 890 <L. 3042 0,00 0,00 <L. 1925 <L. <L. 0,0
01 ar dez 6 9 44 9 1 : : 68 01 39 Q Q 29 Q 19 00 86 Q 20 Q Q 07
LS | Caci 26/ 172 30, . 5 349 .0 <L Q <L. <L. <L. <L. <L. 0,000 <L. <L. <L. 1,065 <L. <L. <L.
02 | mba dez 0 6 7 8 : Q : Q Q Q Q Q 0 Q Q Q 0 Q Q O
LS | Caci 27/ 094 22, .o 4 o ., L7 50 oo 0157 009 4286 001 <L. 014 197 000 5238 <L. 002 <L 087 <L <L <L
03 | mba dez 0 6 6 i 37 : 39 68 0 03 Q 38 92 59 1 Q 69 Q 9 Q Q O
LS | Tubul 27/ 104 24, oo o 0,035 0,08 1825 <L. <L. 005 <L. 000 11,90 <L. 001 <L. 3,967 <L. <L. <L.
04 ar dez 0 1 ’ 02 42 97 Q Q 53 Q 16 85 Q 9% Q 3 Q Q Q
LS | Tubul 27/ 105 25, 0 4 719 .0 0,06 30,62 <L. <L. <L. <L. 0,00 14,17 <L. 000 <L. 4834 <L <L. <L.
05 ar dez 8 7 9 4 : 32 22 Q Q Q Q 14 65 Q 80 Q 0 Q Q O
LS | Caci 27/ 112 24, . 4 310 0,772 0,17 7,653 <L. <L. 037 1,80 000 9784 <L. 0,00 <L. 1911 <L. <L. <L.
06 | mba dez 3 7 9 2 92 33 9 Q Q 84 38 69 7 Q 93  Q 3 Q Q O
LS | Tubul 27/ 124 22, | 5, o 0,046 0,05 3843 <L. <L. 005 <L. 000 1228 <L. 0,04 <L 2,168 <L. 0,0 <L.
07 ar dez 8 9 3 30 45 08 Q Q 13 Q 40 97 Q 83 Q 1 Q o0 Q
gf cacim 27/ 125 25, . o 257 0,691 0,05 6,702 <L. <L. 038 1,16 000 4835 <L. 001 <L 1376 <L. <L. <L.
;| ba dez 5 8 4 24 15 3 Q Q 92 64 24 0 Q 01 Q 8 Q Q O
LS | Tubul 27/ 135 28, . 5, 514 36 10, 33 22 0367 008 8475 <L. <L. 0I8 <L 000 882 <L 000 <L. 2465 <L. <L <L
08 ar dez 9 7 1 8 1 33 2 76 42 0 Q Q 93 Q 87 3 Q 84 Q 2 Q Q O
LS | Caci 27/ 144 23, o o 316 24 32 1, 26 1406 0I5 6936 <L. <L. 046 191 000 6158 <L. 002 <L 1446 <L <L <L
09 | mba dez 0 1 8 7 4 8 6 14 27 9 Q Q 64 57 46 8 Q 09 Q 0 Q Q O
LS | Caci 27/ 160 28, . 5 415 0,766 0,07 5556 <L. <L. 036 <L. 000 7,789 <L. 0,01 <L. 1444 <L. <L. <L.
10 | mba  dez 8 5 4 8 05 00 8 Q Q 56 Q 26 2 Q 04 Q 6 Q Q O
LS | cacim 27/ 164 24, o 5 .. 5. 44 oo o 0236 011 5450 <L <L. 0,14 119 000 6805 <L 002 <L. 1378 <L. <L. <L
11 ba dez 9 6 2 ’ 2 ’ ’ 63 19 5 Q Q 43 30 34 1 Q 13 Q 3 Q Q O
if 0,197 0,11 5466 <L. <L. 013 121 000 6865 <L 002 <L 1390 <L. <L. <L.
D 70 30 1 Q Q 78 78 32 1 Q 13 Q 1 Q Q O
LS | Tubul 28/ 09:1 20, ., 5 376 0,074 0,11 9,066 <L. <L. 005 <L. 000 1037 <L. 0,17 <L. 1488 <L. <L. <L.
12 ar ez 2 3 6 2 02 48 1 Q Q 35 Q 39 84 Q 73 Q 4 Q QO O
g 0,099 011 9,031 <L. <L. 007 <L 000 1037 <L. 0,17 <L. 1500 <L. <L. <L.
D 88 55 8 Q Q 03 Q 40 56 Q 15 0Q 6 Q QO 0

Continua...



APENDICE B- Hidroquimica completa do campo 1, incluindo duplicatas. Em mg/L (continuagio).
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Id. Ti . CE
po po  Data Hr ?;“ ;15 (uS/c f] 7DS gf i 1\3'0 Sf" Al Ba Ca Cu Cr  Fe K Mn Na Ni  Zn Hg Mg As Cd Pb
¢o  pogo oC m)
LS Caci 28/ 11:1 20, 56 4, 36,9 19 51 87 43 0,136 0,11 4540 <L. <L. 0,100 4,57 0,00 5,545 <L. 003 <L. 1,557 <L. <L. <L.
13| mba dez 5 4 9 6 1 8 9 40 57 9 Q Q 32 o0l 30 2 Q 21 Q 8 Q Q O
LS Caci 28/ 1222 19, 162 5, 106, 122 44 14, 8.9 0,087 0,24 2503 <L. <L. 0,06 447 0,00 6,499 <L. 0,01 <L. 12,89 <L. <L. <L.
14 | mba dez 4 3 4 9 6 5 © 51 46 61 Q Q 40 8 07 4 Q 41 Q 3 Q Q O
LS Caci 28/ 14:4 22, 41 6, 27,0 0,081 0,06 3,629 <L. <L. 047 143 0,02 4823 <L. 0,01 <L. 1294 <L. <L. <L.
15 mba dez 2 3 6 6 38 99 4 Q Q 69 89 48 3 Q 42 Q 2 Q Q Q
LS Caci 28/ 15:2 21, 151 6, 99,6 144 1,2 1,0 4,2 0,051 025 31,55 <L. <L. <L. <L. 0,00 11,45 <L. 0,00 <L. 5878 <L. 0,0 <L.
16 mba dez 8 4 2 6 5 4 8 86 23 78 Q Q Q Q 12 34 Q 75 Q 7 Q 13 Q
LS Caci 28/ 16:4 24, 50 6, 33 249 25 37 05 0421 0,07 4377 <L. <L. 085 3,5 001 3703 <L. 0,01 <L. 1,341 <L. <L. <L.
17 | mba dez 9 7 1 SO B | 58 4 Q Q 44 59 98 5 Q 04 Q 5 Q Q O
?‘; 0,677 0,07 4354 <L. <L. 092 349 0,02 3,681 <L. 0,01 <L. 1,342 <L. <L. <L.
D 05 61 6 Q Q 95 48 30 8 Q 06 Q 0 Q Q Q
LS Caci 28/ 17:2 24, 42 6, 27,7 0,233 0,02 3,506 <L. <L. 0,18 <L. 0,00 6,085 <L. 0,01 <L. 0912 <L. <L. <L.
18 mba dez 7 2 2 2 89 36 6 Q Q 77 Q 73 8 Q 13 Q 4 Q Q Q
LS | Tubul 29/ 09:4 25, 307 4, 202, <L.Q 0,50 61,29 <L. <L. <L. <L. 0,00 28,66 <L. 0,03 <L. 10,64 <L. 0,0 <L.
19 ar dez 0 8 1 62 ’ 58 60 Q Q Q Q 04 39 Q 24 Q 85 Q 09 Q
LS | Tubul 29/ 10:3 24, 354 4, 233, <L.Q 0,33 53,67 <L. <L. <L. 096 0,00 21,03 <L. 0,11 <L. 19,82 <L. 0,0 <L.
20| ar  dez 0 5 7 64 : 26 4 Q Q Q 07 06 23 Q 77 Q 11 Q 03 Q
LS | Tubul 29/ 12:3 26, 53 4, 349 0,339 0,02 3,774 <L. <L. 0,06 1,17 0,00 7,201 <L. 0,01 <L. 1,240 <L. <L. <L.
21 | ar  dez 8 2 4 8 91 50 5 Q Q 66 24 19 7 Q 03 Q 5 Q Q O
LS | Super 29/ 12:5 27, 62 5 40,9 46.7 35 12 14 0,142 0,05 8,119 <L. <L. 049 1,35 0,04 6,103 <L. 0,01 <L. 3391 <L. <L. <L.
22 | ficial dez 0 4 2 s 9 9 11 36 2 Q Q 8 8 40 7 Q 12 Q 4 Q Q 0
Iég Caci 29/d  14:1 21, 62 4, 409 12.6 11, 42 28 1,139 0,06 2389 <L. <L. 085 224 0,00 9360 <L. 0,06 <L. 0997 <L. 0,0 0,0
mba ez 8 5 4 2 P 6 7 5 44 05 5 Q Q 40 09 6l 8 Q 5 Q 7 Q 09 ol

Continua...



APENDICE B- Hidroquimica completa do campo 1, incluindo duplicatas. Em mg/L (continuagio).

T
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. . CE
. Tipo. Da Hord Ag ¢\ P ppg HC o NO SO, Ba Ca Cu  Cr  Fe K Mn Na Ni  Zn Hg Mg As Cd  Pb
pogo pogo ta rio z:g m) H Os 3- +-
LS | Caci 29/ 145 23, ... 5 189, 0,08 0,14 360 <L <L. 0,16 530 001 162 <L. 002 <L. 240 <L. 000 <L.
24 | mba dez 9 8 2 42 638 64 366 Q Q 12 54 33 980 Q 0l Q 24 Q 7 Q
LS | Tubul 29/ 153 26, ... 5 19, 0,14 0,12 433 <L. <L. 008 3,62 000 21,6 <L 001 <L. 184 <L. 000 <L.
25 ar  dez 2 7 502 295 31 918 Q Q 97 61 49 374 Q 01 Q 86 Q 3 Q
LS | Caci 29/ 162 27, 5, 5 100, 0,04 024 303 <L. <L. 007 <L 002 927 <L 000 <L 227 <L. <L <L
26 | mba dez 4 9 ) 561 72 059 Q Q 51 Q 08 18 Q 8% Q 246 Q Q Q
LS | Super 29/ 180 23, .. 5 217 91 1, 03 73 045 001 220 008 <L. 030 <L. 001 440 <L. 002 <L 083 <L. 000 <L.
27 | ficial dez 7 4 2 8 1 34 5 5 649 65 90 02 Q 40 Q 69 29 Q 19 0Q 91 Q 3 Q
LS | Rede 30/ 094 23, ., 422 0,04 0,04 805 000 <L. <L 129 000 639 <L 001 <L 331 <L <L <L.
28 | geral dez 7 9 4 957 98 14 93 Q Q 49 11 81 Q 20 Q 17 Q Q Q
LS | Caci 30/ 112 22, o0 4 ¢ 023 0,08 515 002 <L. 017 3,59 002 10,1 <L. 003 <L. 232 <L. <L <L
29 | mba dez 4 7 8 ’ 319 57 94 37 Q 81 27 19 693 Q 81 Q 13 Q Q Q
LS |Super 30/ 123 19, o 5 983 .. 7, 51 53, 004 009 476 <L. <L. 008 125 001 778 <L 001 <L. 119 <L. 000 <L
30 | ficial dez 4 5 3 4 19 9 8 790 96 085 Q Q 78 37 27 12 Q 09 Q 607 Q 1 Q
LS 0,03 009 47,7 <L. <L. 007 126 001 776 <L. 001 <L. 12,0 <L. 0,00 <L.
30D 617 84 255 Q Q 23 66 25 21 Q 06 Q 146 Q 1 Q
LS | Caci 30/ 132 20, . 6 116 0,08 0,19 174 <L. <L. 0,11 271 000 225 <L. 001 <L 531 <L. <L <L.
3/ | mba dez 5 6 4 16 102 12 516 Q Q 69 8 72 750 Q 58 Q 29 Q Q Q
LS | Caci 30/ 153 28, .. 5 745 84, 4, 32 16 074 008 198 001 <L. 051 L17 001 85 <L. 002 <L. 407 <L. <L <L
32 | mba dez 3 4 6 8 5 8 1 8 68 59 15 02 Q 53 43 54 35 Q 16 Q 38 Q Q Q
f ;’rft‘; Caci 28 102 23, . 5 ,c, 0,14 007 340 <L. <L. 037 146 008 598 <L 000 <L 125 <L. <L. <L.
e | mba ez 1 1 2 : 126 82 22 Q Q 94 40 70 93 Q 93 Q 11 Q Q Q
Lo — 0. 00 00 002 000 004 000 000 004 089 000 027 000 000 000 061 000 000 0,00
: 01 4 2 84 05 36 88 63 75 38 03 71 76 08 01 93 11 11 11
Legenda:

"-": sem informagao | ' L.Q: limite de quantificagdo do método

Fonte: elaborado pela autora (2024).



APENDICE C- Hidroquimica do campo 2: amostras filtradas e duplicatas. Em mg/L.
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Da T
CE

Id. Tipo ta Hora  ag P ST O HC Cl NO SO« .

poco poco cole vio e (uS/c o PE D D Os- i 3. 2 Al Ba Ca Cu Cr Fe K Mn Na Ni Zn Hg Mg As Cd Pb
N m)
ta C

LS Tubul 19/ 612 16 s¢9 4 6 28 6 364 8 04 58 001 <L 5295 000 <L. 00l 159 000 3980 <L <L. <L 1842 <L. <L <L
0lF ar jul : 86 16 4 1 48 85 43 1 15 Q 81 79 Q 77 39 07 02 Q Q Q 99 Q Q Q
LS Caci 200 440 13 146 5 6, 4 6 728 7. 41 22, 078 <L 1714 000 <L 027 272 001 4569 <L. 002 <L. 2450 <L <L <L
03F mba jul : 5 6 4 9 36 4 9 29 Q 2 77 Q 59 75 06 2 Q 07 Q 8 Q Q Q
LS Caci 20 200 12 66 4, 6, 5 8 269 8 35 75 007 <L 4341 <L <L 005 099 000 6403 <L. 001 <L. .. <L <L <L
1IF mba jul : 46 76 7 3 41 1 4 25 Q 9 Q Q 03 43 21 7 Q 3 Q ’ Q Q Q
LS Caci 200 esg 16 01 3, 6. o 8 36 9 34 72 003 <L 5442 005 <L. 004 414 000 6051 <L 002 <L 1532 <L <L <L
13F mba jul : 4 74 88 61 9 6 5 8 96 Q 9 19 Q 18 74 25 1 Q 28 Q 2 Q Q Q
LS Caci 2 a0 15 % 5 6,0 10 474 4 10 71 002 <L 9742 <L. <L. 002 192 00l 2629 <L 000 <L 293 <L <L <L
14F mba jul : 2 79 03 )5 1 59 8 6 98 Q 8 Q Q 7 49 04 1 Q 27 Q 3 Q Q Q
LS Caci 200 a8 15 21 5, 6, 16 13, 5 13 .o 017 <L 2684 000 <L 008 044 000 1148 <L <L <L 5337 <L <L <L
16F mba jul . 3 8 0 39 52 01 2 ’ 04 Q 97 98 Q 66 07 21 69 Q Q Q 3 Q Q Q
LS Tubul 21/ 1710 18 55 5, 5 27 1, 253, 25 16, 84 0,01 <L. 5737 <L <L. 002 1,00 0,00 228 <L. 005 <L 1902 <L. <L. <L.
20F ar jul : 7 76 94 6 1 55 9 1 6 05 Q 77 Q Q 53 59 17 69 Q 63 Q 49 Q Q Q
LS Caci 210 oo 16 wo % 6 5 6 268 9. 47 10, 035 <L 4815 <L. <L 0.3 253 00l 6472 <L. 004 <L. 1875 001 <L <L
23F mba jul : 6 46 59 49 1 99 2 8 29 Q 5 Q Q 44 5 09 9 Q 41 Q 4 10 Q Q
LS Caci 2/ 00 Y 308 5, 6 15 8 749 14 43 001 <L 3509 <L <L. 00l 112 000 6681 <L <L. <L 9605 <L. <L <L
30F mba jul : 8 6 27 3 25 6 ,6 3 58 Q 19 Q Q 23 95 31 1 Q Q Q 3 Q Q Q
LS Caci 20 440 18 63 46 5 0 o 5 . 67 164 <L 7060 001 000 070 08 000 3914 <L. 000 <L. 1945 <L <L <L
32D mba jul . 2 91 17 1 ’ 83 ’ 4 45 Q 4 05 27 5 25 65 6 Q 73 Q 1 Q Q Q
LS 0,73 <L. 7449 0,00 <L. 031 106 000 3946 <L. 002 <L. 1893 <L. <L  <L.
32F 01 Q 7 7 Q 64 61 35 3 Q 96 Q 3 Q Q Q
LS32 0,61 <L. 7310 0,00 <L 027 105 000 393 <L 002 <L 1895 <L <L  <L.
FD 24 Q 8 72 Q 47 48 4 3 Q 35 Q 1 Q Q Q
L.O? 0, ] ] 02 ] 0,00 0,00 0,006 0,00 000 001 000 000 0100 000 000 000 0001 000 000 0,00

: 1 ; 22 05 3 58 24 12 16 02 5 12 05 01 2 8 05 26

Legenda:

"-": sem informacao | ' L.Q: limite de quantificacdo do método.

Fonte: elaborado pela autora (2024).



APENDICE D- Difratogramas dos solos da segunda campanha de campo. Amostra LS01 c2 até LS14 c2.

Legenda LS01_c2
aquecida a 550°C
aquecida a 450°C D D
—— pos glicolagem I E D D
normal
po total -
Fases minerais: D
A- quartzo . D
B- oligoclasio(Na) E D D
B1- ortoclasio (KAl) g, P
C- moscovita(KAl) O D D
C1- albita (Na) EN_)E D \ D
D- clorita E e
E- biotita S D E D D
F-bomita (Cu) £ M—L__J~ ; D
G- anortita (Ca) = .
H- magnetita
I- ilita-montmorilonita
J- tridimita (qtzo)
T T T 1 T T I
10 20 30 40 50 60 70
20 (%)
LS03_c2 LS11_c2
_ L _
[S———r
L - D
| — D
D
D o
° o
g * S A
z k=
A A
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L. I T T A L A A A " B B1 L A E1 L s A M
T T T T T T T T T
10 20 30 40 50 60 70 1 Il) ZIU 3IO 4IU 5I0 BID TIO
20 (°) 20 (%)
LS13_c2 LS14_c2
1 I\ e
_ i k ED
D 4
N i
[P o ] L
& o LR ED
28R @ -
G - \_D 5 | A
= [
— o A =
i A | A A
AA A 1 F Bloict AA A A A
1~ ot AL AR A ] AL S A
T T T T T T T T T T T T T T T T T T T T T
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20 (°) 20 (°)

Fonte: elaborado pela autora (2024).



APENDICE E- Difratogramas dos solos na segunda campanha de campo. Amostras LS16 ¢2 a LS32 c2.

Legenda LS16_c2
———aquecida a 550°C ]
———aquecida a 450°C
——pos glicolagem

———normal Pt
——pb total |

Fases minerais -
A- quartzo b

B- oligoclasio(Na)
B1- ortoclasio (KAI)

O [,
C- moscovita(KAl) T 7
C1- albita (Na) 3
D- clorita ‘»
E- biotita -
E J

F- bornita (Cu)
G- anortita (Ca)
H- magnetita

I- ilita-montmorilonita A A
J- tridimita (gtzo) A -
B1
T T T T T T T
10 20 30 40 50 60 70
20 (%)
LS20_c2 LS23_c2
1\_DE L
—\D E 1\
8] e g
S ] S
21\DE i 27
8] 8
£ =
loe .
1 A
i B A G l.?G GA A A A
BB1 BBl g1 A A A A A B1A B s
J G
BB
1ID 2'0 3l0 4IO 5l0 SIO TIO I 1I0 ' 2I0 I 3[0 ' 4I0 ' 5|0 I GIO ' 7I0
20 (%) 20 ()
LS30_c2 LS32_c2
{——AE ;
| E
4 | J
D
g L 2]
S | o
g g U\J £
2| & D
c \ | i D
£ £ — A
- i I E
|
A s | T——
S g dHcAa Acon a L1 u i g1 ]
1I0 2I0 SIO 4IO 5[0 BID '.’IO 1I0 2I0 3I0 4I0 5ICI GIO TIC]
20 (%) 20 (°)

Fonte: elaborado pela autora (2024).



APENDICE F- Mapa potenciométrico.

53°45'0"W
T

53°570"W
T

53°55'0"W 53°53'0"W 53°51'0"W
T T T

T
30°51'0"S  30°50'0"S 30°49'0"S 30°48'0"S 30°47'0"S 30°46'0"S 30°45'0"S

53°49'0"W 53°47'0"W
T T T

Aluvizo
~¥ Sentido de fluxo d'agua - Compl. Intrusivo LS (Facies Periféricas)
—-— |soietas (numeral: nivel potenciométrico) - Compl. Intrusivo LS (Facies Ncleo)

= Sistema de falhas (zonas de cisalhamento)- Formagdo Santa Fé

- Formagdo Sta. Barbara
- Granito Jaguari

- Granodiorito

Convengdes cartograficas Geologia

- Hilario Conglomeratico (Vulcano-clastica)

[F9 Hilario Facies Vulcanica

B Hipersteniodiorito

&R Monzonito e quartzo-monzonito
-Qua rtzo-monzonito Pérfiro

[ Formagao Marica
) Gnaisses Cambai

Elaboragao:
Marina Thimotheo (2023)
Geologia adaptada de
Grazia & Pestana (2008)
Datum: SIRGAS 2000

= nabuto de
l\g,‘I(Bhgt:u:iiim:it:ls

Fonte: elaborado pela autora (2024).
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