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“A menos que modifiquemos a
nossa maneira de pensar, ndo
seremos capazes de resolver
0s problemas causados pela
forma como nos acostumamos
a ver o mundo”.

(Albert Einstein)
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RESUMO

ENGELMANN, Pamela de Medeiros. Determinacao de is6topos estaveis de
carbono e de parametros fisico-quimicos para controle de contaminacao em
aguas superficiais e subterraneas proximas a um aterro sanitario. Porto Alegre.
2017. Dissertacao. Programa de Pés-Graduacdao em Engenharia e Tecnologia de
Materiais, PONTIFICIA UNIVERSIDADE CATOLICA DO RIO GRANDE DO SUL.

No Brasil, os aterros sanitarios sdo Unica forma de deposicao final de lixo
permitida por lei. Porém, o lixiviado resultante do processo de decomposi¢cdo da
matéria organica tem uma composi¢cdo complexa e pode causar contaminagcao das
aguas superficiais e subterraneas da regido. Assim, o monitoramento destas areas é
extremamente importante para a caracterizacao do lixiviado produzido e para evitar
danos ao meio ambiente. O presente estudo teve como objetivo monitorar a area de
um aterro sanitario utilizando parametros convencionais (metais, ions e parametros
fisico-quimicos), isétopos estaveis do carbono inorganico dissolvido (5'°C-DIC) e do
carbono organico dissolvido (5'°C-DOC) aliados a técnicas de anélise multivariada.
Foram caracterizadas amostras de lixiviado bruto, lixiviado das lagoas de
estabilizacdo, de aguas subterrdneas e superficiais adjacentes ao aterro. Os
parametros convencionais e alternativos, juntamente com a analise multivariada,
mostraram que a célula de deposicao de residuos antiga (C3) encontra-se em um
processo mais avancado de estabilizacdo da matéria organica, provavelmente ja na
fase metanogénica. Os dados mostram que as lagoas de estabilizacao estdo sendo
eficientes, melhorando a qualidade do lixiviado. Os valores encontrados para metais
alcalinos, nitrato e cloreto indicam contaminacdo em um dos pocos de
monitoramento de agua subterranea (PZ3) e, além disso, a jazida (BG1) presente ao
lado do aterro apresenta variagdo quando comparadas aos brancos. Assim os dados
da razao isotdpica das aguas subterrdneas e superficiais foram importantes para
confirmar a presenca de contaminacdao nos pontos PZ3 e BG1, uma vez que foi
observado um enriquecimento isotépico da 5'3C-DIC nesses locais.

Palavras-Chaves: Aterro-sanitario, Monitoramento, Lixiviado, Aguas, Parametro

alternativo; Isétopos de carbono.
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ABSTRACT

ENGELMANN, Pamela de Medeiros. Determination of stable carbon isotopes and
physico-chemical parameters to control contamination in surface and
groundwater near a sanitary landfill. Porto Alegre. 2017. Master Thesis.
Graduation Program in Materials Engineering and Technology, PONTIFICAL
CATHOLIC UNIVERSITY OF RIO GRANDE DO SUL.

In Brazil, landfills are the unic form of final waste disposal that being still
permitted by law. However, the leachate produced during the organic matter
decomposition process has a complex composition and can cause contamination of
the surface and groundwater of the landfill region. Thus, the monitoring of these
areas is extremely important for the characterization of the leachate produced and to
avoid environmental damages. Thus, the present study had the objective of
monitoring the area of a Brazilian landfill using conventional parameters (metals,
anions, ammonia and physicochemical parameters), stable isotopes of dissolved
inorganic carbon (3'C-DIC) and dissolved organic carbon (5'3C-DOC) allied to
multivariate analysis techniques. Samples of raw leachate, leachate of stabilization
lagoons, groundwater and surface water adjacent to the landfill were characterized.
The conventional and alternative parameters together with the multivariate analysis
showed that old cell (C3) is in a more advanced process of stabilization of the organic
matter, probably already in the methanogenic phase. The data show that the organic
matter stabilization lagoons are being efficient, improving the quality of the leachate.
The values found for alkali metals, nitrate and chloride indicate contamination in one
of the groundwater monitoring wells (PZ3) and, moreover, the sand extraction area
(BG1) present at the side of the landfill study also show variation when compared
with local white. Thus, isotopic ratio data for groundwater and surface waters were
important to confirm the presence of contamination at the PZ3 and BG1 sampling

sites, since an isotopic enrichment of the §13C-DIC was observed at these sites.

Key-words: Landfill, Monitoring, Leachate, Water, Alternate parameter; Carbon
Isotopes.
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1. INTRODUGCAO

Nas Ultimas décadas a producdo de residuos soélidos urbanos aumentou
consideravelmente devido ao crescimento dos centros urbanos. Somente no Brasil
foram gerados cerca de 74,8 milhdes de toneladas de lixo em 2014 (ABRELPE,
2015). Como consequéncia, a disposicao final do lixo tornou-se uma preocupacao,
pois a operacao inadequada pode acarretar em severos danos ao meio ambiente.

A disposicao em lix6es, aterros controlados e aterros sanitarios sdo as
técnicas de eliminacao final de residuos mais conhecidas, porém, a acomodagao em
aterros sanitarios € a Unica técnica ainda permitida por lei no Brasil (Brasil, 2010;
Castilhos et al., 2003). Apesar desta técnica minimizar os efeitos da eliminacao de
residuos, sabe-se que ela também pode originar danos ambientas provenientes do
lixiviado produzido pelo processo de decomposicdo do lixo. A falta de critérios
técnicos durante a implantacdo e a operacado incorreta do aterro sao 0s principais
responsaveis pela geracdo dos riscos ambientais indesejaveis para um aterro
sanitario (FEAM, 2006).

Dentre os danos ambientais ocasionados pode-se mencionar a contaminacao
das aguas superficiais e subterraneas adjacentes ao aterro sanitario, a partir da
infiltracdo do lixiviado pelo solo. O monitoramento da qualidade dos recursos
hidricos torna-se extremamente importante na medida em que aguas contaminadas
ficam impedidas de serem utilizadas para o consumo humano.

O monitoramento tradicional implica em amostragem peridédica das aguas
subterrdneas e de superficie em torno de um aterro para a determinagdo de
indicadores quimicos de contaminacao (North; Frew; Peake, 2004). Porém, muitas
vezes, a identificacdo de contaminagcao somente por meio de parametros quimicos
pode ser prejudicada pela existéncia de outras fontes potenciais de contaminacao
das aguas locais préximas ao aterro, tais como: industrias, plantacoes, cemitérios

entre outras.
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A utilizacdo de isétopos estaveis de carbono apresenta grande potencial
como parametros alternativos de controle de eventual interacdo entre o lixiviado de
aterro e as aguas adjacentes, visto que a assinatura isotopica de cada elemento é
Unica. Além disso, os is6topos estaveis podem ser importantes ferramentas de
avaliacdo e caracterizacdo do estado de degradacdo de um aterro de residuos
sélidos urbanos.

Neste contexto, o presente estudo se propde a utilizar isétopos estaveis de
carbono como um parametro auxiliar na determinacao de contaminacao de aguas
adjacentes a um aterro sanitario, assim como avaliar o processo de decomposicao

dos residuos presentes no aterro.
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2. OBJETIVOS

Utilizar parametros fisico-quimicos e isétopos estaveis de carbono como
ferramenta de controle de contaminacado de aguas adjacentes a um aterro sanitario

localizado no litoral norte do Rio Grande do Sul.

2.1. Objetivos Especificos

- Caracterizar as aguas subterraneas e superficiais adjacentes ao aterro
sanitario assim como o lixiviado utilizando a analise de is6topos estaveis de carbono
e parametros fisico-quimicos;

- Correlacionar os valores isotopicos encontrados no lixiviado do aterro, bem
como os parametros fisico-quimicos com os valores encontrados nas aguas da
regiao;

- ldentificar a fase de decomposicdo dos residuos solidos das células de
deposicao dos residuos do aterro sanitario a partir da caracterizacdo do lixiviado
produzido por parametros fisico-quimicos e isétopos estaveis de carbono;

- Aplicar técnicas de analise multivariada na interpretacao integrada de dados
fisico-quimicos e de is6topos estaveis de carbono.
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3. REVISAO BIBLIOGRAFICA

3.1. Disposicao dos Residuos Soélidos

Nas ultimas décadas, o crescimento populacional em areas urbanas e o
aumento do consumo de produtos industrializados tém aumentado a geracao de
residuos sélidos (Lange et al., 2006). Os residuos sélidos sdo definidos, pela
Associacao Brasileira de Normas Técnicas (ABNT), através da Norma Brasileira
(NBR) 10004/2004, como:

Residuos resultantes de atividades de origem industrial, doméstica,
hospitalar, comercial, agricola e de servigos. Ficam incluidos nesta definicdo
os lodos provenientes de sistemas de tratamento de dgua, aqueles gerados
em equipamentos e instalacbes de controle de poluicdo, bem como
determinados liquidos cujas particularidades tornem inviavel o seu
langamento na rede publica de esgotos ou corpos de agua. (ABNT, 2004,

p.1).

O aumento da geracao de residuos consiste atualmente em um grave
problema urbano, principalmente devido a escassez de areas para deposicao, altos
custos de tratamento, bem como problemas de saneamento publico e contaminacao
ambiental (Filho et al., 2011). Diante de tal problemética, a grande transformacéao
necessaria para solucionar o problema do lixo se inicia na conscientizacao ambiental
da populacdo, na necessidade de preservar 0s recursos naturais, de consumir
produtos que tenham aspectos reciclaveis e que acarretem o minimo de danos ao
meio ambiente e de realizar a separacdo dos residuos gerados. Essa
responsabilidade também deve se estender ao poder publico através de acgdes e
iniciativas que direcionem a sociedade a terem atitudes ambientalmente conscientes
(Portella; Ribeiro, 2014).

Historicamente, existem trés formas basicas para a disposicao final de

residuos soélidos: lixao ou vazadouro a céu aberto, aterro controlado e aterro
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sanitario (Castilhos et al., 2003). A disposicdo dos residuos sélidos em lixbes €
altamente prejudicial ao meio ambiente, pois resultam da simples descarga do lixo a
céu aberto. Os aterros controlados diferenciam-se dos lixdes, apenas pelo fato do
lixo ndo ficar exposto a céu aberto, pois diariamente o lixo é coberto com uma
camada de terra. No entanto, ambas as praticas sdo consideradas inadequadas,
pois além de causarem sérios danos ambientais, ainda podem provocar a poluicao
das aguas subterraneas e superficiais como consequéncia da infiltragdo do lixiviado'
(IBGE, 2010).

Atualmente, além das formas béasicas de disposicdo citadas também séao
utilizados sistemas modernos de tratamento que antecedem o método de
disposicdo. Métodos tais como, incineracdo, compostagem (residuos organicos),
tratamento com micro-ondas, plasma-pirélise e reciclagem, sao principalmente
utilizados em paises desenvolvidos com o objetivo de diminuir a utilizacdo dos
recursos naturais e a quantidade de residuos dispostos no solo (Mufioz, 2002).

No entanto, quando se refere as formas basicas de disposicdo, os aterros
sanitarios representam a pratica mais adequada do ponto de vista ambiental, além
de apresentar baixos custos e flexibilidade operacional (IBGE, 2010). Esta pratica é
principalmente caracterizada por apresentar impermeabilizacdo do solo, cobertura
diaria das células® e sistemas de coleta de gases e lixiviado (Santos, 2008).

Santos (2008) salienta que apesar dos aterros sanitarios serem considerados
a melhor solugcdo para destinagdo final do lixo, os mesmos ndo estdo sendo
utilizados da forma correta. Pois deveria ser encaminhado para aterros apenas 0s
materiais realmente classificados como lixo, ou seja, sem a possibilidade de
reaproveitamento e/ou reciclagem, a fim de prolongar a vida util do aterro, preservar
0s recursos naturais e reduzir o consumo de energia. Esse tipo de pratica é bastante
observada em paises desenvolvidos com o objetivo de minimizar a quantidade de
residuos aterrados, principalmente devido a pouca disponibilidade de areas

préximas aos centros urbanos para construcao de aterros sanitarios (Lino, 2007).

! Lixiviado, também conhecido como chorume, consiste num liquido de cor escura e com mau cheiro
proveniente da decomposi¢do da matéria organica (ABNT, 1992).

2 Célula consiste em uma cavidade construida junto ao solo para deposicéao dos residuos (Monteiro et
al., 2001).
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De acordo com a ABRELPE (2014) a geracao total de residuos sélidos
urbanos no Brasil no ano de 2014 foi de aproximadamente 78,6 milhdes de
toneladas, representando um aumento de 2,9% quando comparado ao ano de 2013.
No entanto, deste total, 7 milhdes de toneladas ndo foram coletadas e apresentaram
destino ambiental e sanitario inadequados e o restante total foi destinado conforme
disposto na Tabela 3.1.

Tabela 3.1. Destino final dos residuos sélidos coletados no Brasil por regido (ABRELPE, 2014).

Regiao Aterro Sanitario (%) Aterro Controlado (%) Lixao (%)
Norte 35,5 29,9 34,6
Nordeste 35,6 33,1 31,3
Centro Oeste 30,3 47,9 21,8
Sudeste 72,6 17,3 10,1
Sul 70,7 18,3 11,0
Brasil 58,4 24,2 17,4

Segundo os dados apresentados observa-se que dentre o volume total de
residuos coletados no Brasil, 41,6% ainda possui destino inadequado. Todavia, 0
Brasil pouco tem evoluido ao longo dos ultimos anos no que se refere a destinacéao

adequada dos residuos sélidos, como pode-se observar na Tabela 3.2.

Tabela 3.2. Destino final dos residuos sélidos coletados no Brasil (ABRELPE, 2009; ABRELPE, 2011;
ABRELPE, 2013; ABRELPE, 2014).

Ano Aterro Sanitario (%) Aterro Controlado (%) Lixao (%)
2008 54,8 20,0 25,2
2009 56,8 23,9 19,3
2010 57,6 24,3 18,1
2011 58,1 24,2 17,7
2012 58,0 24,2 17,8
2013 58,3 24,3 17,4
2014 58,4 242 17,4

Salienta-se que no ano de 2010 foi instituida a Politica Nacional de Residuos
Solidos (PNRS), a partir da Lei Federal n® 12.305, de 2 de agosto de 2010. O PNRS

exigia a partir da sua regulamentacao, a elaboracao de planos de residuos soélidos
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em ambitos nacional, estadual e municipal que erradiquem os lixdes, apresentem
metas gradativas de reducéo, reutilizagdo e reciclagem de residuos sélidos, com o
objetivo de reduzir a quantidade de residuos e rejeitos encaminhados para
disposicao no solo. No entanto, observa-se, a partir dos dados da ABRELPE (2014),
primeiro ano de pesquisa apos o termino do prazo para implantacdo do PNRS, que
as metas estdao longe de serem atingidas. Principalmente pelo fato de que a
quantidade de lixo produzida aumentou no ultimo ano, e que 3.334 dos 5.570

municipios brasileiros ainda mantém lixdes em operagéao.

3.2. Aterro Sanitario

Comparando os métodos disponiveis para a disposicao final dos residuos
solidos urbanos, fica evidente que os aterros sanitarios consistem na solugdo menos
impactante, na medida em que é projetado de modo a impedir que os residuos e
seus derivados provoquem danos ao meio ambiente e o seu redor (Barros, 2013;
Santos, 2008).

Em paises como o Brasil, a disposicao de residuos sélidos em aterro
sanitarios é a forma mais utilizada em decorréncia da disponibilidade de grandes
areas e de ser economicamente viavel (Nascimento, 2001). Guimardes e Assis
(2014) ressaltam ainda que, mesmo com o surgimento de novas tecnologias para o
aproveitamento energético dos residuos soélidos, em paises em desenvolvimento
como o Brasil, os aterros sanitarios ainda consistem na alternativa mais viavel do
ponto de vista econdémico.

De acordo com a ABNT NBR 8419/1992, aterro sanitario de residuos solidos

urbanos é definido como:

Técnica de disposicdo de residuos sdlidos urbanos no solo, sem
causar danos a saude publica e a sua seguranga, minimizando os impactos
ambientais, método este que utiliza principios de engenharia para confinar
os residuos solidos a menor area possivel e reduzi-los ao menor volume
permissivel, cobrindo-os com uma camada de terra na conclusdo de cada
jornada de trabalho, ou a intervalos menores, se necessario. (ABNT, 1992,

p.1).

Para Naime, Abreu e Abreu (2008) um aterro sanitario se baseia em técnicas
sanitarias, como impermeabilizacdo do solo, compactacdo e cobertura diaria das
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células de lixo, tratamento e coleta de gases e lixiviado, para evitar a existéncia de
danos ambientais. Ou seja, impedir a contaminagao dos lencdis freaticos, exalacao
do mau cheiro, proliferacdo de ratos e moscas, surgimento de doencas, entre outros
aspectos negativos que possam estar relacionados com a presenca do aterro
sanitario em uma determinada regido.

No Brasil, a PNRS estabelece que os residuos sélidos devem apresentar
disposicao final adequada em aterros sanitarios. No entanto, existe apenas diretrizes
para regulamentar a disposicao final dos residuos sélidos em aterros sanitarios, sem
carater de lei, na NBR 8.419/1992 e na NBR 13896/1997 (ABNT, 1992; ABNT,
1997). Em ambito especifico de aterros sanitarios, existe apenas a Resolugcao N°
404 do Conselho Nacional do Meio Ambiente (CONAMA), de 11 de novembro de
2008, que regula o licenciamento ambiental de aterros de pequeno porte.

Embora o aterro sanitario seja uma técnica simples, sdo necessarios cuidados
especiais e procedimentos especificos desde a escolha da area até a sua operacao
e monitoramento (FEAM, 2006). O projeto de construcdo de um aterro sanitario
passa por varias etapas. A primeira consiste na realizacao de estudos preliminares,
com o objetivo de levantar informacdes sobre a geracdo e composicao dos residuos
para elaborar um diagnéstico do gerenciamento local dos residuos (Elk, 2007;
Monteiro et al., 2001)

Posteriormente é realizado a escolha da area mais adequada para a
instalacdo do aterro, considerando aspectos técnicos, ambientais, operacionais e
sociais (Elk, 2007; Monteiro et al., 2001). O local escolhido para implantacdo de um
aterro sanitario deve apresentar solo homogéneo e impermeavel e possuir
profundidade adequada do lencol freatico a fim de evitar danos ambientais ao meio
(Castilhos et al., 2003). De acordo com Gomes et al. (2001) locais com lencol
fredtico com profundidade de mais de 4 metros de profundidade sdo os mais
adequados para instalacdo de aterros.

Existem diferentes métodos para a construcdo de um aterro sanitario, no
entanto a escolha do método mais apropriado sera influenciada por varios fatores.
De acordo com Faria (2002) os fatores mais relevantes no momento da escolha
consistem na topografia/geologia local, o nivel do lengol freatico, na disponibilidade
de material para recobrimento proximo a area destinada ao aterro sanitario e da

quantidade de residuos a dispor.



22

Também € necessario apresentar, na concepc¢ao do projeto, a justificativa da
escolha de cada um dos varios elementos que compdem um aterro sanitario, como a
drenagem das aguas superficiais, a impermeabilizacdo da camada superior e
inferior, a drenagem e o tratamento do lixiviado e gases, bem como o plano de
monitoramento para avaliar o impacto causado pela obra, os métodos de operacao
do aterro e as sugestdes de uso futuro da area apds encerramento das atividades
(Elk, 2007; Monteiro et al., 2001).

Apés a elaboragao do projeto e a devida aprovacao deste por parte do érgao
ambiental responséavel, a partir da concessao da licenca de instalacdo, é que se
inicia a fase de instalacao do aterro. Nesta fase, as atividades definidas na etapa no
projeto sdo executadas. E nesse momento que é realizado a limpeza e isolamento
da area, a construgdao das estruturas de apoio (portaria, vestiarios), melhoria e/ou
implantacéo de vias de acesso, terraplanagem, construcéo das trincheiras, sistemas
de drenagem superficial, de drenagem de lixiviados e gases, impermeabilizacdo do
fundo e das laterais, pocos de monitoramento e obras de infraestrutura para o
sistema de tratamento de lixiviado (Castilhos et al., 2003).

E importante ressaltar que os aterros sanitarios devem ser revestidos com um
sistema abrangente de baixa permeabilidade, que limite a infiltragdo do lixiviado no
solo circundante, quando a barreira geologica ndo ofereca de modo natural as
condi¢cdes exigidas (Defra, 2004; Nagendran et al., 2006). A NBR 13896 exige manto
de solo homogéneo de 3,0 m de espessura com coeficiente de permeabilidade (K)
igual & 1,0x10° cm.s™. No entanto a protecdo pode ser complementada com
geomembrana sintéticas, normalmente utiliza-se geomembrana de polietileno de alta
densidade, como material impermeabilizante para obter uma prote¢do equivalente
(ABNT, 1997b).

A etapa seguinte consiste na operacao do aterro, ou seja, no recebimento das
cargas de lixo, que devera obedecer a um plano operacional previamente elaborado
(Monteiro et al., 2001). Salienta-se que a operacao é uma etapa muito importante
para tornar o aterro ambientalmente correto (Castilho et al., 2003).

Ap6s o fechamento do aterro sanitdrio o monitoramento das aguas
subterraneas, os sistemas de drenagem, de deteccdo de vazamento e de tratamento
de lixiviado devem ser mantidos até a comprovacdo do término da geracado de
lixiviado. O mesmo é aplicado para o sistema de coleta de gases. O aterro ainda

devera receber uma camada final para evitar o surgimento dos vetores de doencas e
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a percolagcdo indevida de liquidos e gases. E necessaria a realizacdo da
manutencdo da cobertura a fim de corrigir possiveis rachaduras ou erosao
(CEMPRE, 2010; ABNT, 1997b).

Na Figura 3.1, é possivel observar os diferentes setores de um aterro
sanitarios desde o preparo do terreno, passando pela execucdo até a concluséo.
Além disso, a Figura 3.1, apresenta os principais sistemas de seguranca que devem
estar presentes em um aterro para evitar danos ao meio ambiente. A base do aterro
deve possuir uma camada de solo compactada e uma camada impermeabilizada
(normalmente de polietileno de alta densidade) para evitar o vazamento de lixiviado
e a contaminacdo do lencol fredtico. O aterro sanitario ainda deve possuir um
sistema de drenagem de lixiviado para lagoas de estabilizacdo ou estacdes de
tratamento de lixiviado e um sistema de drenagem de gases produzidos durante a
decomposicdo da matéria organica. Por fim, deve existir um sistema de drenagem
de aguas pluviais, para que nao haja a infiltracdo da agua da chuva e uma camada
final de cobertura (normalmente de argila compactada). O Quadro 3.1 apresenta
resumidamente cada elemento de protegdo ambiental.

. SETOR

' CONCLUIDO Drenagem superficial
L]

Drenagem de gas

SETOR EM

! Drenagem interna
EXECUGAQ

Célula de lixo

SETOR EM
PREPARO

Saida do chorume para
estagio de tratamento

Camada de solo de cobertura

Frente de trabalho

Camada impermeabilizante

Dreno do chorume na base do aterro

Lengol Freatico

Figura 3.1. Representacao dos diferentes setores de um aterro sanitario (Assad, 2012).
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Quadro 3.1. Descricdo dos elementos de protecdo ambiental (Castilhos et al., 2003; CEMPRE, 2010).

Elemento de proteciao Funciao

Evitar a entrada de 4gua de escoamento superficial, a fim de

Sistema de drenagem superficial oo o . <
diminuir o volume de lixiviado e prevenir a eroséo.

Sistema de impermeabilizacao de Evitar a contaminagao do subsolo e aquiferos adjacentes
fundo e de laterais pela migracdo de percolado e/ou biogas.

Proteger a superficie das células de lixo a fim de evitar a
proliferagdo de vetores (ratos, moscas, mosquitos, baratas),
Sistema de cobertura dos residuos diminuir a taxa de formacgao do lixiviado, reduzir a exalacao
de mau cheiro e ainda impedir a saida descontrolada de

biogas.

Canalizar o lixiviado gerado para fora do sistema para o

Sistema de drenagem de lixiviados devido tratamento.

Tratar o lixiviado produzido a fim de adquirir os padrdes

Sistema de tratamento de lixiviados o p
permitidos para descarga em cursos de agua.

Drenar os gases provenientes da decomposi¢ao da matéria

Sistema de drenagem de gases A . ; .
orgénica para evitar acumulos de gas.

Tratar os gases recolhidos antes de libera-los para

Sistema de tratamento de gases
atmosfera.

Permitir a detecgé@o, em estagio inicial, dos impactos
Sistemas de monitoramento ambientais negativos provocados ao solo, ar e agua bem
como a populacéo do entorno do aterro.

3.3. Processo de Decomposicao da Matéria Organica

Quando o lixo é depositado em um aterro sanitario ocorre uma série de
reacdes complexas durante a decomposicao do lixo, sendo a degradacao anaerdbia
predominante (Pohland; Harper, 1986; Kjeldsen et al., 2002).

O processo de degradacdo dos compostos organicos e inorganicos,
presentes nos residuos, € constituido por mecanismos bioldgicos e fisico-quimicos,
catalisados pela presenca de umidade nos residuos e pelas aguas que infiltram ou
sao recirculadas no aterro (Castilhos et al., 2003). Tais mecanismos convertem o0s
residuos sélidos em substancias mais estaveis, através da atuacado de organismos
decompositores como: bactérias, arqueas metanogénicas, fungos, protozoarios e
algas (Fiore, 2004).

Ao longo do tempo foram desenvolvidos alguns modelos para descrever a
sequencia de acontecimentos que se desenvolvem ao longo da vida util de um
aterro a fim de demonstrar as diferentes etapas até a sua estabilizacdo. O primeiro
modelo foi proposto por Farquhar e Rovers (1973), e apresentava quatro etapas que
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focavam, somente, na producdo de biogas. Rees (1980b) propbs a primeira
modificacao, a adicdo de uma quinta fase e levou em consideracao, além das curvas
de producédo dos gases, curvas tedricas de degradacdo da celulose e dos acidos
graxos volateis. O modelo mais recente, Figura 3.2, foi proposto por Pohland e
Harper (1986) e é composto por cinco etapas, descritas a seguir, que avaliam a
estabilizacdo dos residuos dispostos no aterro em relacdo ao tempo. A duracéo de
cada uma das fases descritas depende de diversos fatores como o tamanho do
aterro, a forma de gerenciamento, o tipo de residuo depositado entre outros
(Kawahigashi, 2012).
(l) Fase de ajustamento inicial

Consiste na primeira fase do processo e esta associada a disposicao recente
de residuos. Tem-se 0 inicio do acumulo de umidade no interior do aterro e os
compostos organicos biodegradaveis comegam a sofrer degradacdo em condi¢des
aerdbias. Caracteriza-se pela curta duragéo e pelo consumo de oxigénio.
(ll) Fase de transi¢do

Consiste na transicdo do ambiente aerdbio para o anaerdbio. Observa-se uma
tendéncia para condic6es redutoras, de acordo com a mudanca dos aceptores de
elétrons, de oxigénio para nitratos e sulfatos, e substituicdo do oxigénio pelo didéxido
de carbono. Ao final desta fase observam-se concentracées de demanda quimica de
oxigénio (DQO) e acidos graxos volateis no lixiviado.
(lll) Fase de formagéo de acidos

A continua hidrélise dos residuos, seguida pela conversao microbiol6gica dos
compostos organicos biodegradaveis, resulta na producdo dos acidos graxos
volateis em concentragdes bastante elevadas. Uma diminui¢cdo do pH € nitidamente
observada, o que diminui a solubilizacdo de compostos inorganicos. Ha o consumo
de nutrientes (nitrogénio e fésforo) em funcédo do crescimento dos microrganismos
associados a producao de acidos e o alcance do valor maximo de DQO. Observa-se
também o aparecimento do gas hidrogénio que vai afetar a natureza e o tipo de
compostos que estdo sendo formados.
(V) Fase de fermentacao

Consiste na fase de maior duragédo. Os acidos intermediarios sao consumidos
sendo convertidos a metano e diéxido de carbono. Com o consumo dos acidos o pH
deixa de ser controlado pelo tampao de acidos volateis e passa a ser controlado
pelo tampéao bicarbonato. A carga organica do lixiviado decresce e a producao de
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gases aumenta proporcionalmente. O potencial de oxirreducao do sistema encontra-
se em valores baixos e ha um importante consumo de nutrientes. Sulfatos e nitratos
sao reduzidos a sulfeto e aménia, respectivamente. Diminuicdo das concentracdes
de metais pesados no lixiviado por precipitacdo e complexacéo.
(V) Fase de maturacéo final

Nesta fase a concentracdo de substrato e nutrientes disponiveis torna-se
limitante e a atividade microbiol6gica reduz significativamente. A producao de gases
entra em queda acentuada e o lixiviado apresenta baixa carga orgénica. O oxigénio
e espécies oxidadas podem lentamente comecar a reaparecer, observando-se um
correspondente aumento do potencial redox. A degradacdo da matéria organica
resistente a biodegradacdo pode ocorrer lentamente e haver a formacdo de
substancias humicas capazes de complexar e com isso novamente mobilizar metais

pesados.
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Figura 3.2. Fases de estabilizagao dos residuos soélidos (modificado de Pohland and Harper, 1986).

3.4. Lixiviado ou Chorume

O lixiviado € um efluente complexo, pois é resultado da interacdo entre os
processos de biodegradacao da fragdo organica presente nos residuos sélidos e a

infiltracdo de aguas pluviais que solubilizam componentes organicos e inorganicos
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(Barros, 2013; Marques, 2010). Desta maneira, € muito dificil tragar a natureza exata
do perfil desse liquido (Barros, 2013). Os principais fatores que influenciam nos
processos de biodegradacao dos residuos consistem na composicao dos residuos,
idade do aterro, granulometria, umidade, peso especifico e grau de compactacao
dos residuos, aspectos quantitativos e qualitativos de nutrientes, pH e temperatura
dos liquidos presentes no aterro (Parker, 1983).

Segundo Christensen et al. (2001), o lixiviado pode ser caracterizado como
uma solucdo composta por quatro fracbes de poluentes principais: (I) matéria
organica dissolvida; (Il) macrocomponentes inorganicos (Ca, Mg, Na, K, Fe, Mn,
NH4*, CI, SO e HCO3); (lll) metais pesados (Cd, Cr, Cu, Pb, Ni e Zn) e (IV)
compostos organicos xenobidticos provenientes de produtos quimicos domésticos
ou industriais. Outros elementos, como B, As, Se, Ba, Li, Hg e Co, também podem
ser encontrados no lixiviado de aterros sanitarios porém em concentragdes menores.

A composicdo do lixiviado se altera, dependendo bastante da fase de
decomposicdo em que se encontra o aterro sanitario (CEMPRE, 2010). Essa
variacdo na composicdo dependente principalmente da fase do processo de
decomposicao do lixo e da idade do aterro conforme pode ser observado na Tabela
3.3 e Tabela 3.4.

Tabela 3.3. Valores tipicos e a faixa de variagdo dos parametros do lixiviado para as fases

acetogénica e metanogénica de um aterro sanitario (Christensen et al., 2001).

A a Fase Acetogénica Fase Metanogénica
Parametros (mg.L")
Tipico Variacao Tipico Variacao
pH 6,1 4,4-75 8 7,5-9
Demanda Bioquimica de Oxigénio (DBO) 13.000 4.000-40.000 180 20-550
Demanda Quimica de Oxigénio (DQO) 22.000 6.000-60.000 3000 500-4.500
DBO/DQO 0,58 - 0,06 -
Sulfato 500 70-1.750 80 10-420
Calcio 1.200 10-2.500 60 20-600
Magnésio 470 50-1.150 180 40-350
Ferro 780 20-2.100 15 3-280
Manganés 25 0,3-65 0,7 0,03-45
Zinco 5 0,1-120 0,6 0,03-4
Estroncio 7 0,5-15 1 0,3-7

4 Exceto pH e DBO/DQO, que n&o tem unidade.
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Tabela 3.4. Composigéo do lixiviado com diferentes idades (CEMPRE, 2010).

Idade do Aterro

Parametros (mg.L")?

1 ano 5 anos 16 anos
Demanda Bioquimica de Oxigénio (DBO) 7.500-28.000 4.000 80
Demanda Quimica de Oxigénio (DQO) 10.000-40.000 8.000 400
pH 5,2-6,4 6,3 -
Sélidos Dissolvidos Totais 10.000-14.000 6.794 1.200
Sdlidos Soltiveis Totais 100-700 - -
Condutividade elétrica 600-9.000 - -
Alcalinidade 800-4.000 5.810 2.250
Dureza 3.500-5.000 2.200 540
Fésforo total 25-35 12 8
Ortofosfato 23-33 - -
Nitrogénio amoniacal 56-482 - -
Nitrato 0,2-0,8 0,5 1,6
Calcio 900-1.700 308 109
Cloro 600-800 1.330 70
Sadio 450-500 810 34
Potassio 295-310 610 39
Sulfato 400-650 2 2
Manganés 75-125 0,06 0,06
Magnésio 160-250 450 90
Ferro 210-325 6,3 0,6
Zinco 10-30 0,4 0,1
Cobre - <0,5 <0,5
Cadmio - <0,05 <0,05
Chumbo - 0,5 1

4 Exceto pH, que ndo tem unidade, e condutividade, que é expressa em microhms.

A percolagdo das aguas de chuva através da massa de residuos arrasta
consigo o lixiviado, bem como outros materiais em solugdo ou suspensao,
constituindo-se nos chamados liquidos percolados dos aterros (CETESB, 1997).
Para Renou et al. (2008) e Ferreira (2010) o volume de lixiviado produzido e as suas
caracteristicas variam consideravelmente ao longo da vida do aterro. Desta forma,
lixiviado proveniente de um aterro com menos tempo de operacao € bem diferente
do oriundo de um aterro mais antigo. De acordo com Barros (2013), os aterros mais
jovens produzem lixiviados com concentragdes mais elevadas de matéria organica
(DQO na faixa de 30.000 mg.L™") e possuem maior grau de biodegradabilidade.

Desta forma, o manejo e o tratamento do lixiviado dos aterros sanitarios
devem ser realizados corretamente, pois como visto anteriormente, o lixiviado é

composto por substancias altamente sollveis e tdéxicas que podem causar prejuizos
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ao solo e as aguas superficiais e subterrdneas, e a sua destinacao inadequada traz
problemas de ordem sanitaria, econémica e estética (Marques, 2010; Labanowski;
Pallier; Feuillade-Cathalifaud, 2010; Maia, 2012).

O tratamento do lixiviado consiste num dos maiores desafios do
gerenciamento de aterros sanitarios, pois se trata de um efluente com alta
heterogeneidade e composicao variada ao longo do tempo. Existem varias técnicas
para o tratamento do lixiviado, entre elas o tratamento bioldgico (processos aerébios,
anaerodbios e facultativos) e o tratamento fisico e quimico (coagulacao, floculacao,
sedimentacao, processos oxidativos quimicos avangados, separacao por membrana,
adsorcao) (Kawahigashi, 2012).

Por ser considerado um efluente, o lixiviado oriundo de aterros sanitarios
somente podera ser langado diretamente no corpo receptor desde que obedegam as
condicoes e padrdes previstos na Resolucdo N? 430 do CONAMA, de 13 de maio de
2011. Tal resolucdo apresenta o0s parametros organicos e inorganicos de
langamento de efluentes (Anexo A).

Porém, no caso do lixiviado ser destinado a sistemas de tratamento de
esgotos sanitarios, é necessario obedecer a condi¢cdes de lancamento distintas
(Anexo B), também presentes no Brasil (2011). No entanto, € de responsabilidade do
6rgao ambiental competente indicar quais dos parametros devem ser atendidos, pois
0s parametros monitorados irdo variar de acordo com as caracteristicas de cada

lixiviado.

3.5. Problemas Ambientais Relacionados com a Contaminacdo das Aguas
Subterraneas e Superficiais pelo Lixiviado

O problema ambiental mais significativo de um aterro sanitdario é a
contaminacdao das aguas superficiais e subterraneas do entorno pelo lixiviado. A
escala desta ameacga depende de muitos fatores, como da concentracdo e da
toxicidade dos contaminantes presentes no lixiviado, do tipo e da permeabilidade
das camadas geoldgicas, da profundidade do lencgol freatico e da impermeabilizacao
do aterro (North; Frew; Peake, 2004; Ademeri, 2011; CEMPRE, 2010).

Como citado anteriormente, o lixiviado € altamente poluente, podendo conter
altas concentracbes de metais pesados, solidos suspensos, sais, ambénia e

compostos organicos originados da degradacdo de substancias que séao
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metabolizadas (carboidratos, proteinas e gorduras). Essas substancias podem
escoar e alcancgar as aguas superficiais ou até mesmo infiltrar-se no solo e atingir as
aguas subterraneas, comprometendo sua qualidade e seus usos potenciais (Sisinno;
Moreira, 1996; Fernandez; Puchulu; Georgieff, 2014).

As aguas superficiais (rios, areas alagadas, mar, nascentes) contaminadas
com lixiviado causam danos a flora e a fauna, levando a impactos no meio aquético
com quebra do ciclo vital das espécies. Ja as aguas subterraneas contaminadas,
impedem que essas sejam usadas para o abastecimento humano. Fernandez,
Pochulu e Geogigieff (2014) em seus estudos relatam que aguas contaminadas com
lixiviado apresentam concentragcdes maiores de sulfeto, metano, ions, nitrogénio
organico, amonia, ferro, manganés, zinco e carbono organico.

De acordo com o Relatério 2014 de Areas contaminadas e reabilitadas,
divulgado recentemente pela CETESB, 3% das &reas contaminadas no Estado de
Sao Paulo foram impactadas pela disposicdo inadequada de residuos e pelo
inadequado gerenciamento dos mesmos. Nota-se que a contaminagdo do solo
provavelmente ird afetar as aguas superficiais e subterrédneas através da percolacao
do lixiviado. Sendo assim, estudos para deteccao de metais pesados no lixiviado e
nas aguas do entorno dos aterros sanitarios sdo bastante importante.

Os metais pesados consistem em uma classe de poluente muito importante
de serem estudos visto que todas as formas de vida podem ser afetadas pela
presenca desses metais. Muitos metais sdo essenciais para o crescimento de todos
os tipos de organismos, porém requerem baixas concentragcdes, pois quando em
altas concentragdes podem tornar-se tdxicas aos sistemas bioldgicos por
apresentarem caracteristicas bioacumulativas no organismo (Kemerich, 2014).

Outro poluente bastante encontrado no lixiviado e que merece atencédo é a
amdnia, pelo seu potencial téxico. Concentracbes consideraveis de nitrogénio na
forma amoniacal em ambientes aquéticos sao téxicas para organismos, porém a
forma mais téxica é a aménia nao ionizada (NH3), pois essa interage com o sistema
nervoso dos organismos vertebrados, como os peixes. Além disso, o excesso de
nitrogénio na agua em forma de nutriente pode provocar a eutrofizagdo. Esse
fenbmeno € fatal para os peixes e a vida aquatica e ainda consiste hum obstaculo
para a desinfeccao das aguas para abastecimento (Kim et al., 2005; Brito-Pelegrini
et al., 2009).
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Os fendis também sdo outra classe de poluentes encontrados no lixiviado.
Esses compostos sdo téxicos para os peixes em concentragdes acima de 2 mg.L" e
ainda conferem gosto na carne de peixe mesmo em concentracdes abaixo do nivel
téxico. Além disso, os fendis também possuem DBO relativamente alta e, portanto,
em concentracdo elevada podem comprometer a concentracdo de oxigénio em um
corpo receptor (Goudar; Ganji; Pujar, 2000; Wilberg; Rubio, 2003).

A cor do lixiviado é oriunda da presenca de matéria organica decomposta,
especialmente as substancias humicas provenientes da decomposicao das plantas e
residuos de animais (Santos; Rezende, 2002). Quando o lixiviado com elevada
coloragdo € descarregado num corpo d’agua, esse interfere nos processos
fotossintéticos naturais nos leitos dos rios, provocando alteracées na biota aquatica
(Brito-Pelegrini; Pelegrini; Paterniani, 2007).

Na literatura, encontram-se diversos trabalhos que investigam o lixiviados de
aterros sanitarios e os problemas ambientais relacionados com a contaminacao das
aguas subterraneas e superficiais. Em um desses trabalhos Mor et al. (2006)
estudou o lixiviado proveniente de um aterro sanitario da cidade de Deli na india. O
trabalho mostrou que o lixiviado do aterro sanitario apresenta alta condutividade
elétrica (24500 pS.cm™), sélidos dissolvidos totais (27956 mg.L™"), DBO (19000
mg.L™"), DQO (27200 mg.L™"), NH4* (2675 mg.L™"), NOs™ (380 mg.L™), Si (326 mg.L™)
e Fe (70.62 mg.L™"). Assim, o lixiviado apresentou grande potencial poluidor e
indicou concentragcdes moderadamente elevadas de CI', NOg, SO4%, NH4*, fenol, Fe,
Zn e DQO nas aguas locais.

Outro estudo realizado no Egito, na cidade de Alexandria, avaliou os impactos
ambientais associados a deposicao de residuos sélidos, a qualidade dos lixiviado e
das aguas subterraneas junto ao aterro sanitario. Os resultados das analises
confrmaram que o lixiviado apresenta caracteristicas altamente varidveis e
apresenta altos niveis de CI" (11387 mg.L™"), condutividade elétrica (41637 pS.cm™),
soélidos dissolvidos totais (30083 mg.L™"), Fe (6,3 mg.L") , Mn (0,84 mg.L") e Zn
(0,75 mg.L"). No entanto, embora o lixiviado do aterro apresente altos teores de
substancias organicas e inorganicas as aguas subterrdneas locais néao
apresentaram contaminacdo grave apesar de alguns parametros como
condutividade elétrica, sélidos dissolvidos totais, CI, SO4*, Mn e Fe estarem
alterados (El-Salam; Abu-Zuid, 2015).
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Em estudo semelhante realizado por Abdelwaheb, Moncef e Hamed (2012) na
cidade de Tunes na Tunisia, os pesquisadores investigaram a qualidade do lixiviado
e o nivel de contaminacdo das aguas superficiais e subterraneas préximas a um
aterro sanitario. O lixiviado apresentou alta condutividade elétrica (39650 pS.cm™),
DQO (21480 mg de O..L™"), Fe (21780 mg.L") e Cr (1,17 mg.L™"). No entanto o
estudo apontou um minimo impacto sobre as dguas subterraneas e superfiais do
local.

Nagarajan, Thirumalaisamy e Lakshumanan (2012) também realizaram um
estudo similar caracterizando o lixiviado de um aterro sanitario da cidade de Erode
na india e os impactos provocados nas aguas subterraneas. O lixiviado mostrou
altas concentragdes de DBO (15691 mg.L"), DQO (23900 mg.L"), NH4*
(2231 mg.L™"), NOs (352 mg.L"), Fe (58,40 mg.L™") e fenol (316 mg.L™") .Verificou-se
no estudo que as concentragdes de CI', NOs', SO4%, NH4*, condutividade elétrica, Na
e Fe nas aguas subterrdneas proximas ao aterro apresentavam niveis consideraveis,
0 que indica que a qualidade da agua subterranea local esta a ser afetada pela
percolacdo dos lixiviados.

3.6. Parametros de Monitoramento de Aguas Subterraneas e Superficiais

O sistema de monitoramento pode ser definido como um conjunto de medidas
adotadas para avaliar os impactos e riscos ambientais que podem estar relacionados
a presenca do aterro sanitario, assim como verificar a real eficacia dos sistemas de
protecdo ambiental e permitir a deteccao dos impactos em estagio inicial (Loureiro,
2005; CEMPRE, 2010).

O principal sistema de controle ambiental consiste no monitoramento dos
mananciais de aguas superficiais e subterraneas, através do rastreamento dos
liquidos percolados. O monitoramento € realizado a partir da coleta de amostras a
montante e jusante do aterro, a fim de estabelecer comparacdes entre as
caracteristicas das mesmas, pois 0 po¢o de monitoramento localizado a montante do
sistema de disposicdo de residuos fornece os valores naturais para a area em
estudo (Castilhos et al., 2003; CEMPRE, 2010).

O monitoramento das aguas subterrdneas deve ser efetuado a partir da
instalagdo de pocgos, piezdbmetros e pluvibmetros, medidores de deslocamentos

horizontais e verticais, medidores de vazao, e analises fisico-quimicas e bioldgicas
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(Loureiro, 2005). A NBR 13895 (ABNT, 1997a), que trata dos procedimentos para
construgdo dos pocos de monitoramento e amostragem, exige a existéncia de no
minimo quatro pogcos de monitoramento, um a montante e trés a jusante no sentido
do fluxo de escoamento preferencial do lencol freatico, com didmetro minimo de
quatro polegadas e revestimento na parte superior. A amostragem deve ser
realizada na parte mais alta do aquifero, de forma que as amostras retiradas
representem a qualidade da agua existente no aquifero mais alto.

O monitoramento de aguas superficiais é apenas realizado quando existe na
area de influéncia direta do aterro afloramento de agua do subsolo (nascentes, olhos
d’agua, vertentes, minas) ou mananciais hidricos superficiais (rios, cérregos,
represas, lagos) (Castilhos et al., 2003).

O monitoramento ambiental deve contemplar toda a vida util do aterro, ou
seja, incluir as etapas de implantagéao, operacao e pds-encerramento. Na etapa de
implantacdo de um aterro, o monitoramento da qualidade das aguas do subsolo e
superficiais visa conhecer a qualidade das aguas antes do inicio da disposicao de
residuos no aterro. Ou seja, permite o estabelecimento de valores de background
para os parametros monitorados que servirdo de base para comparacoes futuras
(Castilhos et al., 2003).

Durante a operacdo do aterro, o monitoramento permite acompanhar a
evolucdo do processo de degradacdo do lixo, assim como identificar pontos de
contaminacao através da comparagcdao com os valores de background (Castilhos et
al., 2003).

Enquanto que ap6s o término das atividades de disposicédo de residuos, o
monitoramento tem por objetivo acompanhar o desempenho dos sistemas de
protecdo ambiental e garantir a seguranca e a integridade do sistema (Castilhos et
al., 2003). O monitoramento deve ser realizado por um periodo de 20 anos apds o
fechamento, no entanto esse periodo pode ser reduzido, caso constatado o término
na geracao de lixiviado, ou ampliando, caso acredite-se ser necessario (ABNT,
1997D).

A qualidade da &gua € dependente de seus parametros fisicos, quimicos e
biolégicos. De acordo com recomendacées da NBR 13896 (ABNT, 1997b) a
qualidade da agua subterranea na area de influéncia dos aterros sanitarios deve
atender aos padrées de potabilidade estabelecidos pela legislacdo vigente. A
Portaria N? 2914 do Ministério da Saude (Brasil, 2011) estabelece os condicoes
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necessarias para o consumo humano, enquanto que a Resolugdo N° 396 do
CONAMA (Brasil, 2008) estabelece parametros necessarios para o enquadramento
da agua subterranea em quatro categorias distintas, entre elas o0 consumo humano
(Anexo C).

A Resolucdo N° 396 do CONAMA (Brasil, 2008) classifica as aguas
subterrdneas em 6 classes distintas. Os parametros a serem selecionados para
subsidiar a proposta de enquadramento das aguas subterrdneas em classes
deverdao ser escolhidos em funcdo dos usos preponderantes, das caracteristicas
hidrogeoldgicas, hidrogeoquimicas, das fontes de poluicdo e outros critérios técnicos
definidos pelo 6rgdo competente.

As aguas superficiais devem seguir os padrdes de qualidade estabelecidos na
Resolucao N° 357 do CONAMA, de 17 de marco de 2005 (Anexo D). Essa resolucao
classifica as aguas doces, salobras e salinas em treze classes de qualidade e
apresenta os principais parametros e condicées exigidas para cada classe de agua
doce.

Os programas de monitoramento convencionais envolvem amostragem
periddica das aguas subterrdneas e superficiais préximas do aterro e medicédo de
parametros fisico-quimicos (North; Frew; Hale, 2006). Porém nao é possivel
generalizar uma lista de parametros que devem ser avaliados em um aterro
sanitario, pois a definicdo dos parametros é realizada pelo 6rgao de controle
ambiental e esta relacionada a qualidade e a quantidade dos residuos destinados ao
sistema e a concepc¢ao do projeto (Castilhos et al., 2003).

Mas muitas vezes o0s parametros convencionais de monitoramento,
apresentam limitacdes na deteccao de contaminacdo das aguas superficiais e
subterrédneas, principalmente em ambientes onde os niveis de alguns indicadores
quimicos, tais como, metais, cloreto e amébnia ja apresentam alteracbes (North;
Frew; Hale, 2006). Além disso, frequentemente é dificil identificar a fonte de
contaminacao, pois em um ambiente pode existir varias fontes potenciais. Portanto,
€ necessario outro tipo de parédmetro de monitoramento capaz de suprir essa
deficiéncia apresentada pelos parametros convencionais (Benbow; Frew; Hayman,
2008). A utilizagdo de isétopos estaveis, como ferramenta de monitoramento
ambiental, vem apresentando bons resultados. Pois, consiste numa alternativa viavel
e capaz de suprir as deficiéncias dos parametros convencionais de controle das
interferéncias do lixiviado sobre as aguas adjacentes (Tazioli; Tazioli, 2005).
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3.7. Isétopos Estaveis como Parametro de Monitoramento Ambiental

Os is6topos estaveis sao assim denominados por ndo alterarem a massa ao
longo de sua existéncia, ao contrario dos chamados instaveis, que, por sua vez,
mudam suas massas por emissao de energia ou particulas subatémicas(Martinelli et
al., 2009). Na natureza, os elementos sdo misturas dos seus is6topos com diferentes
porcentagens em massa. Por exemplo, o carbono possui dois is6topos naturais:
0 '?C e 0 '°C, mas a abundancia desses is6topos na natureza é diferente, uma vez
que a ocorréncia do '?C é de aproximadamente 99% e do '*C de 1% (Furuya et al.,
2002).

No entanto, a taxa dos is6topos estaveis de um dado elemento pode variar
como resultado do fracionamento durante processos fisicos, quimicos e biol6gicos
(Caxito; Silva, 2015). Normalmente os isétopos com menor massa atémica, sdo mais
abundantes, enquanto que os isétopos com maior massa atbmica sao mais raros
(Martinelli et al., 2009).

A razao isotdpica (R) de um dado elemento é expressa pela relacdo entre o
isétopo raro e o isétopo mais abundante (Martinelli et al., 2009). No entanto,
a diferenca isotdpica entre os varios materiais € extremamente pequena e por isso, a
razao isotopica (0) é expressa em relacdo a um padrao internacionalmente
conhecido em partes por mil (%.), conforme mostra a Equacao 3.1 (Michener; Lajtha,
2008).

R
5 (%o0)= (M 1) x 1000 (3.1)
Rpadréo

Onde & = razao isotdpica relativa de uma amostra, Ramostra = razao isotdpica
medida na amostra e Rpadrzo = razéo isotdpica de um padréo internacional. O Quadro
3.2 apresenta a abundancia isotdpica dos padrées mais utilizados para os principais
is6topos utilizados em estudos ambientais.

O uso de isétopos estaveis em estudos ambientais baseia-se nos efeitos do
fracionamento isotdpico, ou seja, nos efeitos dos processos que causam mudancas
nas abundancias naturais dos is6topos (Martinelli et al., 2009; Pereira; Benedito,

2007). O fracionamento isotépico ocorre na natureza e é decorrente de reacdes
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fisico-quimicas e/ou bioldégicas, que promovem o0 enriquecimento ou

empobrecimento do isétopo pesado da amostra em estudo (Caxito; Silva, 2015).

Quadro 3.2. Abundancia isotopica dos padrdes utilizados para os calculos dos valores de &
(Michener; Lajtha, 2008).

Elemento Padrao R
Hidrogénio Viena Standard Mean Ocean Water (VSMOW) 0,00015576
Carbono Vienna Pee Dee Belemnite (VPDB) 0,0112372
Oxigénio Viena Standard Mean Ocean Water (VSMOW) 0,0020052
Nitrogénio Nitrogénio Atmosférico 0,0036765

A analise de is6topos estaveis é uma forma de distinguir as fontes de
contaminacao na medida em que a composicao isotépica de uma substancia é uUnica
permitindo que substancias quimicamente idénticas possam ser distinguidas
(Benbow; Frew; Hayman, 2008; Tazioli; Tazioli, 2005). Essa técnica, juntamente com
dados convencionais, permite obter informagdes que ndo sao acessiveis por outros
métodos ou sdo dificeis de serem obtidas (Santos et al., 2010).

A aplicacdo das metodologias isotépicas demonstra eficacia na avaliacdo da
dispersao do lixiviado nas zonas vizinhas ao aterro, permitindo assim a identificacéo
de contaminagao por parte do mesmo (North; Frew; Peake, 2004; Benbow; Frew;
Hayman, 2008; Piero; Brunella; Giovanni, 2012; Porowska, 2015). Os marcadores
mais comumente utilizados em estudos de interacdes entre o lixiviado e as aguas
que circulam as zonas do aterro sdo os is6topos estaveis da agua (oxigénio e
hidrogénio), do carbono inorganico dissolvido (DIC — do inglés dissolved inorganic
carbon) e do carbono organico dissolvido (DOC — do inglés dissolved organic
carbon) (Haarstad; Maehlum, 2013).

Uma facil deteccdo de contaminacdo de aguas subterraneas e a
determinacao das fontes de contaminagdo s&o muito importantes principalmente no
que diz respeito a questdes legais associados a poluicdo das aguas. Aterros séo
areas frequentemente localizadas onde existem outras fontes de contaminagdes, tais
como, disposicao de residuos perigosos, industrias quimicas, tratamento de esgoto
(Hackley; Liu; Coleman, 1996). No entanto, locais onde existam mais de uma fonte
potencial de contaminacao é necessario determinar a assinatura isotépica de todas
as fontes a fim de identificar qual das fontes possui maior efeito sobre a area
estudada.
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3.7.1. Composicao Isotépica do Carbono Inorganico Dissolvido

O CO., presente em ambientes aquaticos, normalmente estad combinado com
outros compostos, no qual a prépria molécula de agua é o composto que mais
facilmente reage com o CO.. Ap6s o CO, se difundir no meio aquoso, ocorre a
reacdo com a agua, conforme mostrado na Equacdo 3.2, para formar o acido

carbénico (Esteves, 1998).
COyg+ H20¢) <> H2CO;3 ag) (3.2)

No entanto, o acido carbbnico é um acido fraco, e logo apds sua formacao
sofre uma primeira dissociacdo, formando ions de hidrogénio e bicarbonato,
conforme consta na Equacgéo 3.3 (Esteves, 1998).

H2CO3 (aq) <> H+(aq)+ HCOé( (33)

aq)
A segunda dissociacao dos ions bicarbonato, conforme mostra a Equacéao 3.4
ocorre formando ions de hidrogénio e carbonato (Esteves, 1998).

- + 2.
HCOj ) < H' ag* CO3 (3.4)

aq)

Sendo assim, o carbono inorganico presente na agua pode ocorrer em trés
formas principais: acido carb6énico (H>COs3), ions bicarbonato (HCO3') e carbonato
(COs%). Conforme apresentado pela Figura 3.3, observa-se que a forma dominante
de como o carbono inorganico estd presente na agua estd fundamentalmente
relacionada com o pH do meio (Esteves, 1998).

Desta forma, a concentragéo de DIC nas aguas superficiais é controlada pela
entrada e saida de carbono, por mudancas da biogeoquimica do carbono do sistema
fluvial e por parametros quimicos da agua, como o pH (Atekwana; Krishnamurthy,
1998).
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Figura 3.3. Relagéo entre pH e percentual de CO, "livre", HCO;3 e 0032' (Souza, 2010).

A evolugdo do 3'3C-DIC no lixiviado é afetada por uma série de processos
fisicos, quimicos e bioldgicos. Seis mecanismos foram identificados por Walsh,
LaFleur e Bopp (1993) como contribuintes de carbono e capazes de influenciar a
composicao isotépica do carbono do DIC no lixiviado de aterros. Sendo eles: (I)
introducdo de CO. atmosférico através da difusdo ou infiltracdo de precipitacao
contendo CO, atmosférico dissolvido; (Il) dissolucdo de minerais carbonaticos; (Il
geracao de CO, durante a mineralizagdo da matéria organica presente nos residuos;
(IV) geracao de DIC durante a degradacdo ndo metanogénica dos residuos,
incluindo a reducédo de sulfato; (V) producdo de CO. durante a fermentacao e (VI)
reducéo de CO, por hidrogénio.

(1) Introducdo de CO, atmosférico através da difusdo ou infiltragdo de dagua da chuva
contendo CO; atmosférico dissolvido

A 3'3C-CO, na atmosfera € homogénea e se aproxima de -7%. (empobrecida
em '2C) (Kieling, 1961). A entrada de 4gua da chuva em aterros apresenta pouca
influéncia no DIC total e o ®'°C-DIC pode variar de 0% em pH neutro
(predominantemente HCO3') a -7%. em pH mais baixo (predominantemente HoCOs).
Isso ocorre, pois a quantidade de carbono presente na agua da chuva é muito menor
que a quantidade presente na matéria organica. Devido ao baixo DIC total presente
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na precipitacdo, o '*C-DIC do lixiviado ir4 assumir rapidamente as caracteristicas
isotépicas transmitidas por outras fontes de DIC existentes no interior do aterro. A
importancia do CO, atmosférico na composicao isotépica do carbono do DIC é
reduzida a medida que aumenta a profundidade dos aterros (Walsh; Lafleur; Bopp,
1993).
(1) Dissolugdo de minerais carbonaticos

Os minerais carbonaticos ndo sao considerados componentes significativos
em fluxos de residuos urbanos. No entanto, residuos da construcao civil podem ser
fontes de carbono inorgéanico, pois consistem em residuos de calcario que podem
sofrer a dissolucdo dentro do aterro. E esperado que materiais carbonaticos
dispostos em aterro possuissem composicao isotépico de carbono em
aproximadamente 0%. (Walsh; Lafleur; Bopp, 1993).
(lll) Geragao de CO, durante a mineralizagdo da matéria orgénica dos residuos

O oxigénio existente em aterros pode ser oriundo de oxigénio presente no
préprio lixo enterrado, de difusdo ou de infiltracao de agua metedrica saturada em
oxigénio. Durante a mineralizagdo aerdébica da matéria organica ndo ocorre o
fracionamento isotépico do carbono e o 8'*C-DIC liberado por esse mecanismo sera
semelhante a composicdo isotopica do carbono presente nos residuos. A
composigao isotopica da matéria organica dos residuos sélidos tera uma variagéo
dependo das caracteristicas dos residuos dispostos no aterro. No entanto, na
maioria dos casos 0 carbono organico presente em aterros é oriundo de material
vegetal terrestre. Considerando que a composicdo isotopica da matéria vegetal
terrestre normalmente varia entre -26 e -28%. pode-se considerar que o 5'°C-DIC
liberado pela mineralizagdo aerdbica dos residuos terd& um valor de
aproximadamente -24%. (Walsh; Lafleur; Bopp, 1993).
(IV) Geracdao de DIC durante a degradacdo ndo metanogénica dos residuos,
incluindo a reducéo de sulfato

O fracionamento isotépico do carbono nao esta associado com a reducao de
sulfato, pois em aguas continentais o sulfato estd presente em baixas
concentragdes. O DIC produzido por esse mecanismo sera semelhante a
composicao isotdpica do carbono presente nos residuos. Desta forma, o DIC
liberado pela reducdo de sulfato provavelmente estara préoximo de -24%. (Walsh;
Lafleur; Bopp, 1993).
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(V) e (VI) Producdo microbiana de CO. durante a fermentacéao e reducao de CO. por
hidrogénio

O metano natural é formado principalmente por dois processos:
decomposicao térmica de matéria organica e decomposicao microbiana da matéria
organica (Hackley; Liu; Coleman, 1996). No que se refere, a produgédo de metano a
partir da decomposi¢do microbiana da matéria organica, observa-se dois caminhos
preferenciais: fermentacao de acetato e outros compostos organicos simples, e
reducdo de CO. por hidrogénio. As alternativas de producdo de metano citadas
podem ser observadas por meio das Equacgdes 3.5 e 3.6 (Hackley; Liu; Coleman,
1996).

CH3COOH — CH,+ CO, (3.5)
CO, +4H, — CH, + 2H,0 (3.6)

A composigéo isotopica do carbono do DIC no lixiviado pode ser afetada por
qualquer uma das reacdes através da transferéncia de carbono entre o CO, gasoso,
CO. aquoso, acido carbbnico, bicarbonato e carbonato. A Equacgao 3.5. produz CO,
enriquecido em '3C, sendo que a medida que a reacdo prossegue o &'°C-DIC ira
atingir um valor constante, mas o total de DIC ird aumentar progressivamente. Na
Equacao 3.6., a composicao isotdpica do carbono do DIC sera afetada pela reducao
preferencial de CO, isotopicamente leve, tornando o meio enriquecido em CO, mais
pesado. No entanto, a importancia relativa da fermentacao e reducéao de CO. na
producéo de metano dentro do aterro ira depender na natureza da matéria organica
presente nos residuos, da idade dos residuos, assim como da temperatura do aterro
(Walsh; Lafleur; Bopp, 1993).

O estudo da &'*C-DIC do lixiviado juntamente com a compreensdo dos
processos fisicos, quimicos e biolégicos que ocorrem num aterro sanitario podem
ser usados como forma de caracterizar o estado de decomposicdo dos residuos
sélidos presentes no aterro (Wimmer et al., 2013). Pois, as fracdes mais jovens do
aterro tendem a apresentar menor enriqguecimento em is6topos mais pesados
quando comparado as areas mais antigas, onde o processo de decomposi¢cdo da
matéria organica encontra-se em um processo mais avancado (Hackley; Liu;
Coleman, 1996).
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A primeira fase de decomposi¢do de um aterro consiste na oxidacao aerobica
da matéria organica a partir do consumo do oxigénio livre presente nos residuos.
Essa fase é seguida por reagdes de oxidacao, hidrélise e acidificacdo anaerdbica
que resultam em acumulo de CO, e acidos organicos e no decréscimo do pH do
meio (Pohland; Harper, 1986; Lechner; Lahner; Binner, 1993). Com a continuagao
da degradacdo anaerdbica, a metanogénese torna-se a fase predominante no
aterro. A diminuicdo de acido acético e de outros acidos organicos é associada com
aumento de pH e producdo de metano durante o desenvolvimento da fase
metanogenese (Mccartty, 1971; Rees, 1980a; Lechner: Lahner: Binner, 1993).

Como citado anteriormente, umas das vias de producado de metano é a partir
da reducao de CO,, Durante esse processo 0s microrganismos preferem utilizar o
carbono isotopicamente leve disponivel no CO,, e consequentemente a producao de
metano enriquecido em '?C. Desta forma, uma vez estabelecida a metanogénese a
composicao isotdépica do CO, no aterro torna-se isotopicamente muito pesado
(Hackley; Liu; Coleman, 1996).

A partir da Figura 3.4, pode-se observar a evolugéo do 5'°C-DIC e o DIC total

presente no lixiviado.

Carbono inorganico dissolvido

A
<

ry
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Figura 3.4. Diagrama da evolug¢éo quimica do lixiviado (adaptado de Walsh; Lafleur; Bopp, 1993).



42

O Ponto 1 representa a assinatura isotépica do DIC da agua meteoérica que
entra nos residuos. Ao longo da linha A observa-se um empobrecimento na
assinatura isotopica do DIC proveniente da mineralizagao aerdbica e reducao de
sulfato nos residuos. O ponto 2 indica 0 comeco da fermentagdo que continua ao
longo da linha B. Em seguida o lixiviado atingi uma regido com elevado DIC e 5'3C-
DIC estavel entre aproximadamente +11 e +21%.,, como mostra o ponto 3. Na
maioria dos casos, um aumento ainda maior do DIC total a partir do ponto 3
conduzird a mudangas muito pequenas no d'°C-DIC do lixiviado. No entanto, em
alguns casos, podera haver uma maior evolugcado ao longo do percurso C, com um
aumento do DIC total e do 5'°C-DIC através do aumento da importancia da reducéo
de CO, (Walsh; Lafleur; Bopp, 1993).

3.7.2. Composicao Isotépica do Carbono Orgéanico Dissolvido

O DOC pode ser separado em dois grupos: (I) substancias ndo humicas, que
sao aquelas substancias formadas por compostos mais simples e de baixa massa
molecular (ex. aminodcidos, carboidratos, proteinas e acidos organicos) e (ll)
substancias humicas, que se constituem em compostos heterogéneos, refratarios,
originados de reacdes de sintese secundaria, de alta massa molecular e estrutura
complexa (Esteves, 1998; Silva, 2013).

Em ambientes aquaticos, o DOC pode ser autoctone ou aléctone. O DOC
autéctone é produzido pelo préprio sistema, como a producgéo fitoplancténica e de
macréfitas aquaticas, enquanto o DOC al6ctone é proveniente de fontes externas,
como através do processo de lixiviacao e erosao de solos organicos sob a acao das
chuvas. Assim 5'°C-DOC tem sido largamente utilizada para identificar a matéria
organica de origem autdctona (produzida no proprio sistema) daquela de origem
aloctona (introduzida por fontes externas) (Silva, 2013).

Em aterros sanitarios o DOC é originario dos residuos organicos € é um
produto dos processos de degradacao anaerdbia dos residuos presentes no aterro
sanitario. Mesmo em aterros antigos onde a fase metanogénica ja esta estabelecida,
o lixiviado ainda pode conter DOC a um nivel de milhares de miligramas por litro
(Christensen et al., 2001).

O DOC corresponde a qualquer carbono organico soluvel que possa passar
através de um filtro 0,45 (por vezes 0,2 um) e a quantificacdo do DOC e sua
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assinatura de is6topo estavel (5'*C-DOC) consistem em um poderoso recurso para a
ciéncia ambiental. A avaliagdo de DOC e 5'*C-DOC fornece muita informacdo sobre
a fonte de carbono e o fluxo local, 0 que os torna parametros essenciais para a
modelagem biogeoquimica, estudos de monitoramento e rastreamento de
biomarcadores moleculares especificos (Wimmer et al., 2013; Yang et al., 2015; Yu
et al., 2015).

O DOC é principalmente o resultado da biodegradagdo dos residuos
organicos presentes no aterro e até mesmo o lixiviado antigo pode conter
concentragdo a milhares de mg.L™" (Christensen et al., 2001). Durante o processo de
degradacdo do lixiviado, observa-se um aumento nos valores de 35'°C-DOC e

diminuicao das concentracdes de DOC (Breukelen et al., 2003).
3.7.3. Utilizacao de Isotopos Estaveis em Monitoramento Ambiental

A utilizacdo de técnicas isotdpicas tem sido bastante observada em estudos
de caracterizacdo de aguas superficiais e subterraneas, tais como as pesquisas
realizadas por Atekwana e Krishnamurthy (1998), Palmer et al. (2001), Finlay (2003).
No entanto, encontrou-se poucos estudos relacionados com a utilizagcao de isétopos
estaveis como parametro de monitoramento de impactos ambientais produzidos por
lixiviado de aterros sanitarios nas aguas superficiais e subterraneas. A seguir serao
apresentados alguns estudos encontrados na literatura que utilizam a analise de
isétopos estaveis em lixiviado, dguas superficiais e subterrdneas localizadas no
entorno de aterros sanitarios.

Walsh, LaFleur e Bopp (1993) avaliaram a importancia da mineralizacao
aerdbia, reducao de sulfato, fermentagédo e reducao do CO, para a composicao do
5'3C-DIC durante a formagao do lixiviado em 26 amostras de aterros da cidade de
Nova York. Os resultados encontrados para 5'°C do lixiviado variaram entre 11 e
21%., sugerindo que a dismutacdo fermentativa da matéria organica € mecanismo
biolégico predominante do aterro.

Através de uma combinacado de parametros, tais como os isétopos estaveis,
Breukelen et al. (2003) identificou os processos biogeoquimicos ocorridos no
lixiviado de um aterro da Holanda. Os valores encontrados para 8'°C-DOC e §'*C-
DIC do lixiviado variaram de -24 a -30%. € de +9,6 até +13,1%., respectivamente.
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Norte, Frew e Peake (2004) estudaram a influéncia do Aterro Green Island,
localizado na Nova Zelandia, sobre o estuario Kaikorai. Foi determinada a
composicdo do 5'°C-DIC, 8"°N-NO5™ e 5'°N-NO,* presentes no lixiviado do aterro e
na agua superficial do estuario, assim como a composicao isotépica do '*C e °N da
matéria organica particulada (POM - do inglés particulate organic matter). Os
resultados obtidos para o 5°C-DIC, 5"°N-NOs e 5'°N-NO,* foram de 16,11%., -
4,54%. e 22,31%. para o lixiviado e 20,18%o, -4,87%. € 7,63%. para a agua superficial,
respectivamente e de 29,23%. para 0 d'°C e 8,14%. para o 5'°N presente no POM.
Através da andlise dos resultados os autores constataram a presenca de
contaminacao no estuario por lixiviado.

Atekwana e Krishnamurthy (2004) investigaram o impacto produzido pelo
aterro municipal de Kalamazzo, nos USA, nas aguas de um pequeno coOrrego
presente no entorno do aterro e nas aguas subterrdneas. Para tal, utilizaram
analises de is6topos estaveis de carbono. Os autores encontraram valores de &'*C-
DIC entre -11,9 até +5,7%. para aguas subterrdneas entre o aterro e o cérrego de -
16,9 até -10,0%. para aguas opostas ao aterro. Considerando o0s valores
encontrados para aguas subterraneas e o valor de -11%. encontrado para a agua do
cérrego os autores concluiram que o aterro estd ocasionando impactos as aguas
subterraneas localizadas entre o aterro e o corrego.

Norte, Frew e Peake (2006) utilizaram anélises de §'*C-DIC e 3D-H,O em
lixiviado e em amostras de aguas superficiais oriundos de quatro aterros da Nova
Zelandia para monitorar o impacto do lixiviado dos aterros sobre as aguas
superficiais circundantes a montante e jusante. Os valores isotépicos de 5'°C-DIC e
06D-H,0 de todas as amostras de lixiviado variaram de +2,8 até +15,8%. e de -47 até
-4%.. Com relacdo as aguas superficiais, os valores variaram entre os aterros
estudados, no entanto todos apresentaram distincdo entre jusante e montante. Os
valores de 5'°C-DIC variaram de -12,8 até +3,9%. e os de 8D-H,O oscilaram entre
-62 e -22,3%.. Assim os autores concluiram ser possivel utilizar os isétopos
mensurados como tragadores de lixiviado em aguas superficiais.

Haarstad e Maehlum (2013) realizaram analises quimica e de 8'*C-2CO, e *H
em amostras de lixiviados provenientes de 7 aterros municipais de residuos sélidos,
assim como em amostras de agua superficial e subterraneas localizadas préximas a
aterros localizados no sudoeste da Noruega. Os valores encontrados para &'°C-
>CO, variaram de -5,5 a 25,9%. em lixiviados, de -25,4 para 14,7%. em aguas
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subterraneas e de -19,7 a -13,1%. em riachos. Os valores de 5'3C-2CO; encontrados
variaram significativamente entre amostras contaminadas, pouco contaminadas e
nao contaminadas com lixiviado, indicando que o 8'*C-ZCO, pode ser usado como
um marcador eficiente de lixiviados em aguas subterrdneas e superficiais.

Porowska (2015) realizou andlises isotdpicas e quimicas na agua subterranea
localizada no entorno do aterro de Otwock, na Polbnia, a fim de rastrear a origem do
DIC. O estudo revelou valores de 8'C-DIC que variaram de -20,6 até +3,6%., sendo
possivel concluir que cerca de 20-53% do DIC presente é proveniente da
degradacao natural da matéria organica, e 47-80% proveniente da biodegradacao da
matéria organica armazenado no aterro.

O Quadro 3.3. apresenta um resumo das publicagdes citadas acima, assim

como os isétopos utilizados para o0 monitoramento.

Quadro 3.3. Listagem histérica simplificada dos principais estudos realizados em aterros utilizando
isétopos estaveis (Autor).

Publicacao Area de Estudo Isétopos Estaveis Utilizados
Walsh, LaFleur e Bopp (1993) Estados Unidos 5'*c-DIC
Breukelen et al. (2003) Holanda 5'*C-DOC e 8'°C-DIC
5 '®C-DIC, 5 "N-NOy,
Norte, Frew e Peake (2004) Nova Zelandia 5 '°N-NO,", 5 '*C-POM e
5 "°N-POM
Atekwana e Krishnamurthy (2004) Estados Unidos 5'*Cc-DIC
Norte, Frew e Peake (2006) Nova Zelandia 5'°C-DIC e 8D-H,0
Haarstad e Maehlum (2013) Noruega 5"%C-2C0,
Porowska (2015) Polonia 5"*Cc-DIC

3.7.4. Utilizacao de Isétopos Estaveis no Brasil

No Brasil, os isdtopos estaveis sao principalmente utilizados como forma de
caracterizar as aguas superficiais e subterraneas, em especial em estudos
hidrogeoldgicos. Estudos tais como os apresentados por Batista et al. (1998),
Silveira e Junior (2002), Silva et al. (2007), Teles, Azevedo e Santos (2010), Santos
et al. (2010) séao alguns exemplos de estudos brasileiros nessa area.

Nos estudos citados acima ha a predominancia da utilizacdo de 3D e 5'%0.

Isso decorre do fato das andlises serem realizadas apenas em agua a fim de,
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identificar principalmente os mecanismos de salinizacdo em aguas subterraneas,
definicdo de areas de recarga, quantificacdo e origem de mistura entre unidades
hidricas.

No entanto, foi encontrado na literatura apenas um trabalho que faz uso da
técnica isotépica como ferramenta de monitoramento de contaminagdo de aguas
subterraneas e superficiais por lixiviado de aterros sanitarios brasileiros. No estudo a
autora utiliza metais, razao de isétopos estaveis (C e N) e compostos organicos
(hidrocarbonetos aromaticos policiclicos) para caracterizar a existéncia de poluicao
no sedimento de um curso d’agua (Barbieri, 2015).

Tendo em vista 0 exposto a cima, pode-se considerar o presente trabalho um
dos pioneiros na utilizacao de isétopos estaveis como técnica de caracterizacédo de
poluicao ambiental no nosso pais.



47

4. PROCEDIMENTO EXPERIMENTAL E RESULTADOS

Este trabalho consistiu na caracterizacdo de amostras de lixiviado de um
aterro sanitario e de aguas subterraneas e superficiais préximas ao local do aterro
utilizando parametros fisico-quimicos e isétopos estaveis de carbono (5'°C-DIC e
5'3C-DOC). As amostras foram coletadas em um aterro sanitario do litoral norte do
Rio Grande do Sul e em seguidas armazenadas para posterior andlise. O Quadro
4.1 apresenta os parametros estudados, os equipamentos utilizados e os
laboratérios parceiros. O trabalho foi realizado no Instituto do Petrdleo e Recursos
Naturais no Laboratério de Analises Geoquimicas e contou com o apoio do
Laboratério de Monitoramento Ambiental. Além disso, o presente trabalho contou
com a colaboracdo do Instituto de Quimica da Universidade Federal do Rio Grande
para a digestao das amostras para analise de metais.

Quadro 4.1. Resumo das técnicas utilizadas para caracteriza¢gdo das amostras

Andlise Equipamento Laboratério
. Espectrometria de emisséo optica com
Metais plasma indutivamente acoplado (ICP-OES - | Laboratério de Andlises
(Ca, K, Mg, Na, Cd, Cr, Cu, |do inglés Inductively Coupled Plasma Optical|(Geoquimicas e Instituto de
Fe, Mn, Ni, Pb) Emission Spectrometry) (Perkin Elmer, Quimica (UFRGS)
Optima 7000 DV)

Anions Cromatdgrafo iénico (Thermo Scientific, Laboratério de Analises

(CI',NO;s e so42') Dionex ICS-5000 sistema com dupla bomba) Geoquimicas
NH,* Eletrodo de aménia (Digimed, DM-23) | -aboratorio de Analises

Geoquimicas

Parametros Fisico-Quimicos
(Temperatura, oxigénio
dissolvido, condutividade |Sonda Multiparametro modelo (QED MP20D)
elétrica, pH, potencial de
oxirreducao e salinidade)

Laboratério de
Monitoramento Ambiental

Laboratério de Analises

DIC e DOC Cromatdgrafo gasoso (Shimadzu) Geoquimicas

Espectrometria de massas de razao isotépica
(IRMS —do inglés Isotope Ratio Mass
Spectrometry (Thermo Fisher Scientific)

Laboratério de Andlises
Geoquimicas

Isétopos Estaveis(d'°C-DIC
e 5'°C-DOC)
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Os procedimentos experimentais e os resultados do presente estudo séo
detalhados neste capitulo na forma de dois artigos apresentados a seguir:

- Artigo 1: Environmental monitoring of water resources around a municipal
landfill of the Rio Grande do Sul state, brazil. Submetido para publicacdo na revista:
Environmental Science and Pollution Research (conforme Anexo E);

- Artigo 2: The environmental monitoring of a landfill area through the
application of Stable Isotopes, conventional chemical parameters and multivariate
analysis. Artigo a ser submetido para publicacao.
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4.1. Artigo 1

ENVIRONMENTAL MONITORING OF WATER RESOURCES AROUND A MUNICIPAL
LANDFILL OF THE RIO GRANDE DO SUL STATE, BRAZIL

Pamela de Medeiros Engelmann *, Victor Hugo Jacks Mendes dos Santos *, Leticia Isabela Moser *, Eduardo do
Canto Bruzza ?, Cristina Barazzetti Barbieri b, Pamela Susin Barela ©, Diogo Pompéu de Moraes ©, Adolpho
Herbert Augustin *, Fldvio Soares Goudinho *, Clarissa Lovato Melo *, Jodo Marcelo Medina Ketzer *, Luiz
Frederico Rodrigues *".

* Institute of Petroleum and Natural Resources, Pontifical Catholic University of Rio Grande do Sul, Av.
Ipiranga, 6681 — Building 96J, 90619-900, Porto Alegre, Brazil / ® General Institute of Forensics, Street
Voluntdrios da Pétria, 1358 - 3rd floor, 90230-010, Porto Alegre, Brazil / © Institute of Chemistry, Federal
University of Rio Grande do Sul, Av. Bento Gongalves, 9500, 91501-970, Porto Alegre, Brazil.

Corresponding Author

* Tel: +55 51 3320-3689. E-mail: frederico.rodrigues @pucrs.br

Abstract

In Brazil, landfills are common as a method for final disposal of waste that is compliant to the legislation. This
technique however constitutes a risk for surface water and groundwater resources owing to leakage of metals,
anions and organic compounds. The geochemical monitoring of water resources is therefore extremely
important since the leachate can compromise the quality and the use of surface water and groundwater close of
landfills. In this paper the results of metals, anions, ammonia and physicochemical parameters analysis were
used to identify a possible contamination of surface and groundwater in a landfill area. A statistical multivariate
approach was performed for data. The values found for alkali metals, nitrate and chloride indicate contamination
in the regional groundwater and, moreover, surface waters also show variation when compared to the other
background points, mainly for ammonia. Thus, the results of this study evidence the landfill leachate influence

on the quality of groundwater and surface water in the study area.

KEYWORDS: Landfill; leachate; water quality; environmental monitoring.
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1. Introduction

The disposal of urban waste represents one of the most important problems of the modern society
(Tauchert et al. 2006; Audebert et al. 2016). The final disposal of waste in sanitary landfills is the most simple
method, effective, economical, and environmentally acceptable method to tackle this problem (Manzur et al.
2016). The conventional sanitary landfill will usually consist of an excavation site in soil lined with a
geomembrane to avoid leaks and thus percolation of pollutants and contamination of soil and water resources
(Read et al. 2001). Further, they are characterized by having daily coverage of cells, collection and treatment
systems of gas and leachate as well as final cover of the cells (Naime et al. 2009). However, this practice can
also lead to environmental damage produced by the leached from the waste decomposition process (Qin et al.
2016).

The leachate is a complex wastewater, dark colored and strong smell, resulting of the microbiologic
and physicochemical degradation of the waste disposed in the landfill, rainwater percolation through wastes and
the inherent water content of wastes themselves (Tauchert et al. 2006; Li et al. 2016). Despite the difficulties in
establishing a precise composition of the leachate, Christensen et al. (2001) suggests that the leachate can be
characterized as a composite solution of four groups of pollutants: dissolved organic matter, inorganic salts,
heavy metals and xenobiotic organic compounds. According to Renou et al. (2008) leachate may contain
organic matter, ammonia-nitrogen, metals, chlorinated organic and inorganic salts and many factors can affect
your composition, such as age, precipitation, seasonal variation, waste type. However, for Kjeldsen et al. (2002),
the composition of leachate depend mainly on the degradation stage of the waste. The composition of leachate
from different landfills, thus, exhibits a large variation, as show in Table 1.

The most significant potential environmental problem in a landfill is the contamination of the water
resources through leaks and incorrect discharges into receiving water bodies of the landfill leachate (Atmaca
2009; Qin et al. 2016). The scale of this threat depends on many factors, for example, on the concentration and
toxicity of contaminants in leachate, the type and permeability of geological strata and depth of the water table
(Aderemi et al. 2011). Surface water contaminated with leachate can cause damage to the flora and fauna
through the reduction of biodiversity and the population of sensitive species, in addition, groundwater and
surface water contaminated cannot be used for human consumption (Ferndndez et al. 2014).

Thus, landfills require environmental monitoring programs in order to detect leachate impacts on soil,
surface water and groundwater (Aderemi et al. 2011). According to North et al. (2006) conventional monitoring
programs involve periodic sampling of underground or surface waters near the landfill and determination of
chemical indicators such as ammonium (NH,"), chloride (CI) and heavy metals.

Multivariate techniques have been widely used in environmental monitoring studies because of the
complexity of data from this type of study (Peré-Trepat et al. 2007; Reid and Spencer 2009). Chemometric
techniques as Hierarchical Cluster Analysis (HCA) and Principal Component Analyze (PCA) can be used to
detect contamination in surface and groundwater (Kim et al. 2012). In the literature there are many studies of the
use of this tool for this purpose (Srivastava and Ramanathan 2008; Kumari et al. 2013; Bertossi et al. 2013; Rao

2014; Kim et al. 2016).
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Country Age Na Ca Mg K Cr NO;5 SO/ NH, Fe Pb Cd Mn Cu Cr Ni
India (Singh et al. 2016) > 10 1385 1600 600 280 1250 327 267 NI 26.0 32 0.0 0.0 NI 0.2 NI
India (Naveen et al. 2016) 5-10 3710 400 NI 1675 660 22.3 40.0 1803 11.2 0.3 0.0 NI 0.1 0.0 1.3
India (Mor et al. 2006) > 10 545 NI NI 1590 NI 380 NI 2675 70.6 1.5 0.0 NI 0.9 0.3 04
Italy (Amor et al. 2015) > 10 NI NI NI NI NI NI NI NI 4.1 28.5 <0.1 NI 0.1 <01 <0.1
China (Zhang et al. 2013) <5 NI NI NI NI 1429 94 54.9 467 1.9 0.2 0.0 05 02 0.2 0.1
China (Zhang et al. 2013) > 10 NI NI NI NI 819 9.7 270 667 15.5 4.6 0.2 24 07 0.3 0.2
EUA (Zhao et al. 2013) > 10 1200 NI 76.5 NI 1800 NI 7.6 543 NI NI NI NI NI NI NI
EUA (Zhao et al. 2013) 5-10 1700 NI 45.1 NI 2700 1.4 36.1 1328 NI NI NI NI NI NI NI
EUA (Zhao et al. 2013) <5 2500 NI 48.1 NI 2300 4.3 31.6 1281 NI NI NI NI NI NI NI
EUA (Qin et al. 2016) NI 3342 72 130 1299 5184 NI NI 4540  23.8 NI NI NI 0.8 NI 0.2
Nigeria (Godwin and
Oghgneko(hwiroro 2016) 5-10 NI NI NI NI NI 38.1 110 NI 10.2 0.8 0.5 0.1 NI 3.9 0.2
Ogﬁgirefo(ﬁfg‘:;é’f@ >10 NI NI NI NI NI 271 103 NI 97 06 04 01 NI 28 02
Mexico (Vedrenne et al. 2012) > 10 NI NI NI NI NI NI 10.7 NI 65.0 19.6 0.4 <01 NI <01 <0.1
Croatia (Garaj-Vrhovac et al. 2013) > 10 NI NI NI NI NI NI NI 125 2.0 NI NI <0.1 0.1 0.0 0.0
Brazil (Silva et al. 2004) >10 2700 320 97.0 1700 4130 NI NI 800 5.5 <0.1 <0.1 NI 0.1 0.2 0.1
Brazil (Moravia et al. 2013) > 10 NI NI NI NI 2533 NI NI 1547 114 <0.1 0.6 NI NI 0.6 NI
Brazil (Oliveira et al. 2014) NI NI NI NI NI 1751 NI NI 957 8.7 NI NI 1.7 0.1 0.1 0.0
Brazil (Maia et al. 2015) 5-10 NI NI NI NI NI NI NI 1419 NI 0.1 0.1 NI 0.1 0.4 0.3
Oman (Al-Raisi et al. 2014) > 10 NI NI NI NI NI NI NI NI NI 0.1 NI 0.5 02 2.8 0.8
Sweden (Kylefors 2003) NI 571 56.1 22.1 306 1398 7.4 NI 49.0 0.0 <0.1 <0.1 0.5 00 0.0 0.0
Congo (Mavakala et al. 2016) <5 4600 NI NI 7140 5640 140 680 NI 0.9 <0.1 <0.1 0.0 <01 <0.1 0.0
Malaysia (Budi et al. 2016) <5 NI NI NI NI NI 53.7 112 1693 1.2 0.0 <0.1 0.0 0.0 0.1 0.1
France (Grisey and Aleya 2016) > 10 438 251 40.0 279 324 662 333 204 10.5 0.2 0.0 1.6 05 0.1 0.2
France (Grisey and Aleya 2016) 5-10 597 243 126 596 602 978 277 745 6.0 0.1 <0.1 09 00 0.5 0.1

All parameters are in mg.L T except age that 1s in years; NI: Not investigated.
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A multi-methods approach was used by Gvozdi¢ et al. (2012) to assess groundwater quality around a
municipal landfill and a paper factory in Croatia. They applied the PCA in groundwater samples characterized
by metals, anions, chemical oxygen demand (COD), electrical conductivity (EC), pH, total organic carbon
(TOC) and oils in order to differentiate samples based on their differences in composition and origin. The results
showed that wastes and effluents from municipal landfill did not contribute significantly to the pollution of the
groundwater, but was observed contamination by nitrate, mineral oils, organic and inorganic matters in
groundwater in area of the city center, near the paper factory.

Oliveira et al. (2015) measured concentrations of 11 metals in leachate samples from a municipal
landfill in Brazil. The PCA and HCA were applied and revealed that concentrations of elements in landfill
leachate vary temporally, and rainfall strongly influences their levels. In the rainy season, higher concentrations
of copper (Cu), nickel (Ni), manganese (Mn), iron (Fe), phosphor (P), chromium (Cr), aluminum (Al) and
calcium (Ca) were observed due to the dissolution and leaching of these compounds during the waste
decomposition owing rainfall infiltration while in the dry period higher concentrations of cobalt (Co), lead (Pb)
and zinc (Zn) were observed as a consequence of the high rate of evaporation.

In this way, this study aims to characterize the leachate of the landfill under study and to identify
possible contamination points in the surface and groundwater of the neighborhood. Chemometrics techniques
(Correlation Matrix (CM), PCA and HCA) were applied in order to obtain a better interpretation and a greater

number of useful information from the data.

2. Study Area

This study was conducted in a Municipal Solid Waste Landfill, located about 100 km east of Porto
Alegre, on the northern coast of Rio Grande do Sul State (Brazil) (Figure 1A). In geological terms, the site is
located in the Coastal Plain of Rio Grande do Sul (CPRG). The CPRG consists of Quaternary deposits of two
main systems: the Alluvial Fans System, located in its innermost part of coastal plain and the Barrier-Lagoon
System in seaward direction (Villwock and Tomazelli 1995).

The Barrier-Lagoon System is subdivided into four depositional units (Figure 1A), named I, II, III
(Pleistocene) and IV (Holocene), in which unit I is the oldest geological and unit IV is the youngest (Tomazelli
et al. 2000; Silva et al. 2012). The sampled area is within the Barrier-Lagoon unit III which consists of porous
and permeable sandy beach facies covered by aeolian deposits where the sandy beach facies are composed by
white and quartzose fine sand and well sorted while the aeolian facies have abundant root traces and occurrences
of remarkable of Callichirus (beach crustacean) (Dillenburg and Barboza 2014). This characteristic of local
sediments is like a homogeneous body for groundwater flows, with good porosity and good permeability.

The landfill study area was used as an open dump until 2005. There are a cooperative in site that
performs the sorting of waste which are destined for waste cells. Currently, the landfill is composed of three
closed cells (C1, C2 and C3) and one active cell (C4), besides four leachate treatment lagoons (L1, L2, L3 and
L4) (Figure 1B). Each cell has approximately 7000 m®.
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Fig. 1 (A) Location and geological units of the study area (modified from Silva et al. 2012), (B) Orbital image
of the landfill area and (C) Orbital image of the landfill region

The leachate originated from C3 and C4 are sent to the L1 and L2, and then transferred to L3 and in
rainy periods the excess effluent is sent to the L4. There are three piezometers installed in the landfill area for

monitoring the groundwater (PZ1, PZ2 and PZ3). There are many natural lakes and sand extraction areas
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(Figure 1B), in which some of them were used for surface water monitoring in the vicinity of the landfill
(sampling points BG1, BG2 and BG3). The sampling point BGI is the nearest background from the landfill,
approximately 100 m, while BG2 and BG3 are about 2700 m and 1300 m, respectively.

3. Materials and Methods

3.1Monitoring

In this study the landfill leachate, surface water and groundwater samples were collected and
characterized. The samples of raw leachate (C3 and C4) and the wastewater of the treatment lagoons (L1, L2,
L3 and L4) in along with three groundwater samples (PZ1, PZ2 and PZ3) and three samples of surface water
(BG1, BG2 and BG3) were analyzed. The collection points were set from a prior visit to the site and
georeferenced images to get a good representation of the site. The Figure 1A and Figure 1B shows the sampling
points. For better sampling representation duplicate samples were taken. The Table 2 shows the parameters

analyzed in this study.

Table 2 Parameters analyzed in this study

Parameters
Ions Chloride (CI'), sulfate (SO42'), nitrate (NOj5") and ammonia (NH,")
Metals Cadmiqm (Cd), calcium (Ca), chromipm (Cr),' copper (Cu), iron (Fe), le':ad (Pb),
magnesium (Mg), manganese (Mn), nickel (Ni), potassium (K) and sodium (Na)
Physicochemical pH, dissolved oxygen (DO), oxidation reduction potential (ORP), electrical
parameters conductivity (EC), temperature (T) and salinity

3.2 Sampling Procedures

The sampling of surface water and leachate was performed in polyethylene (PE) bottles, while the
groundwater samples were collected in bailers. Before collecting the groundwater samples, the wells were
purged in order to eliminate the stagnant water in the well and thus have a more representative sample from the
site. After sampling, each sample was divided into three parts because of the different preservation techniques
required by the analyzed parameters. The aliquot intended for metal analysis was preserved with concentrated
nitric acid (HNOs;) while the portion for ammonia analysis was preserved with concentrated sulfuric acid
(H,S0O,). The bottles used to store the samples for analysis of metals, were decontaminated by a solution of 5%
(v/v) HNO; for approximately 72 hours. After the sampling, all samples were transported to the laboratory and

stored at 4 °C until the analyses.

3.3 Preparation of Samples and Analysis

3.3.1 Physicochemical Parameters. The pH, dissolved oxygen (DO), oxidation reduction potential
(ORP), electric conductivity (EC), temperature (T) and salinity were performed using multiparameter probe
(QED MP20D). The surfaces water was analyzed in sifu, and the measurement of groundwater occurred at the

surface because the well’s diameter did not allow the probe to be positioned inside the borehole. For raw



55

leachate (C3 and C4) and effluent from established lagoons (L1, L2, L3 and L4) these parameters were not
determined owing to the risk of damaging the equipment.

3.3.2 Anions. The water and leachate samples were filtered using 0.22 um filters and analyzed by ion
chromatograph (IC, Thermo Scientific, Dionex ICS-5000 dual pump system) after dilution with Milli-Q water
(18,2 MQ.cm). The calibration curve was constructed using standard concentrations 2.5, 5, 10, 25, 50 and 100
mg.L".

3.3.3 Ammonia. Samples were neutralized with sodium hydroxide (NaOH) because they were
previously acidified. Then 0.1 mL of ISA solution was added to reach pH = 13. The determination was
performed on electrodes of ammonia (Digimed, DM-23) with constant stirring.

3.3.4 Metals. Samples were digested to eliminate the organic matter, since this is an interferent, in glass
tubes (open vessels) in a block digester for 2.5 hours at 110 °C using concentrated bidistilled HNO;, H,O, and
concentrated HCIl. The residual carbon content was not determined to evaluate the digestion efficiency.
However, a clear solution without solid particles was obtained after wet digestion method. In order to evaluate
the accuracy of digestion method a spike procedure was carried out.

The samples were analyzed using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES, Perkin Elmer, Optima 7000 DV). The calibration curve was constructed using standard concentrations 2.5,

5, 10, 50, 100, 200, 500 and 1000 pg.L’l. Dilutions were performed with Milli-Q water (18,2 MQ.cm).

3.4 Statistical Methods

The use of univariate statistical tools to assess data from environmental studies is difficult, especially
because the data sets are usually very large and have an intrinsic multivariate nature (Peré-Trepat et al. 2007).
Thus, multivariate techniques have been used for many researchers in environmental monitoring programs
(Terrado et al. 2006; Reid and Spencer 2009). Multivariate data analysis consists on the evaluation of several
data simultaneously in order to identify the relationship between them. This type of methodology reduces the
information contained in a number of original variables in a smaller set of statistical variables (factors) with
minimal loss of information (Hair et al. 2009).

In this work, the chemometrics methods applied includes the CM, HCA and PCA by using the software
The Unscrambler X 10.4° (CAMO Software Company). The software was used in the default settings without
prior notification of algorithms. Parameters that showed more than 30% of missing values were excluded from
the statistical analysis, while for the parameters that presented less than 30% of missing data, these missing
values were provided by the ‘fill missing data’ command of the PCA algorithm. The data were scaled by
dividing each value of the variable by their standard deviation in order to allow all variables to have the same
influence in the analysis since the quality parameters studied have different units (Kim et al. 2012).

3.4.1 Correlation Matrix. Correlation analysis was used to determine the relationships between each
pair of variables. The value of relationship takes values ranging from —1 to +1, where the sign in front of the
correlation coefficient determines the direction of the relationship (Mustapha et al. 2013). Positive values
represent a linear correlation and negative values represent an inverse linear correlation. A strong relationship
between two variables is expressed by coefficients greater than 0.7, while coefficients between 0.5 and 0.7 show
moderate correlation, and coefficients < 0.5 indicates weak correlation between the variables (Kumar et al.

2006).
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3.4.2 Principal Component Analysis. The PCA is a descriptive multivariate projection technique that
transforms a large number of variables into a smaller number of uncorrelated variables called principal
components (PCs), which are linear combination of the original variables (Vasanthavigar et al. 2013). The PCs
are plotted orthogonally to each other in a graphical projection to obtain the maximum explained variance
(Rocha et al. 2012). In this work, the data were mean-centered, without rotation, cross-validation, and using the
Simple Value Decomposition (SVD) algorithm.

3.4.3 Hierarchical Cluster Analysis. HCA is a multivariate statistical method that shows visually, in the
form of a dendrogram, the degree of association between the variables (Nekoeinia et al. 2016). Samples are
classified into clusters, where members of the same group have strong degree of correlation while members of
the different groups present low degree of correlation (Le Bot et al. 2011). In dendrogram the distance axis
represents the degree of association between groups of variables, i.e., the smaller the distance, the more

significant the association (Dragovi¢ et al. 2008). This method was applied to standardized data using squared

Euclidean distances as a measure of similarity.

4. Results

4.1 Leachate Composition

The leachate composition from landfill studied is presented in Table 3.

Table 3 Leachate composition

Parameters C3 C4 L1 L2 L3 L4
Ca (mg.L™) 1999 + 16.1 3379 £ 73.9 67.6+4.6 119+74 324+13 24.1+1.1
K (mg.L'™") 6770 +17.7 6264 +22.6 289 +4.6 386 +16.1 423 +0.6 40.8 +0.7
Mg (mg.L™) 708 +17.4 1050+ 0.6 345+03 60.6 +0.4 10.6 £0.6 8.8+0.1
Na (mgL") 9608 + 16.1 7546 £22.9 401 £4.6 481 £13.8 57.0+2.1 58.6+2.3
Cd (ug.L'™") <20 <20 <20 <2.0 <2.0 <20
Cr (ug.L'™" 698 +33.1 745 +£43 170 +1.9 404 +£3.3 <11 <04
Cu (ug.L™") 503+1.7 66.2+1.3 27.9+2.1 49.7+£53 16.4+19 17.6 £2.5
Fe (ug.L™) 14062 + 221 9335 +£40.7 3836 £25.6 3849+184 1928 +10.6 305+4.5
Mn (ug.L™" 967 £7.6 1495 £ 12.7 376 £ 1.5 667 £ 8.0 174 £ 0.8 519+1.1
Ni (ug.L'™") 284 +10.0 127+1.5 86.6 +2.1 83.6+3.2 <3.6 <14
Pb (ug.L™) 152 £16.3 202 £5.6 98.7+5.8 119 £10.1 35.1+38 34.0+133
Cl (mgL")  3537+443 2140 £233.9 1188 £46.3  1235+24.5 149+11.8 154+ 1.6
NO; (mg.L™) <0.1 <0.1 <0.1 <0.1 <0.1 7.0+1.8
SO (mgL") 851158 760 +32.6 237 £31.3 309 +£0.8 33.9+22 21.1+3.6
NH, (mg.L") 1208 2.8 578 £22.6 72.6 5.7 104 £2.5 02+0.1 0.1+0.0

The raw leachate is characterized by high levels of CI" (2200-3600 mg.L’l), SO,* (750-850 mg.L'l) and

NH,* (600-1200 mg.L’l). The concentration of NO;  was below the limit of detection (<0.1 mg.L’l). The raw
leachate had high alkali metal concentrations ranging from 2000-3400, 6300-6800, 700-1050 and 7500-9600
mg.L" for Ca, potassium (K), magnesium (Mg) and sodium (Na) respectively. On the other hand low
concentrations of heavy metals like Cr, Cu, Ni and Pb in the range of 25-750, 5-70, 130-290 and 150-200 pg.L’1

were found in the leachate. Fe and Mn were the heavy metals found in higher concentrations between 10000-
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43000 and 1000-15000 ug.L™", respectively. Accuracy of digestion method was evaluated which revealed that an
efficiency of 90-110% were obtained.

The concentration of all the parameters is lower in the L4 than in the L1, evidencing that there is
reduction through the stabilization lagoons. In the L1, average concentrations of 1200, 240 and 75 mg.L™" are
observed for CI, SO42’ and NH,", respectively, while in L4 the mean values are 160, 21 and 0.1 mg.L’1 and are
considered to be much lower. NO5 was observed only in L4 at a concentration of approximately 7 mg.L™". The
concentration of Ca, K, Mg and Na varied between 24-120, 40-390, 9-60 and 55-490 mg.L’1 respectively. Cr (0-
400 pg.L™"), Cu (15-50 pg.L™"), Fe (300-3900 pg.L™"), Mn (52-670 pg.L™") and Pb (35-120 pg.L") also showed
reductions in the effluent. The digestion process showed efficiency between 90-100%.

The correlation matrix was used to express the relationship between the set of variables involved
through the correlation coefficient (Vasanthavigar et al. 2013). The parameters Ca, Na, K, Mg, Cr, Cu, Fe, Mn,

Pb, Ni, CI, SO42’ and NH," were used to construct the correlation matrix (CM) shown in Table 4.

Table 4 Correlation matrix for leachate samples

Ca Na K Mg  Cu Fe Mn  Ni Pb CI SO, NH,

Na 0.895 1.000

K 0.936  0.995 1.000

Mg 0.997 0.924 0.958 1.000

Cu 0.891 0.812 0.848 0.898 1.000

Fe 0.518 0.844 0786 0.577 0.498 1.000

Mn 0.932 0.828 0.869 0934 0.989 0481 1.000

Ni 0.607 0.890 0.843 0.662 0.623 0.985 0.602 1.000

Pb 0.848 0916 0920 0.876 0936 0751 0921 0.848 1.000

Cl 0.685 0453 0517 0.666 0.851 0.063 0.847 0231 0701 1.000

SO,> 0.932 0.677 0.748 0.906 0.851 0.182 0.899 0.301 0.695 0.815 1.000
NH," 0.739 0.961 0.929 0.785 0.698 0.958 0.693 0.978 0.879 0.287 0.454 1.000

In the matrix analysis indicates that 75% of the correlations have coefficients higher than 0.7. Since the
composition of pollutants found in the raw leachate (C3 and C4) and stabilization lagoons (L1, L2, L3 and L4)
are extensions of the initial characteristics of the residues deposited in the landfill, and that the leachate
constitutes as a complex mixture, it is expected that the presence of the pollutants is strongly associated with
each other. Even though the analyzed parameters do not evolve in the same way throughout the treatment, the
good associations also are an indication that there is the simultaneous improvement of all quality parameters
along the treatment lagoons. However, minor correlation (< 0.7) coefficients are associated with heavy metals,
since the leached does not show high concentrations of these metals and thus the decrease in concentration in
the effluent is not so significant.

In order to facilitate the interpretation of the landfill area, the characteristics data were submitted to
PCA. The PCA was applied to perform the exploratory analysis of leachate and effluent (C3, C4, L1, L2, L3,

L4) by using each value of the duplicate and the same parameters of the CM.
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The results of PCA, Figure 2A, showed that only two components (93% of the explained variance) are
sufficient to represent the characteristics of the area and explain 93% of the total variance. The Scores graph
consists of an orthogonal projection of the sample to a principal component (PC) and show the relationships
between the samples, in this way, similar samples are positioned nearby. As shown in Figure 2A, three groups
are clearly distinguished, corresponding to: Group 1 (C3 and C4), Group 2 (L1 and L2) and Group 3 (L3 and
L4).

The first Group consists of the raw leachate samples, i.e. where there are the highest concentrations of
pollutants. The second Group comprised of L1 and L2 represents the first treatment leachate step, that after the
C3 and C4 have the highest occurrences of pollutants. Lastly, the third Group composed by L3 and L4 (second
treatment leachate step), is characterized by having the lowest incidence of all pollutants. The separation of the

samples found in the PCA shows that the stabilization lagoons are improving the quality of the raw leachate.
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Fig. 2 Multivariate analysis for leachate samples (A) PCA scores and loading graphic and (B) HCA

The Loading graphics presents the parameters that most influence each PC. In this study, the raw
leachate samples (C3 and C4) are positioned in the negative values of X-axis (PC1) and are associated with
concentration of the Ca, Na, K, Mg, Cr, Cu, Fe, Mn, Pb, Ni, CL, SO42’ and NH,*. In relation to PC2, it is
observed that samples that are positioned in the positive values of Y-axis are influenced mainly concentrations
of Cr, Cu and Mn, while samples with negative values in the Y-axis are influenced by the concentration of Ni,
Fe and NH,".

The PC1, which take 78% of the explained variance of the model, was important for separation of the
groups. It is possible to observe that in PC1 all variables (except Cr) are highly correlated to each other, since
they present very closely loadings.

The PC2, which take 15% of the explained variance, was important to observe the differences mainly

between the raw leachate samples (C3 and C4). It is possible to observe that the Cr, Cu and Mn are inversely
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related to the Ni, Fe and NH,4*. Thus, the samples collected in C3, which consists of a finished and closed
residue disposal cell (with lower influence of environmental) and that is in an advanced process of organic
matter decomposition, is influenced by Ni, Fe and NH4 +. While the C4 samples show influence of Cr, Cu and
Mn. This difference is justified because the chemical composition of the leachate varies widely, depending on
the degradation stage of the waste, age of the landfill, rain regime and events that occurred before sampling
(Christensen et al. 2001; Kjeldsen et al. 2002).

The HCA was carried out to identify similarities and differences of leachate cells (C3 and C4) to the
stabilization lagoons (L1, L2, L3 and L4) with respect to their polluting potential and confirmation of groupings
of samples obtained by PCA. The result of the HCA is displayed in the form of a dendrogram in Figure 2B in
which the smaller the relative distance the greater the similarity between the samples.

Each cluster present in Figure 2B corresponds to a group of samples that show similarities between
them. These results are corresponding to those found in PCA, i.e. in the landfill under study there are three
distinct groups of samples corresponding to waste cells in the study area (Cluster 1), the first treatment leachate
step (Cluster 2) and second treatment leachate step (Cluster 3). These groups show that the treatment lagoons
are effective for reducing the load which pollutants present in the leachate. Also it is possible to observe a large
gap between the waste cells (C3 and C4) and the treatment lagoons due to the degradation process of organic
matter that occurs in stabilization lagoons. Moreover, this gap can be explained by the dilution of leachate at the

lagoons in consequence the rainwater entry.

4.2 Water Quality

The quality parameters of groundwater and surface waters investigated in this study are presented in
Table 5. Groundwater samples showed pH ranged from 5 to 7.3 and concentrations of CI', NOy and SO,*
ranged from 10-170, 0-9, 2-9 mg.L", respectively. The NH," ranged from 0.2-0.5 mg.L"' in the monitoring
wells. Concentrations below the limit of detection were found for Cd, Cr and Cu in surface and groundwater
while the levels of Fe, Ni and Pb ranged from 60-700, 15-40 and 6-26 ug.L’', respectively in samples of
groundwater. The concentration of Mn presented values between 20-630 pgL” in which the highest
concentrations were found in PZ2. The groundwater showed concentrations ranging from 1-47, 1-112, 0-10, 5-
170 mg.L" for Ca, K, Mg and Na respectively. The highest alkali metal concentrations were found in PZ3.

The samples of surface water showed neutral pH between 7.3-7.8. The levels of CI, NO; and SO~
fluctuate between 8-19, 0-40 and 2-6 mg.L" in surface waters, respectively. The NH,* concentration ranged
from 0-1.15 mg. L in the surface waters and was higher in BGI (1.15 mgL™"). In surface water the
concentration of Cd, Cr and Cu was below the limit of detection and the concentration of Fe, Ni and Pb ranged
from 125-600, < 1.4 and < 10 ug.L"'. The concentration of Ca, K, Mg and Na in samples of surface water
showed ranging from 1-8, 1-7, 1-5 and 5-11 mg.L™". In BG1 the highest alkali metal concentrations were found.
The digestion process showed efficiency of 90 to 110%.

The parameters Ca, Na, K, Mg, Fe, Mn, CI, SO42' and NH," were used to construct the matrix
shown in Table 6. In this analysis the samples BG2 and BG3 were not considered, since they are outside the

area of influence of the landfill and could thus influence the result.
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Parameters P71 P72 PZ3 BG1 BG 2 BG3
T (°C) 24.6 24.8 24.7 304 28.3 29.3
OD (mg.L™") 22 2.1 3.1 7.1 6.7 73
EC (mS.cm™) 0.1 0.1 0.3 0.2 0.0 0.1
pH 5.0 6.4 7.3 7.3 7.7 7.6
ORP (mV) +80 +81 +122 +50 +131 +103
Salinity (g.Kg™") 0.1 0.0 0.0 0.1 0.0 0.0
Ca (mg.L’l) 1.4+0.0 1.6 £0.0 46.1+£1.3 7.3+0.2 1.6 £0.1 33+£0.2
K (mg.L™") 2.0£0.0 1.9+£0.0 111+£1.9 6.5+04 1.4+£0.0 1.6 £0.0
Mg (mg.L™) 0.7+0.0 0.6+0.0 10.0£0.0 4.1£0.1 1.0£0.0 1.4+0.0
Na (mg.L’l) 8.7+£0.1 5.7+0.1 170 £2.5 109 £ 0.6 5.1+0.2 6.0+0.2
Cd (ug.L'™h <05 <05 <05 <20 <20 <20
Cr (ug.L™h <0.1 <0.1 <0.1 <04 <04 <04
Cu (ugL™ <04 <04 <12.0 <4.6 <4.6 <4.6
Fe (pg.L‘l) 653 +£2.2 694 £11.1 63.2+£0.7 359+£2.0 124+ 1.6 582+49
Mn (pg.L‘l) 18.3+£0.7 628 £24.7 137+£5.3 144 +£0.9 12.6 £0.1 104 £0.1
Ni (ug.L™h 242+1.1 171+ 1.1 413+0.8 <14 <14 <14
Pb (ug.L™) 12.5+49 <6.9 26.0 8.0 <10.0 <10.0 <10.0
Cr (mg.L‘l) 14.0+£0.3 11.9+£2.0 166 £8.3 18.3+£0.0 82+13 179+ 1.1
NO5 (mg.L‘l) <0.1 <0.1 8.9+0.0 <0.1 <0.1 39.1+6.7
SO+ (mg.L™h) 7.5+0.6 <26 8.4+0.4 5.1+02 <26 57+03
NH," (mg.L™") 04+0.2 0.2+0.1 0.2+0.1 1.1 £0.35 0.1£0.0 0.0£0.0
Table 6 Correlation matrix for leachate, surface water and groundwater samples
Ca Na K Mg Fe Mn Cr SO NH,*
Ca 1.000
Na 0.880  1.000
K 0.920 0.994 1.000
Mg 0.980 0.934 0.966 1.000
Fe 0.672 0.735 0721  0.632 1.000
Mn 0.878 0.729 0.770 0.836 0.687 1.000
cr 0.774 0.889 0.879 0.800 0.893 0.762 1.000
S0* 0.894 0.920 0.930 0.903 0.851 0.863 0.971 1.000
NH/ 0.784 0.932 0.912 0.807 0.918 0.702 0.948 0.924 1.000

All correlations presented in the table above were considered good (< 0.7). Similar correlations among

the alkali metals, the alkali metals and CI', and between the heavy metals are reported in the literature and

indicate that they have similar anthropogenic sources (Kumari et al. 2013; Bertossi et al. 2013; Rao 2014). Thus,

the high correlation factors founded indicate that the sites with change in water quality are with alteration in

virtually all parameters.

The PCA (Supplementary material, Fig. S1) was applied to perform the exploratory analysis data from
all sample collection sites (C3, C4, L1, L2, L3, L4, PZ1, PZ2, PZ3, BG1, BG2 and BG3) in order to identify
similarities between them using the following variables: Ca, Na, K, Mg, Fe, Mn, CI, SO42’ and NH,". The PCA
ranked the samples into three groups: Group 1 (C3 and C4), Group 2 (L1 and L2) and Group 3 (L3, L4, PZ1,
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PZ2, PZ3, BG1, BG2 and BG3). However, the result was not satisfactory to explain the relationship between
regional water resources and the landfill area, because there was no separation of the surface and groundwater
samples due to the presence of the raw leachate and the first treatment step of the leachate samples.

Thus, the PCA was applied only to the sites belonging to Group 3, mentioned above (Fig. 3). Two
independent PCs were extracted, which explained 75% of the variance. The PC1 was responsible for 55% of
total variance and was mainly descript by the K, Na, Ca, Mg, SO,> and CI variables, that presented positive
loadings. The PC2 explained 20% of the total variance and was mainly represented by the variables K, Na, Fe,
Mn and SO,>". The K and Na exhibit loadings negative while the Fe, Mn and SO,>~ showed loadings positive.
The spatial distribution of the variables and samples in the systems, Figure 3A, shows the presence of four

groups: Group 1 (L3 and L4), Group 2 (PZ 3), Group 3 ( PZ1 and PZ2) and Group 4 (BG1, BG2 and BG3).
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Fig. 3 Principal component analysis for leachate, surface water and groundwater samples (A) PCA Scores

graphic, (B) PCA Loadings graphic and (C) HCA

Then, from PCA, it can be observed that PZ3 (Group 2) has more similarities with Group 1 (L3 and
L4) than with Group 3 (PZ1 and P2). The distance of the PZ3 from Group 3 is mainly due to Ca, Na, K, Mg and
Cl-, which present high loadings in PC1 and displace PZ3 to the positive score. Thus, PCA shows that there was
an increase in the concentration of some variables in PZ3 and this way evidences the influence of leachate

percolation from the landfill.
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It is observed that in Group 3 it consists of the groundwater samples (PZ1 and PZ2) and Group 4 by the
surface water samples (BG1, BG2 and BG3). The separation of these groups happens mainly by PC2. In this
way, it is noticed that there are differences between groundwater and surface water samples of the landfill
location region. The groundwater samples presented positive scores in the Y-axis and in this way they were
more influenced by the variables Fe, Mn and SO42- while the surface water samples presented negative scores
on the Y-axis and were influenced by the K and Na variables. Thus, the HCA shown in Figure 3C was modeled
using only samples belonging to Group 3 reported above.

The HCA performed with all sites sampled (Supplementary material, Fig. S1) presented the same
difficulty that PCA for identify the relationship between the regional waters and the landfill leachate, i.e. there
was a separation of the leachate sample (C3 and C4) of the samples of the first treatment stage (L1 and L2) and
forming a third group composed of the remaining samples (L3, L4, PZ1, PZ2, PZ3, BG1, BG2 and BG3).

The dendrogram separated the samples into three groups: Group 1 (L3 and L4), Group 2 (PZ3) and
Group 3 (BG1, BG2, BG3, PZ1 and PZ2). This HCA as PCA showed the similarity between the PZ3 and the L3
and L4 confirming the hypothesis that the leachate from the landfill study is interfering at water quality
collected in PZ3. However, by the HCA it was not possible to observe differences between the groundwater and
superficial samples as observed in the PCA, since the HCA technique is more robust and provides a more
general view of the system.

Multivariate tools applied until now in this study did not demonstrate the interaction of landfill leachate
with BG1, located next to the landfill. However, the concentration of NH," in the BGI is significantly higher
than those found in other locations, which may indicate recent contamination by leaching, because NH,* has not
yet reduced NO;". Thus, there are strong indications that the BG1 presents changes in quality arising from the
landfill leachate as the PZ3. However, it would be necessary to perform the isotopic analysis through IRMS of
the region to identify the origin of these compounds in BGI seen that the isotopic signature of the each
substance is unique providing a means to differentiate the components that are chemically identical (North et al.

2006).

5. Discussion

5.1 Leachate Composition

The results show the improvement in the quality of the leachate considering the studied parameters
outgoing of the cells (C3 and C4), passing by the first stabilization lagoons (L1 and L2 - first leachate treatment
stage) and arriving in the last stabilization lagoons (L3 and L4 - second leachate treatment stage). Thus, it can be
said that the stabilization lagoons improved the quality of the leachate for the parameters investigated.
Furthermore, the recirculation of the leachate in the area of landfill can be contributing for the treatment,
because the recirculation is considered a method of treatment which helps to stabilize the organic matter present
in the grounded waste and that promotes the reduction of the leachate volume by evaporation (Renou et al.
2008).

High concentrations of ammonia found in raw leachate (C3 e C4), are probably due to the
determination of amino acids during the decomposition of organic compounds. NH4* concentrations above 500

mg.L™" are normally present in leachates from sanitary landfills (Mor et al. 2006; Zhao et al. 2013; Budi et al.
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2016; Naveen et al. 2016) and are the main cause of the toxicity of this liquid (Vedrenne et al. 2012), thus leak
leachate can be a risk for regional water resources. The ammonia concentration in the old landfill leachate is
fairly high (Renou et al. 2008) the results of this work confirmed that statement because the oldest raw leached
(C3) has relatively higher than in younger raw leached (C4).

In this study low concentrations of heavy metals were found however considerable variations in the
concentration of these parameters from different landfills have been reported in literature (Mor et al. 2006; Zhao
et al. 2013; Amor et al. 2015; Godwin and Oghenekohwiroro 2016). The low concentrations of heavy metals
(Cd, Cr, Cu, Ni and Pb) may be interpreted by the low concentration of these metals in the waste disposed in the
landfill, considering that these residues undergo a screening process (Ribeiro et al. 2015). Furthermore, this low
concentrations can be attributed by the retention mechanisms of the sediments and suspended matter, the
complexation of metals with organic matter or even the low solubility of these metals in the prevailing
conditions (Sisinno and Moreira 1996). Low concentrations of these heavy metals were also found in similar
studies (Moravia et al. 2013; Zhang et al. 2013; Godwin and Oghenekohwiroro 2016; Naveen et al. 2016). This
way, the results are suggesting that the leachate from the study area is not has potential to cause pollution of
some heavy metals (Cd, Cr, Cu, Ni and Pb) because the low concentrations found reduce the toxic effect of
these elements.

On the other hand, among the metals that were identified in the leachate the Fe and Mn concentrations
in the raw leachate (C3 and C4) were high. The presence of Mn suggests the presence of reducing medium
within the waste cell (Godwin and Oghenekohwiroro 2016). Concentrations in the range of 1 mg.L”"' may be
found in the literature (Oliveira et al. 2014; Grisey and Aleya 2016). High concentrations of Fe between 10-80
mg.L"' have also been reported in other studies (Zhang et al. 2013; Chemlal et al. 2014; Godwin and
Oghenekohwiroro 2016; Naveen et al. 2016) and may indicate the presence of iron scrap in the waste landfill
and that this element is in a leachable form (Al-Raisi et al. 2014; Chemlal et al. 2014).

Leachate from the raw landfill study shows high concentrations of CI" (2200 to 3500 mg.L™") and SO,*
(750 to 850 mg.L™"). Cl'concentrations above 1000 mg.L™" are readily found in the leachate from landfills and
are due to the presence of a significant amount of soluble salts in landfill waste (Naveen et al. 2016). In the
study conducted by Moravia et al. (2013) in a Brazilian landfill found concentrations of CI" (2500 mg.L™")
similar to that of this study. The landfill leachate study also showed high CI" concentrations may pose a risk to
regional water resources. SO,> concentration in the range of 7-700 mg.L™" is reported in the literature (Zhao et
al. 2013; Grisey and Aleya 2016; Mavakala et al. 2016) and the leachate from this study presented values
slightly above the values reported in Table 1. NO; concentrations were identified only in the older effluents of
L4, which indicates the decomposition and mineralization of organic matter from of raw leachate.

High concentrations of Ca, K, Mg and Na were found indicating the high pollution potential of the
leachate studies for surface and groundwater. Other studies report mean values 50-1600, 200-7200, 30-15000
and 70-7700 mg.L"' of Ca, K, Mg and Na, respectively (Silva et al. 2004; Zhang et al. 2013; Grisey and Aleya
2016; Naveen et al. 2016). It is noted that the Na concentration is above the mean values described in the
literature and represent a risk for the waters near the landfill study. High concentrating of the alkali metal are
typically found in leachates and specific to the composition of the waste and the predominant phase of

stabilization in the landfill (Christensen et al. 2001; Naveen et al. 2016).
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5.2 Water Quality

The investigated surface waters are classified as fresh water, because they have salinity lower than 500
mg.L". The pH of the waters is within the allowed range, which similar pH values were found in groundwater in
similar studies (Vasanthavigar et al. 2013). Groundwater samples showed similar values for OD normally found
for this matrix (0 to 5 mg.L'l) (Feitosa and Filho 2000).

Higher value for NH," in BG1 is observed compared to the other BGs. Thus the concentration of
ammonia found in BGI suggests contamination by leachate from the landfill, nevertheless, stable isotopes
analysis through Isotope Ratio Mass Spectrometry (IRMS) should be performed to confirm the origin of the
nitrogen the source. The analysis of stable nitrogen isotopes can confirm the origin of the nitrogen by
determining the isotopic signature of the leachate and the water (North et al. 2006).

There are changes in the EC of PZ3 and BG1 relative to other PZs and BGs that can indicate the
existence of a source of contamination (Singh and Hussian 2016), probably due to landfill leachate because high
values of EC in waters close to landfills is indicative of a change in their quality (Mor et al. 2006). Moreover
these locations have the highest concentrations of Na, Ca, K, Mg e CI" since the EC is a measure of the total
concentration of dissolved salts present in the water (Rao 2014). Increased K concentration in groundwater is
often considered as an indicator of leachate pollution (Christensen et al. 2001; Mor et al. 2006), thus the
enrichment of these parameter is indicative of leached entrance of the landfill in these locations.

The level of CI' and NO;s found in the PZ3 is significantly higher than the other sites. The
concentration of CI found in landfill leachate under study is high and thus the level of CI  identified in PZ3 can
be considered indicative of the leachate interaction with the local groundwater, because high concentrations of
chloride in groundwater can be attributed to contamination with landfill leachate (Mor et al. 2006; Akinbile and
Yusoff 2011). The NOj5™ is commonly found in surface water and groundwater contaminated, as is the end
product of the aerobic decomposition of the organic substances (Srivastava and Ramanathan 2008; Akinbile and
Yusoff 2011). Thus, the concentration of NOj5 found in the PZ3 can be the result of the decomposition of
ammonia present in high concentration in leachate from the landfill.

The concentrations of Mn found in PZ2 and BG1, but mainly in PZ3, are probably indicative of the
interaction of landfill leachate with these waters, since the leachate from the landfill under study has high
concentrations of Mn. The PCA (Figure 3A) clearly showed that PZ3 interacts with the leachate from the study
landfill. However, the data from PZ1 and PZ2 presented some altered parameters, mainly heavy metals, PZ1
(Fe, Ni and Pb) and PZ2 (Fe, Mn), but that from the PCA did not configure interaction with the local leachate.
Thus, it is assumed that these sites are being influenced in less intense way than the PZ3 and therefore the PCA
did not identify with contamination. Another hypothesis, not ruled out, is that PZ1 and PZ2 are being influenced
by the local background.

The sampling sites BG2 and BG3 are far from the landfill area and therefore are not within the area of
influence of the leachate. Thus, although BG3 presents changes in the levels of CI, NO3, SO4’2, it can be stated
that the changes do not come from the landfill. Thus, either there is another source of contamination on the site
or it is a feature of this type of lagoons. The PCA (Figure 3A) apparently does not show interaction of the
leachate with BG1. However it has been observed through the data that set of parameters such as Ca, K, Mg, Na,
Mn, CI" and NH," present higher values in BG1 than in BG2. Thus, as previously mentioned a stable isotope

study should be carried out and may conclude whether or not there is interaction of the leachate at that site.
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6. Conclusions

The results of this study demonstrate that the leachate analyzed in this work has great potential polluter
in case of leaks and contact with the waters of its surroundings. However there were low heavy metal
concentrations indicating low pollution potential for these elements, probably due to the low solubility of these
metals in the medium or the low concentration of these metals in waste. High concentrations of NH,4*, K, Na,
Ca, Mg were found and represented the main pollutant of this leachate. Multivariate techniques indicated
improvement in the quality of the leachate produced in the waste cells with respect to established lagoons
present the latest treatment.

The collected groundwater in PZ3 had changed parameters in relation to PZs which means that there
was leakage or seepage of leachate reaching the water. This finding change of PZ3 water quality may be
evidenced by parameters such as, Cl', EC and alkali metals which consist of landfill leachate contamination
indicators e are present in high concentrations in the manure studied. All data analysis techniques show the
change in water quality collected at PZ3.

The BGI1 presented higher concentration of the alkali metals and NH,* than others BGs. It is very likely
that the leachate landfill is percolating into BG1 however, it would be necessary to conduct a stable isotopes

analysis to improve the assessment of the origin of the elements.
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Abstract

Leachate produced during the organic matter decomposition process has a complex composition and can cause
contamination of surface and groundwaters adjacent to a landfill area. The monitoring of these areas is extremely
important for the characterization of the leachate produced and to avoid or mitigate environmental damages.
Thus, the present study has the objective of monitoring the area of a Brazilian landfill using conventional
parameters (dissolved metals and anions in water) and alternative, stable carbon isotopes parameters (8"°C of
dissolved organic and inorganic carbons in water) in addition to multivariate analysis techniques. The
conventional and alternative parameters together with the multivariate analysis showed that cells of residues are
different phases of stabilization of the organic matter and probably C3 already in the methanogenic phase of the
decomposition of the residues. In addition, the data showed that the organic matter stabilization ponds present in
the landfill are being efficient, improving the quality of the leachate. Enrichment in the heavy *C isotope in both

surface and groundwater suggested contamination in two sampling sites.
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1. Introduction

The population growth coupled with industrialization and urbanization are primarily responsible for the
increasing in the indiscriminative disposal of urban solid waste (Lange et al., 2006; Syafalni et al., 2014). The
incorrect disposal practices and inappropriate management of these wastes represents great threat to the
environment, especially to the quality of nearby water resources (Syafalni et al., 2014; Van Breukelen et al.,
2003). Nowadays, the solid waste disposal in sanitary landfills is considered the most appropriate management
technique (Aderemi et al., 2011; Manzur et al., 2016). However, the leachate from the biological degradation of
the organic matter has a very high pollutant loading, which represents a potential environmental problem
(Castafieda et al., 2012; Qin et al., 2016).

Landfill leachate is a dark liquid with foul smell, complex composition with high dissolved contaminant
of organic matter, inorganic compounds (e.g. ammonium, calcium, magnesium, sodium, potassium, iron,
sulphates, chlorides), heavy metals (e.g. cadmium, chromium, copper, lead, zinc, nickel) and xenobiotic organic
compounds (Aderemi et al., 2012; Christensen et al., 2001; Liu et al., 2015; Moravia et al., 2013). The chemical
and microbiological composition of the leachate varies between landfills and depends mainly on the
characteristics of the residues, age of the landfill, environmental conditions, landfill operational mode and
decomposition mechanism of the organic matter (Kjeldsen et al., 2002; Moravia et al., 2013).

The degradation of the organic and inorganic compounds present in the residues in more stable
substances occurs from a series of complex reactions, biological and physic-chemical mechanisms (Kjeldsen et
al., 2002; Pohland and Harper, 1985). A model composed of the initial phases, transition, acid formation,
methane fermentation and final maturation is found in the literature to describe the events within a landfill until
the stabilization of the residues (Pohland and Harper, 1985).

One assessment approach for tracing pollution sources is the estimation of carbon pollutant flow and
determination of their origin (Porowska, 2015). All the soluble carbon species and their transformation are
controlled by redox and acid-base process and are allocated in two categories: (1) dissolved inorganic carbon
(DIC) and (2) dissolved organic carbon (DOC) (St-Jean, 2003). Therefore, the analysis of DIC, DOC and their
stable isotope ratios (8'*C-DIC and §'°C-DOC) plays an important role in obtaining a better understanding of the
carbon cycle, biogeochemical processes and pollutant flow to surface water and groundwater resources (St-Jean,
2003; Zhou et al., 2015). Isotopic signatures of DOC and DIC can also be used to describe and characterize the

phase of a municipal solid waste landfill (Wimmer et al., 2013).
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Since the isotope ratio is good parameters for tracing of biogeochemical processes and have significant
scientific relevance, the DIC and DOC isotopic signature has been widely used for environmental monitoring
and was employed in this work for an assessment of leachate containment failures and possible identification of
the pollutant influence over the quality parameters of water resources around a landfill area (North et al., 2006;
Zhong-ping et al., 2007).

Since a small amount of leachate can compromise the quality of a large volume of water (Barbieri et
al., 2014; Kjeldsen et al., 2002), the assessment of the contamination of surface and groundwater surrounding
the landfill is one of the main environmental concerns of these areas (Castafieda et al., 2012). Thus, these sites
need environmental monitoring programs that are capable of identifying the influence of leachate over the waters
resources adjacent to the landfill area (Aderemi et al., 2011; North et al., 2006). Conventional monitoring
programs typically involve surface and groundwater periodic sampling for the determination of chemical
parameters such as inorganic ions and heavy metals (Castafieda et al., 2012; North et al., 2006). The
conventional parameters are important for monitoring programs, however, they usually are limited or ineffective
in scenarios where they are strongly influenced by the environment biogeochemistry (e.g., chloride level in
coastal areas) or multiple polluting sources (Castafieda et al., 2012; North et al., 2006; Porowska, 2015).

Therefore, the use of other contamination indicators is extremely important in order to help the precise
monitoring of the areas of influence of landfills (Benbow et al., 2008). In this way, the use of stable isotopes is a
viable alternative which is able to overcome the deficiencies of the conventional parameters used to assess
leachate intrusion in adjacent waters (Tazioli and Tazioli, 2005). The use of isotopic methods in studies of water
contamination by landfill leachate provide important information on the contaminants, since the isotopic
composition of a substance is unique, which allows to differentiate substances that are chemically identical
(Benbow et al., 2008; Miljevi¢ and Golobocanin, 2007; Tazioli and Tazioli, 2005). Stable carbon isotopes are
widely used in studies of this nature since carbon isotopic composition provides valuable information on carbon
transfer between the natural environment and landfills because of the distinct carbon isotopic signatures of these
two sources (Grossman et al., 2002; Porowska, 2015; Van Breukelen et al., 2003; Wimmer et al., 2013).

Studies show that landfills leachate is normally enriched 8"C-DIC (dissolved inorganic carbon) with
values between 0-20 %o (Hackley et al., 1996; North et al., 2006, 2004; Porowska, 2015; Van Breukelen et al.,
2003; Walsh et al., 1993). In a study conducted in New Zealand, North et al. (2004) reported the presence of
contamination in an estuary located near a landfill through the use of "?C-DIC and other parameters. The 3'"°C-

DIC values were 20 %o, -15 %o and 16 %o for the leachate samples, water samples upstream and downstream,
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respectively. In a similar study conducted in Norway, mean values of 8°C-DIC were 7.4 %o in leachate, 5.5 %o in
heavily polluted water samples, -1.3 %o in low-pollution samples and -15.5 in non-polluted samples (Haarstad
and Mehlum, 2013). Thus, studies on the isotopic composition of water may reveal the presence of
contamination since natural waters present isotopic depletion of 8"°C-DIC (-25 to -5 %o) and water
contaminated with landfill leachate present isotopic enrichment of 3"°C-DIC (Haarstad and Mahlum, 2013;
North et al., 2004; Van Breukelen et al., 2003)

This work has the objective of accessing the water resources around a sanitary landfill and studying the
degradation of the organic matter present in the leachate. The study was carried out through the combined
monitoring of conventional parameters (metals and anions dissolved in water) and alternative parameters (8'°C-
DIC and 8"*C-DOC) in leachate, groundwater and surface samples. In addition, multivariate analysis techniques

were used to improve the integration and interpretation of the data.

2. Study Area

The present study was carried out in a Municipal Solid Waste Landfill located on the north coast of Rio
Grande do Sul State (Southern Brazil) and in geological terms, in the Coastal Plain of Rio Grande do Sul
(CPRG) (Fig. 1). The deposits of the CPRG were formed during the Quaternary and accumulated in specific
depositional environments: Alluvial Fan Systems, occupying the innermost part of the coastal plain and four
distinct systems of the Barrier-Lagoon type (I, II, II and IV), located in seaward direction (Dillenburg and
Barboza, 2014; Tomazelli et al., 2000; Villwock and Tomazelli, 1995). The landfill area is located inside the
Barreira-Lagoon III System, which consists of porous and permeable sandy shore face, foreshore and aeolian
deposits (quartz sand) (Dillenburg and Barboza, 2014; Tomazelli et al., 2000; Villwock and Tomazelli, 1995).

Prior to the installation of the landfill, the same area was used as open dump until 2005. After the
installation of the landfill, four waste disposal cells were built, of which the first three (C1, C2 and C3) are
already closed and the fourth (C4) is still in operation. In addition, the area has four leachate treatment lagoons
(L1, L2, L3 and L4) and three piezometers (PZ1, PZ2 and PZ3) (Fig. 1). The leachate produced during the waste
decomposition process in C3 is transferred to L2 and in C4 is transferred to L1 and later the leachate from L1
and L2 is transferred to L3. The L4 only used during flood periods. The waste disposed in the study landfill first

passes through a screening process carried out by a local cooperative to withdraw the recyclable.
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In the surroundings of the study area there are numerous sand mining areas (Fig. 1). The BG1 is the
sand mine site closest to the landfill, approximately 100 m, and thus its water may receive inputs of landfill

leachate.
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Fig. 1. Location of the study area (C3 and C4 - samples of raw leachate from waste disposal cells; L1, L2, L3 and L4
— samples of leachate from treatment lagoons; PZ1, PZ2 and PZ3 — samples of groundwater; BG1 and BG2 samples

of surface water)
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3. Materials and Methods

3.1. Sample Description

The environmental monitoring of the present study cover samples of landfill leachate, groundwater and
surface water. After the field recognition and landfill area assessment, the collection points were defined and
georeferenced, being the sampling spots, as well as the landfill area, presented in the Fig. 1. The samples of raw

leachate, wastewater of the treatment lagoons, surface water and groundwater samples are shown in the Table 1.

Table 1. Sample description of the environmental monitoring

Samples Code
Raw leachate C3 and C4
Treatment lagoons L1, L2, L3 and L4
Groundwater PZ1, PZ2 and PZ3
Surface water BG1 and BG2

3.2. Sampling Procedures

The sampling of raw leachate and surface water was directly performed in polyethylene bottles (PE)
while bailers were applied to the sampling of the groundwater samples. In order to enhance the
representativeness of the groundwater samples, the wells were previously purged to remove the stagnant water.
All the sampling procedures were performed in duplicate as a quality control procedure to assess the precision of
the method, and each replica was split into three parts to apply the specific sample preservation method required
by the analyzed parameters (Fig. 2).

The Table 2 presents the parameters analyzed in this study. The aliquot intended for metal analysis was
preserved with concentrated acid nitric (HNO;) while the portion for ammonia analysis was preserved with
concentrated sulfuric acid (H,SO,). The bottles used to store the samples for analysis of metals, were
decontaminated with a solution of 5% (v/v) HNO; for approximately 72 hours. After the sampling, all samples

were transported to the laboratory and stored at 4 °C until the analyses.

Table 2. Parameters analyzed in this study

Parameters
Tons Chlorite (CI") and ammonia (NH,")
Metals Chromium (Cr), copper (Cu), iron (Fe), lead (Pb), nickel (Ni),
Gas Chromatography Dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC)

Stable Isotope Dissolved organic carbon (8"*C-DOC) and dissolved inorganic carbon (3"C-DIC)
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Fig. 2. Sampling procedure scheme of leachate, groundwater and surface water

3.3. Ions Analysis

3.3.1. Chloride. The water and leachate samples were filtered using 0.22 pm filters and analyzed by ion
chromatograph (IC, Thermo Scientific, Dionex ICS-5000 dual pump system) after dilution with Milli-Q water
(18.2 MQ.cm). Table 3 shows the instrumental conditions of IC. The calibration curve was constructed using

standard concentrations 2.5, 5, 10, 25, 50 and 100 mg.L'1 (Thermo Scientific — Dionex Seven Anion Standard

).

Table 3. Ion Chromatograph operating conditions

Parameters
DionexlonPacAG19 Capillary
Columns Guard (2 x 50 mm) and
DionexlonPac AS19 Capillary (2 x

250 mm)
Thermo Scientific Dionex EGC III
Eluent Generation KOH with Thermo Sc{ientific
Dionex CR-ATC Continuously
Regenerated Anion Trap Column

Eluent Flow 0.250 mL.m""
KOH concgntration = 4150nr?MM ((1%.11(?‘213?11.12)’.
gradient 10 mM (23-28 min)
Column Temperature 30 °C
Suppressor ASRS 300 (2 mm)
Current 28 mA
Detector Conductivity
Injection Manual

Injection Volume 0.4 uL
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3.3.2. Ammonia. Samples were neutralized with sodium hydroxide (NaOH) because they were
previously acidified. Then 0.1 mL of ISA solution was added to reach pH = 13. The determination was
performed on electrodes of ammonia (Digimed, DM-23) with constant stirring. The calibration curve was

constructed using standard concentrations 5, 10, 50 and 100 mg.L™" (SpecSol — Standard Ammonia Solution).

3.4. Metals Analysis

Samples were digested to eliminate the organic matter: 25 mL of well-mixed sample was heated in a
water bath at 70°C until the volume was reduced to 3 mL. Afterwards, 6 mL of concentrated bidistilled HNO;
was added and the samples were digested in glass tubes (open vessels) in a block digester for 2.5 hours at 110
°C. However in some samples (C3, C4, L1 and L2) 1 mL of H,O, and 3 mL of concentrated HCl were also
added (Fig. Al in the Appendix A). The digested samples were transferred to a Falcon tube and the volume was
completed to 25 mL with water. In order to evaluate the accuracy of the digestion method a spike procedure was
carried out.

The samples were analyzed using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-
OES, Perkin Elmer, Optima 7000 DV). Table 4 shows the instrumental conditions. The calibration curve was
constructed using standard concentrations 2.5, 5, 10, 50, 100, 200, 500 and 1000 pg.L'1 (Merck — ICP Multi-

element Standard Solution IV). Dilutions were performed with Milli-Q water (18,2 MQ.cm).

Table 4. Inductively Coupled Plasma Optical Emission Spectrometry operating conditions

Parameter
RF frequency 40 MHz
Operating power 1300 W
Plasma Ar flow 15.0 L.min™'
Auxiliary Ar flow 0.2 L.min™
Carrier Ar flow 0.8 L.min™"
Nebulizer type Meinhard
Sample flow rate 1.5 mL.min™
View Axial
A (n.m™)
Cr 357.869
Cu 324.752
Ni 232.003
Pb 283.306
Fe 273.955

3.5. Dissolved inorganic carbon and dissolved organic carbon analyses
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In this work, the quantification of DIC and DOC concentration was carried out with the GC-2014 Gas
Chromatograph - GC (Shimadzu) while the stable isotopic composition of dissolved organic and inorganic
carbon was assessed with the GasBench IRMS device (Thermo Fisher Scientific).

3.5.1. Dissolved Inorganic Carbon. Before carrying out the DIC analysis, the 12 mL vial, filled with the
sample, was flushed for 5 minutes with a helium flow to remove the atmospheric gases and other interferences.
The aliquot employed was 100uL for C3, C4, L1 and L2 samples and 500uL for the more diluted samples L3,
L4, PZ1, PZ2, PZ3, BG1 and BG2.

After the flush procedure, 100 uL of concentrated phosphoric acid was added and allowed to react for 1
hour to promote the CO, release and headspace saturation. The prepared sample is then analyzed in the gas
chromatography and IRMS and a summary of the DIC analysis procedure was presented in the supplementary
material (Fig. A2 in the Appendix A). The calibration of GC for the DIC quantification was conducted with
standard solutions of sodium carbonate (Merck), as previously reported, and the isotope ratio measurements was
made against a standard CO, in a lab tank (Hansen et al., 2013; Zhong-ping et al., 2007).

3.5.2. Dissolved Organic Carbon. Before carrying out the DOC analysis, the 12 mL vial, filled with the
sample and phosphoric acid, was flushed for 5 minutes with a helium flow to remove the DIC and others residual
atmospheric gases (Breukelen and Prommer, 2008; Lang et al., 2012; Osburn and St-jean, 2007; Van Geldern et
al., 2013; Wimmer et al., 2013; Yang et al., 2015; Yu et al., 2015). The aliquot employed was 100uL for C3 and
C4 sample and 250pL for the more diluted samples L1, L2 L3 and L4.

After the flush procedure, ImL of a saturated sodium persulfate solution (400g.L™") was added, heated
to 95-100°C and allowed to react for 1 hour to promote the organic matter oxidation and CO, releasing (Lang et
al., 2012; Zhou et al., 2015). The prepared sample is then cooled to the room temperature and analyzed in the gas
chromatography and IRMS. As recommendation, the calibration of GC for the DOC quantification was
conducted with an carbon standard solutions (Sucrose in this work) and the isotope ratio measurements was
made against a standard CO, in a lab tank (St-Jean, 2003). A summary of the DOC analysis procedure was

presented in the supplementary material (Fig. A3 in the Appendix A).

3.6. Gas Chromatography analysis.
The gas chromatograph (Shimadzu) is equipped with a Carboxen capillary column (30 m length, 0.53
mm ID) and operates in isothermal program with 100 pL sampling loop. The conditions of the methodology can

be seen in Table 5.
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Table 5. Parameters for the gas chromatography and IRMS analysis

Gas Chromatograph IRMS
Parameter Value Parameter Value
Injector Temperature 140°C Injector Temperature NA
Sampling Loop 100 pL Sampling Loop 100 pL
Split Ratio 1:1 Split Ratio NA
Helium Flow 8.4 mL.min" Helium Flow 1.5 mL.min""
Heating Programn Isothermal Heating Programn Isothermal
Column 70°C Column 60°C
Analysis Time 12 min Analysis Time 15 min
Detector temperature 250°C Detector temperature NA

NA - not applicable

3.7. Stable Isotope Analysis.

The Isotope Ratio Mass Spectrometry (IRMS) was used to analyze the carbon stable isotopes ratio
("*C/™*C). The isotopic signature of the CO, is determined with the GasBench II (GB) device, connected to the
Delta V Plus mass spectrometer through the ConFlo IV interface (all from Thermo Fisher Scientific). The
conditions of the methodology can be seen in Table 5.

Before the analysis, the 12 mL glass vial, capped with a rubber septum, are flushed with high-purity
helium, in order to remove any residual atmospheric gases. The autosampler temperature are kept at room
temperature in order to reduce the loading of water vapor into the equipment.

After the preparation, the headspace sampling proceeds with steel needle and a helium flow, which
carry the CO, to an 100uL loop and them to Delta V detector. Inside the GB device, the gases are separated by a
Poraplot Q fused-silica (25 m, 0.32 mm) chromatographic column, maintained at 60°C, in a total of 10 injection
(every 90 s) per analysis. In the beginning of each analysis, five pulses of standardized CO, (8"°C = —32.848)

were passed in order to proceed with the isotopic ratio calculation (Equations 1 and 2).

Rsample- Rstandard
6sample: sample” RNstandard 4 1000 (1)
Rstandard

Abundance of the heavy isotope

Isotope Ratio (R)= (2)

Abundance of the light isotope

For each sample, a triplicate of the elemental analyzer combustion was conducted and each ampule was
also analyzed in duplicate by IRMS. The 8"C results obtained for the samples are expressed in per mille units

(%0) and are values relative to the Vienna Pee Dee Belemnite (VPDB) international standard for CO,.
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3.8. Statistical Methods

Due the high complexity of environmental samples, large datasets and intrinsic multivariate nature, the
use of chemometrics tools have been widely applied in the monitoring programs (Peré-Trepat et al., 2007; Reid
and Spencer, 2009; Terrado et al., 2006). The multivariate statistical techniques are especially important in
evaluate the stablished relationship between the variables through the simultaneous processing of large datasets
(Hair et al., 2009). The aim of these methods in the environmental studies is proceed the data mining and project
the data into a smaller, and interpretable, dimension without significant information losses.

The multivariate analysis tools, applied in this work, are the Correlation Matrix (CM), Principal
component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) by using the software The Unscrambler X
10.4 (CAMO) without changing of their default settings.

3.8.1. Correlation Matrix. The correlation matrix, resulted from the assessment of the existing
relationships between all possible variables pairs, is applied to take a first look in the dataset and visualize their
structure and disclose any trends. The relationship value, ranging from —1 to +1, indicate the adjustment between
the variables (high correlation n > 0.7, moderate correlation 0.7 > n > 0.5 and weak correlation 0.5 >n) while the
signal reveals the type of relationship, with positive values showing direct correlation and negative values
inverse correlation (Kumar et al., 2006; Mustapha et al., 2013).

3.8.2. Principal Component Analysis. The PCA is an unsupervised multivariate tool widely applied for
the exploratory analysis and descriptive assessment of large datasets. The aim of the PCA is to reduce large
variables sets and project them into smaller number of principal components (PCs) while their structure is kept
(Rocha et al., 2012; Vasanthavigar et al., 2013). The PCs arrangement, orthogonally plotted to each other, results
in maximum explained variance in relative few principal components (Rocha et al., 2012). The data used in the
PCA have different units, therefore the data were scaled by dividing each value of the variable by its standard
deviation in order that all variables presented the same weight within the analysis.

3.8.3. Hierarchical Cluster Analysis. The Hierarchical Cluster Analysis (HCA) is the statistical method
which aims to arrange the samples according with their similarity and present them in a dendrogram (Dragovi¢ et
al., 2008; Nekoeinia et al., 2016). The X axis of the graph is expressed in relative distance unity and represents
the degree of association between the samples (Dragovi¢ et al., 2008). As result, the established clusters, groups

samples with high correlation degree (Le Bot et al., 2011).
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4. Results

4.1. Leachate Composition

The concentration the studied parameters for C3 e C4 are presented in Table 6. The heavy metals
concentration at C3 was of 698, 50, 14100, 284 ¢ 152 pg.L’1 and at C4 was 745, 66, 9350, 127, 202 ug.L'l for Cr,
Cu, Fe, Ni and Pb, respectively. In relation to the anions, the concentration of CI" was of 3540 rng.L'1 at C3 and
2140 mg.L™" at C4 and the NH," concentration was 1208 mg.L™" at C3 and 578 mg.L"' at C4. The isotopic
composition showed that C3 is enriched in BC (18 %0) while C4 is depleted in BC (-1 %0). The concentration of
DIC was of 24620 mg CO,.L"" at C3 and 17400 mg CO,.L" at C4 and the concentration of DOC was of 1290

and 1153 mg C.L" at C3 and C4, respectively.

Table 6 Leachate composition

Parameters C3 C4 L1 L2 L3 L4

Cr (ug.L™h 698 +33.1 745 +4.3 404 +£3.3 170+ 1.9 <1.1 <04
Cu (ug.L'™") 503+1.7 66.2+1.3 49.7+53 27921 164+19 17.6 £25
Fe (ug.L™) 14062 £221 9335 +40.7 3849 +18.4 3836 £25.6 1928 +£10.6 305%4.5
Ni (ug.L™ 284 +10.0 127+1.5 83.6+32 86.6 +2.1 <3.6 <14
Pb (pg.L’l) 152 £16.3 202 +£5.6 119 £ 10.1 98.7+5.8 351+£38 34.0+13.3

CI' (mg.L'") 3537+443  2140+2339 1235+245 1188463 149+11.8  154+1.6
NH, (mgL")  1208+28  578+22.6 104 +2.5 726+57  02+0.1 0.1+0.0
§"*C-DIC (%0) 185+ 1.0 1.0+04 7.1+0.1 239+06  -13+07 0206
§°C-DOC (%)  20.6+02  -204+03  21.8+03 225401 -164+0.7 -18.8+0.5

DIC (mgCO,.L") 24618 £2145 17346+ 1846 9423 +£736  3482+£206 207+168 13428
DOC (mgC.L")  1291+£90.7 1154+583  450+494  296+188 109+29.1 43536

In the leachate treatment lagoons it was observed that the concentration of metals, anions, DIC and
DOC is lower in the last lagoon than in the first lagoons, evidencing that the leachate present in L4 presents less
polluting potential than that present in L1 and L2. The concentration in leachate treatment lagoons (L1, L2, L3
and L4) of Cr, Cu, Fe, Ni, Pb varied between 0-400, 15-50, 300-3900, 0-285 and 35-120 ug.L’1 and the
concentration of CI" and NH," varied between 150-3500 and 0.1-1200 mg.L"' between L1 to L4. The DIC
concentration varied between 134-24600 mg CO,.L" and the §"*C-DIC ranged from 23.9 to -1.0 %o. The DOC
concentration ranged from 45-1300 mg C.L™" and the §"*C-DOC varied between -22.5 to -16.4 %e.

The concentration of DIC, DOC, 83C-DIC and §"*C-DOC can also be visualized from a Box Plot graph
(Fig. 3) of each of these parameters at sampling site. The Fig 3 shows that both the DIC and DOC concentrations
are higher in the raw leachate samples (C3 and C4) and decrease as the leachate stabilization process progresses

(L1 to L4). The isotopic signature of 8'°C-DIC and §"C-DOC do not present the same behavior due to the
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processes inherent to the isotopic fractionation of these elements and also the local factors. The DIC is more
enriched in 8'°C the older sites, i.e. is where the organic matter decomposition process is more advanced (C3 and
L2), while the 5'3C-DOC has an inverse behavior.

This way, it is possible to observe (Fig. 4) that the concentration of DIC and DOC presents a direct
linear relationship, since their concentration decreases along the cells and lagoons. Also, both parameters have

their isotopic signature linked to the reduction of the total DIC and DOC content along the leachate treatment

progress.
(A) DIC (B) $13C-DIC
- ‘
20
. L =
1120000 - -
@]
T o 10
f 2 -
=2 5 -
Q10000 ? 5 B j -
0 L] ? T
—— -
L
-10
C3 C4 L1 L2 L3 L4 C3 C4 L1 L2 L3 L4 BGIBG2 PZ1 PZ2 PZ3
Samples Samples
©) DOC D) 8"*C-DOC
1500 % 15
- - = *
= 1000 s
2 2 -
%D 8 20
S o - mm
a )
500
2 + -
=
—_
C3 C4 L1 L2 L3 L4 C3 C4 L1 L2 L3 L4
Samples Samples

Fig. 3. Box Plot (A) DIC (dissolved inorganic carbon), (B) 613C-DIC, (C) DOC (dissolved organic carbon) and

(D) 813C-DOC

Between the §"°C-DIC and 8"C-DOC parameters, an inverse linear relationship is observed where the
3"*C-DIC values from enriched to more depleted values, while the "°C-DOC undergo isotopic enrichment to
heavier 5"°C values along the stabilization process. The graph of the relationship between 5"°C-DOC x DOC
showed that DOC concentration decreases as there is 8*C-DOC isotopic depletion. Graphs of the relationship
between §°C-DIC x DIC, 5*C-DIC x DOC e §"C-DOC x DIC were also performed, but no significant

relationship was found.
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Bivariate graphs were also plotted in order to find any established relationship between the parameters
(DIC, DOC, §"C-DIC and 5"C-DOC) with the monitored conventional chemical parameters (metals and
anions) (Fig. A4, Fig. A5, Fig. A6, Fig. A7 in the Appendix A). No relationship between 8"°C-DIC and §"C-
DOC with metals and anions was evidentiated in those Graphs. Thus, it is evident that the isotopic composition
of the 8"*C-DIC and the 8"*C-DOC of the leachate are related to each other but, in this work, no relation between
the isotopic signature and the concentration of the other pollutants was found. However, the evolution of DOC
and DIC concentrations showed linear relationships with the progress of anions and metals values along the

treatment process.
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Fig. 4. Scatter plot (A) DOC (dissolved organic carbon) x DIC (dissolved inorganic carbon), (B) 3"C-DOC x

DOC, (C) 8"*C-DIC x DIC, (D) DIC, §"*C-DIC x DOC, (E) §"*C-DOC x DIC and (F) "*C-DIC x §"*C-DOC

The CM presented in Table 7 shows the good relationship between the concentration of DIC and DOC

with the rest of the studied parameters. Thus, it can be stated that the raw leachate (C3 and C4) are the sites that
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present the highest concentration of all parameters studied and that the concentration of these parameters
decreases along the leaching treatment lagoons. The CM also confirms the little relationship between the isotope

data and the rest of the parameters.

Table 7. Correlation matrix of leachate samples

Parameter DIC DOC §"C-DOC §"“C-DIC Cr Ni Cu Fe Pb CI' NH,
DIC 1.00

DOC 098  1.00

8C-DOC  -038 -0.34 1.00

sc-DIC 028 022 -0.70 1.00

Cr 096 097 -0.46 0.17 1.00

Ni 0.94  0.90 -0.47 0.56 0.83  1.00

Cu 034 087 -0.52 0.06 096 0.67 1.00

Fe 098 097 -0.33 0.37 090 096 0.75 1.00

Pb 086 091 -0.56 0.20 096 073 097 0.81 1.00

cr 097 095 -0.48 0.48 090 099 076 098 0.82 1.00
NH," 095 0.93 -0.22 0.33 083 095 064 098 0.69 096 1.00

High correlation; Moderate correlation; Weak correlation.

In order to better understand and interpret the data, a PCA was also performed (Fig. 5A and Fig. 5B).
Two PCs were sufficient to explain 90 %o of the explained variance, PC1 (77 %) and PC2 (13 %o). The Loading
Graph shows how the parameters influence each PC. In this work, the Loading Graph (Fig. 5B) shows that PC1
is strongly associated with all the parameters used in the analysis, but the concentration of the pollutants has a
stronger influence than the isotopic composition. On the other hand, it is observed that PC2 presents a greater

relation with the isotopic composition and that §'*C-DIC and §'*C-DOC have inverse contribution to that PC.

4.2. Water composition

The results of water samples are set in Table 8. Higher concentration of CI" was found in PZ3 (166
mg.L’l) when compared to PZ1 (14 mg.L'l) and PZ2 (12 mg.L’l) while an increase was also found in BG1 (18
mg.L") relative to BG2 (8 mg.L™"). NH," levels were low in all samples except for BG1 (1 mg.L™") where a
higher concentration was found than at all points studied. Small concentrations of metals even below the limit of
detection were found in virtually all surface and groundwater samples. However, the concentration of Fe in PZ1

(653 pg.L™"), PZ2 (694 pg.L™") and BG1 (359 pg.L") were higher than expected.
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The 5"°C-DIC showed a clear isotopic enrichment in the PZ3 (3.5 %c) samples when compared to the

values found in PZ1 (-6.9 %) and PZ2 (-5 %o). In addition, samples of BG1 (0.7 %o) also presented isotopic

enrichment in relation to BG2 (-6.2 %o) samples. The isotopic composition of the §'*C-DIC in the samples can

also be visualized in Fig. 3B, where it is clear that the isotopic signature of PZ3 and BGI is distinct from the

others water samples and that present isotopic enrichment with values similar to some leachate samples.
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Fig. 5 Multivariate analysis for leachate samples (A) PCA scores graphic, (B) PCA loadings graphic and (C)

HCA

Table 8. Water samples composition

Parameters P71 PZ2 PZ3 BG1 BG2
Cr(ugL™h <0.1 <0.1 <0.1 <04 <04
Cu (ugL™h <04 <04 <12.0 <4.6 <4.6

Fe (ug.L™") 653 £2.2 694 +11.1 63.2+0.7 359 £2.0 124 +1.6
Ni (ug.L'™") 242+1.1 17.1+1.1 413+0.8 <14 <14
Pb (ug.L™) 125+49 <6.9 26.0 + 8.0 < 10.0 < 10.0
CI' (mg.L'™") 14.0+0.3 11.9+2.0 166 + 8.3 18.3+0.0 82+1.3
NH," (mg.L™) 0.4+0.2 02+0.1 02+0.1 1.1 £0.35 0.1+0.0
8" C-DIC (%o) 6.9+0.2 5.0+0.1 3.5+ 0.6 0.7+0.3 62+1.0
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5. Discussion

5.1. Leachate Composition

According to the literature, the concentration of contaminants (heavy metals, suspended solids, salts,
ammonia and organic compounds) present in the leachate is higher in newer residues whereas older residues tend
to have lower concentrations of contaminants (Igbal et al., 2015; Zhao et al., 2013). Thus, the concentration of
contaminants at C3 (old cell) should be lower than the concentration at C4 (new cell), however, the
concentrations of Fe, Ni, CI', DIC and DOC were higher in C3 than in C4. The results can be justified by the fact
that C3 is a closed and covered cell, while C4 is still in operation. In addition, the cells are in different stages of
the microbiological waste decomposition, that is, C3 is older and is undergoing a more advanced stabilization
process which explains the difference found in some parameters.

The low concentration of metals at C3 and C4 may be interpreted by the low concentration of these
metals in the waste disposed in the landfill, considering that these residues undergo a screening process (Ribeiro
et al., 2015). Fe was the only metal that presented high concentrations, probably due to the high concentration of
this element in the residues of the landfill (Al-Raisi et al., 2014; Chemlal et al., 2014). Another hypothesis is the
high concentration of this element in the soil region, which would justify the high concentration found in the
leachate. Anions, NH," and CI, are present at high concentrations at C3 and C4 and NH," is probably derived
from amino acid deamination during the decomposition of organic matter while CI  is derived from the presence
of soluble salts in the residues (Mor et al., 2006; Naveen et al., 2017).

In general, both cells (C3 and C4) have high concentrations of metals, chloride, ammonia, DIC and
DOC. It is very difficult to differentiate leachate from the initial and advanced decomposition phases. The
isotopic composition of 3"°C-DIC was, however, a useful parameter to distinguishes C3 from C4. The stable
isotope fractionation is derived from the biogeochemical processes that occur in the leachate formation and the
DIC of a raw leachate are mainly derived from the solubilizing of a carbonate mineral and organic matter
mineralization (Jiang et al., 2015; Porowska, 2015; Zhong-ping et al., 2007). The great difference found
between the isotopic composition of §'*C-DIC in C3 (18 %) and C4 (-1 %o) can be justified by the fact that C3 is
a closed cell, i.e., rainwater does not exert as much influence as in C4, where the cell is open. Another factors
that contributes to this difference is that C4 residues were recently disposed and are still close to the surface
where they are submitted to aerobic processes and therefore present an enrichment in the light, '>C isotope

(Porowska, 2015) and that the cells are in different stages of decomposition.
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In addition, C4 is a new cell and younger fractions of the landfill tend to exhibit lower enrichment in
heavier isotopes when purchased in older areas, where the process of organic matter decomposition is in a more
advanced stage (Hackley et al., 1996). In older areas, the methanogenic decomposition phase of the residues is
usually already established and is responsible for the isotopic enrichment of 8"*C-DIC (Hackley et al., 1996;
Porowska, 2015). Thus, 8"3C-DIC was an useful parameter to differentiate old from new leachate, since old
leachate was enriched in "°C.

The production of methane from the microbial decomposition of organic matter is carried out in two
preferred pathways. One is fermentation of acetate and other simple organic compounds, which produces
enriched CO, in *C. The other path of methane production is from the reduction of CO, by hydrogen, where the
carbon isotopic composition of the DIC will be affected by the preferential reduction of isotopically light CO,,
making the medium enriched in heavier CO, (Walsh et al., 1993). Thus, once the methanogenesis is established,
the isotopic composition of the CO, in the landfill leachate becomes isotopically heavier (Hackley et al., 1996;
Walsh et al., 1993).

As previously commented, the isotopic enrichment of the leachate occurs mainly during the
methanogenic phase of decomposition of the residues (Hackley et al., 1996; Walsh et al., 1993). Moreover, other
mechanisms may also influence the isotopic composition of 8"*C-DIC such as the introduction of atmospheric
CO, by rainfall, the generation of CO, during the aerobic mineralization of organic matter and the generation of
DIC during the non-methanogenic degradation of the wastes (Walsh et al., 1993).

According to the literature, during the leachate degradation process, an increase in 8'°*C-DOC values
and decrease of DOC concentrations is normally observed (Van Breukelen et al., 2003). In our study similar
behavior was observed (Fig. 4b). The enrichment of 8"C-DOC in samples L3 and L4 is a result of the
degradation of certain organic compounds favoring '>C in relation to "°C Isotopes (Van Breukelen et al., 2003).
The isotopic composition of 83C-DOC was similar between the samples collected in C3, C4, L1 and L2,
however samples C3 and C4 presented higher concentration of DOC.

Due to the values found for 8"°C-DIC, it was considered that the C3 is already in the methanogenic
phase of residues decomposition and thus, the DOC present in the leachate is composed mainly of humic and
fulvic acids (Christensen et al., 1998, 1996). On the other hand, the DIC (HCO;, CO;,, free CO,) present in
landfill leachate can be derived from several sources and behaves in a way the 8'°C-DIC becomes enriched as its

concentration increases (Palmer et al., 2001; Walsh et al., 1993).
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The concentrations of all the studied pollutants decreased along the stabilization lagoons of the leachate,
confirming that the process is being efficient, as was observed in PCA (Fig. 5). The isotopic composition of
8'3C-DIC in L2 is more enriched in 8'°C in relation to L1, since L2 receives the oldest leachate (from C3) and L1
receives the leachate from the younger cell (C4). In addition, the decrease in DOC concentration throughout the
leachate stabilization process supports, along with the other parameters analyzed, the degradation of organic
matter (Van Breukelen et al., 2003).

The final characteristics of the leachate to the studied parameters are within the limits required by
Brazilian law to release effluent directly into receiving water bodies, except NH,* (Brazilian Government -
Environmental Protection Agency, 2011). Thus, leachate leakage of waste cells or of lagoons of the first
treatment stage can be a risk for regional water resources, because this local ammonia concentration is above the
maximum level allowed by law. In addition, it is possible that other parameters not investigated in this study are

present in high concentrations and may compromise the quality of regional water.

5.2. Water Composition

Low concentrations of metals, except Fe, were found in groundwater and surface water samples,
confirming the low polluting potential of the study landfill leachate for heavy metals. Elevated Fe concentrations
were observed in PZ1, PZ2 and BG2. However, both PZ1 and BG2 are local whites and thus the Fe
concentrations found were not considered from study landfill leachate.

The high concentration of CI" found in PZ3 can be indicative of the interaction of landfill leachate with
local groundwater, since high concentrations of CI” in water could be attributed to percolation of landfill leachate
(Akinbile and Yusoff, 2011; Mor et al., 2006). The high concentration of NH,* found in BG1 compared to BG2
suggests that local water quality is being influenced by leachate percolation from the landfill. In BG1 it is also
possible to note an increase in Cl” concentration in relation to BG2.

However, it was through the isotopic composition of 8"*C-DIC that the hypothesis of percolation of
landfill leachate was confirmed in PZ3 and BG1, since "*C isotopic enrichment is typical of water contaminated
with landfill leachate (Haarstad and Mahlum, 2013; North et al., 2004; Porowska, 2015). In addition, leachate
samples in this study presented isotopic enrichment, confirming that the leachate from the study landfill is
responsible for the alteration of local water quality.

The samples of PZ1 and BG2 exhibit negative 8"C-DIC values, typical of natural waters and were

similar to values described in the literature (Haarstad and Mahlum, 2013; North et al., 2004; Van Breukelen et
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al., 2003; Wimmer et al., 2013). In PZ2, a slight enrichment of 8"3C-DIC was observed in relation to PZ1,
however there was no greater evidence that the water quality of the site is also being affected by the landfill

leachate.

6. Conclusions

The multivariate analysis of the data showed that the concentration of metals, anions, DIC and DOC is
lower in L4 and higher in L1 and L2, showing that the organic matter stabilization process is efficient. On the
other hand, the higher concentration of metals, anions, DIC and DOC were obtained in the waste disposal cells
(C3 and C4).

The isotopic composition of §"?C-DIC and §"°C-DOC showed a linear inverse relationship, that is, sites
where the DIC was enriched in 3"°C presented values of DOC depleted in 8"°C. The concentration of DIC and
DOC had a good relation with the conventional parameters of monitoring, evidencing that the concentration
decreases during the stabilization process. Moreover, the isotopic fractionation of "°C-DIC and 8'*C-DOC in the
leachate showed a relation with the reduction of the total concentration of DIC and DOC and that C3 is in the
methanogenic phase of waste decomposition.

The results of the present study showed changes in 8'°C-DIC isotopic composition in the groundwater
sample collected in PZ3 and in the freshwater sample BG1 in relation background reference sites, confirming the
potential of this technique to assess landfill leachate contamination in water. In addition, the determination of
traditional monitoring parameters (ClI, NH," and heavy metals) was important in the determination of
contamination, because together with the isotopic data confirmed the contamination of the water by the landfill

leachate.
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5. CONCLUSOES

Os resultados deste estudo demonstram que o lixiviado bruto (C3 e C4)
analisado neste trabalho tem grande potencial poluidor em caso de vazamentos e
contato com as aguas de seu entorno. No entanto, houve baixas concentracoes de
metais pesados indicando um baixo potencial de poluicdo para estes elementos,
provavelmente devido a baixa solubilidade destes metais no meio ou a baixa
concentragdo destes metais nos residuos. Foram encontradas concentragdes
elevadas de NH4", K, Na, Ca, Mg que representaram o principal poluente deste
lixiviado.

Através dos parametros convencionais de monitoramento se observou
semelhancas entre o lixiviado da C3 e da C4. No entanto, a composicao isotdpica do
5'3C-DIC apresentou diferencas entre as amostras C3 e C4, evidenciando que esses
locais se encontram em diferentes fases de decomposicdo da matéria organica e
que essa técnica apresenta potencial para esse tipo de estudo visto que lixiviados
mais antigos apresentam enriquecimento isotépico do &'*C-DIC.

As maiores concentracdes de poluentes foram encontradas nas células de
descarte de residuos (C3 e C4). E a analise multivariada dos dados demonstrou que
a concentracdo de poluente diminui ao longo das lagoas de estabilizacdo do
lixiviado, mostrando que o processo de estabilizacdo da matéria organica esta sendo
eficiente.

A composicdo isotépica do 5'°C-DIC e 5'°C-DOC mostrou uma relagao
inversa, isto &, os locais enriquecidos em &'*C-DIC apresentaram valores menos
enriquecidos em 3'3C-DOC. A concentragdo de DIC e DOC apresentou boa relagao
com o0s parametros convencionais de monitoramento, evidenciando que a
concentragcdo diminui durante o processo de estabilizacdo. Além disso, o
fracionamento isotépico de 5'°C-DIC e 5'°C-DOC no lixiviado mostrou uma relagéo

com a reducao da concentracéao total de DIC e DOC.
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Através dos parametros convencionais de monitoramento e das técnicas de
analise multivariada observou-se alteracbes na qualidade da agua coletada no PZ3
em relacao aos outros PZs. As alteragdes foram evidenciadas principalmente pelos
niveis de cloreto, condutividade elétrica e metais alcalinos que consistem em
indicadores de contaminacado de lixiviados em aterro e estdo presentes em altas
concentragdes no chorume estudado. Com as técnicas tradicionais também foi
notado pequenas alteragdes nos niveis de metais alcalinos e NHs;" no BG1 em
relagdo aos outros BGs, no entanto, somente com esses dados nao foi possivel
confirmar a influéncia do aterro na qualidade da agua superficial.

A analise de is6topos estaveis do d'>C-DIC foi extremamente importante para
confirmar a contaminacao no PZ3 ja evidenciada pelos pardmetros convencionais e
para apontar que as alteracdes encontradas na qualidade da agua coletada no BG1
sdo provenientes do lixiviado. Visto que ambos os lagais apresentaram
enriquecimento isotépico do 5'3C-DIC, comportamento tipico apresentado em aguas
contaminadas por lixiviados de aterros sanitarios. O estudo mostrou que a técnica
de analise de isotopos estaveis é eficiente para estudar contaminagéo de aguas com

lixiviado.
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8. TRABALHOS FUTUROS

Apbs o fim deste trabalho observou-se a possibilidade de realizacdo de outros
estudos para dar sequéncia a este estudo. Citamos as seguintes possibilidades a
serem estudas:

a) Realizagao de monitoramento temporal do aterro sanitario;

b) Utilizagdo de outros is6topos estaveis (nitrogénio e hidrogénio) como parametros
alternativos aos estudos no presente trabalho;

c) Realizacdo de estudos para tratamento adequado do lixiviado para poder ser
descartado em corpos receptores;

d) Realizacao de estudo hidrogeoldgico na area para determinacao do fluxo de agua
subterranea;

e) Aplicagéo destas técnicas em outros aterros sanitarios.
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ANEXO A

Apresenta-se neste Anexo os Valores Maximos Permitidos (VMP) para
parametros organicos e inorganicos (Tabela A.1) e as condicoes (Tabela A.2) de

lancamento de efluentes diretamente em um corpo receptor (CONAMA, 2011).

Tabela A.1. Valores Maximos Permitidos (VMP) para os par&metros orgénicos e inorganicos de

langamento de efluente diretamente em corpos receptores (CONAMA, 2011).

Parametro (mg.L") VMP (mg.L")
Parametros Inorgénicos
Arsénio total 0,5
Bario Total 5,0
Boro Total 5,0
Cadmio Total 0,2
Chumbo Total 0,5
Cianeto Total 1,0
Cianeto Livre 0,2
Cobre dissolvido 1,0
Cromo Hexavalente 0,1
Cromo Trivalente 1,0
Estanho Total 4,0
Ferro Dissolvido 15,0
Fluoreto Total 10,0
Manganés Dissolvido 1,0
Mercurio Total 0,01
Niquel Total 2,0
Nitrogénio Amoniacal Total 20,0
Prata Total 0,1
Selénio Total 0,3
Sulfeto 1,0
Zinco Total 5,0
Parametros Orgéanicos
Benzeno 1,2
Cloroférmio 1,0
Dicloeteno 1,0
Estireno 0,07
Etilbenzeno 0,84
Fenois Totais 0,5
Tetracloreto de Carbono 1,0
Tricloroeteno 1,0
Tolueno 1,2
Xileno 1,6
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Tabela A.2. Condigbes de Langamento de efluentes diretamente em corpos receptores (CONAMA,
2011).

Condicoes Valores Permitidos
pH 5-9
Temperatura <40°C
Materiais Sedimentaveis 1mL.L"
Vazao Maxima 1,5 x a vazdo média do periodo
Oleos Minerais 20 mg.L"
Oleos Vegetais e Gorduras Animais 50 mg.L”
Material Flutuante Ausente

DBO Remocéo Minima de 60%




122

ANEXO B

Apresenta-se na Tabela B.1 as condicbes de lancamento exigidas caso o
efluente seja destinado a estacado de tratamento de esgoto antes do descarte em
corpos receptores (CONAMA, 2011).

Tabela B.1. Condi¢des de langamento de efluentes oriundos de estagdes de tratamento de esgoto.

Condicoes Valores Permitidos
pH 5-9
Temperatura <40°C
Materiais Sedimentaveis 1mL.L"
Oleos e Graxas 100 mg.L"
Material Flutuante Ausente

DBO Maximo de 120 mg.L"
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ANEXO C

Apresenta-se na Tabela C.1 os VMP pela Portaria N® 2914 do Ministério da
Saude (BRASIL, 2011) para o consumo humano e pela Resolucao N° 396 do
CONAMA (CONAMA, 2008) para a utilizacado da agua de quatro formas distintas.

Tabela C.1. Valores Méximos Permitidos (VMP) pela legislagdo para usos distintos das aguas

subterraneas
R VMP VMP (CONAMA, 2008)

Paramt_a1trao (Brasil, Consumo Dessedentacéo L R
(mg.L") 2011) Humano de Animaic Irrigacdo  Recreacdo
Aluminio 0,2 0,2 5 5 0,2
Amoénia 1,5 - - - -

Antimonio 0,005 0,005 - - -
Arsénio 0,01 0,01 0,2 - 0,05

Bario 0,7 0,7 - - 1
Berilio - 0,004 0,1 0,1 -
Boro - 0,5 5 0,5 1
Cadmio 0,005 0,005 0,05 0,01 0,005
Chumbo 0,01 0,01 0,1 5 0,05
Cianeto 0,07 0,07 - - 0,1
Cloreto 250 250 - 100-700 400
Cobalto - - 1 0,05 -
Cobre 2 2 0,5 0,2 1
Cor Aparente 15 - - - -
Teﬁ);lgglgn:::tes Ausente®  Ausente” 200° - 1000°
Cromo gﬁ)r M+Cr 405 0,05 1 0,1 0,05
Dureza 500 - - - -
Enterococos - - - - 100°
E. Coli Ausente®  Ausente” 200° - 800°
Ferro 0,3 0,3 - 5 0,3
Fluoreto 1,5 1,5 2 1 -
Litio - - - 2,5 -

Manganés 0,1 0,1 0,05 0,2 0,1
Mercurio 0,001 0,001 0,01 0,002 0,001

Molibdénio - 0,07 0,15 0,01 -

Niquel 0,07 0,02 1 0,2 0,1
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A VMP VMP (CONAMA, 2008)
Parametro . —
(mg.L)? (25:":'“’ Consumo Dessedgnta_gao Irrigacdo  Recreacao
) Humano de Animais
Nitrato 10 10 90 - 10
Nitrito 1 1 10 1 1
Selénio 0,01 0,01 0,05 0,02 0,01
Saédio 200 200 - - 300
SDT 1000 1000 - - -
Sulfato 250 250 1000 - 400
Turbidez 5 - - - -
Uranio 0,03 0,015 0,2 0,01 -
Vanadio - 0,05 0,1 0,1 -
Zinco 5 5 24 2 5

a Exceto Cor Kparen[e (Unidade Hazen — uH), pH (nao possur unidade) e Turbidez (Unidade de Turbidez -UT). b Em 700 mL.
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ANEXO D

Apresenta-se na Tabela D.1 os VMP pela Resolucao N® 357 do CONAMA, de

17 de marco de 2005 para aguas superficiais doces que sao classificadas em quatro
categorias distintas.

Tabela D.1. Valores Maximos Permitidos (VMP) para as quatro classes de adguas superficiais doces.

- VMP
Parametros (mg.L ) Classe 1° Classe 2° Classe 3° Classe 4°
Aluminio Dissolvido 0,1 0,1 0,2 0,2
Antimoénio 0,005 0,005 - -
Arsénio Total 0,01 0,01 0,033 0,033
Bario Total 0,7 0,7 1 1
Berilio Total 0,04 0,04 0,1 0,1
Boro Total 0,5 0,5 0,75 0,75
Cadmio Total 0,001 0,001 0,01 0,01
Chumbo Total 0,01 0,01 0,033 0,033
Cianeto Livre 0,005 0,005 0,022 0,022
Cloreto Total 250 250 250 250
Cloro Residual Total 0,01 0,01 - -
Cobalto Total 0,05 0,05 0,2 0,2
Cobre Dissolvido 0,009 0,009 0,013 0,013
Termotolerantes 200 1000 : :
Cor Verdadeira Natural <75 <75 <75
Cromo Total 0,05 0,05 0,05 0,05
DBO?® 3 5 10 10
Ferro Dissolvido 0,3 0,3 5 5
Fluoreto Total 1,4 1,4 1,4 1,4
Fosforo Total" 0,02 0,03 0,05 0,05
Fosforo Total' 0,025 0,05 0,075 0,075
Fosforo Total 0,1 0,1 0,15 0,15
Litio Total 25 25 25 25
Manganés Total 0,1 0,1 0,5 0,5
Materiais Flutuantes Ausentes Ausentes Ausentes Ausentes
Mercurio Total 0,0002 0,0002 0,002 0,002
Nitrato 10 10 10 10
Nitrito 1 1 1 1
Oxigénio Dissolvido 26 25 24 22
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i VMP
Parametros (mg.L ) Classe 1° Classe 2° Classe 3° Classe 4°
13,3-pH=< 7,5
o _ 3,7-pH< 7,5 23177'5'02';'_'7;58 56.75 <pHs  133-pHs7,5
Nitrogénio Amoniacal 2-7,5<pH<8 1 —’8 <pHs 8 5,6-7,5<pH<8
Total 1-8<pH< 8,5 85 22-8<pHs  2,2-8<pH=<8,5
05-pH>85 5 oH> 8.5 . p8I-’|5> 05 1-pH>8,5
pH 6-9 6-9 6-9 6-9
Prata Total 0,01 0,01 0,05 0,05
Selénio Total 0,01 0,01 0,05 0,05
Sulfato Total 250 250 250 250
Sulfeto 0,002 0,002 0,3 0,3
Turbidez <40 <100 <100 <100
Uranio Total 0,02 0,02 0,02 0,02
Vanadio Total 0,1 0,1 0,1 0,1
Zinco Total 0,18 0,18 5 5
a exceto Cor Verdadeira (mg Ft.L-1), mg.L- , P nao possul unigdade), m.L- e lurbidez nigades Netelometrica de lurbidez —

UNT).

b Ao abastecimento para consumo humano, apés tratamento simplificado; a protegdo das comunidades aquaticas; a recreagdo de contato primério, tais
como natagdo, esqui aquatico e mergulho; a irrigagdo de hortaligas que sdo consumidas cruas e de frutas que se desenvolvam rentes ao solo e que sejam
ingeridas cruas sem remogéo de pelicula; e a protegdo das comunidades aquaticas em Terras Indigenas.

¢ Ao abastecimento para consumo humano, apés tratamento convencional; a protegdo das comunidades aquaticas; a recreagédo de contato primario, tais
como natagdo, esqui aquatico e mergulho; a irrigagdo de hortaligas, plantas frutiferas e de parques, jardins, campos de esporte e lazer, com os quais o
publico possa vir a ter contato direto; e a aquicultura e a atividade de pesca.

d Ao abastecimento para consumo humano, apés tratamento convencional ou avangado; a irrigagdo de culturas arbéreas, cerealiferas e forrageiras; a pesca
amadora; a recreagdo de contato secundario; e a dessedentagdo de animais.

e A navegagéo; e & harmonia paisagistica.

f Em 100 mL.

g 5diasa20 °C.

h Ambiente Léntico.

i Ambiente Intermediério, com tempo de residéncia entre 2 e 40 dias, e tributarios diretos de ambientes Léntico.

j Ambiente I6tico e tributérios de ambientes intermedidrios.
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Absfract: In Brazil, landfills consist in one method for final disposal of waste that is compliant to
the legislation. This technigue however presents risk of surface water and groundwater
resources owing fo leakage of metals, anions and organic compounds. The
geochemical monitoring of water resources is therefore extremely imporiant because
the leachate can compromise the quality and the use of surface water and
groundwater close of landfills. Here one present results of metals, anions, ammonia
and physicochemical parameters was used to identify possible contamination of
surface and groundwater in a landfill area and their around using multivariate approach
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for data analysis. The values found for alkali metals, nitrate and chloride indicate
contamination in the regional groundwater and, moreover, surface waters also show
variation when compared to the other background points, mainly for ammaonia. Thus,
the result of this study present evidences that the landfill leachate influences the guality
of groundwater and surface water in the study area.
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