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Apresentagéo

O trabalho a seguir da continuidade a pesquisa “Evolucéo pedo-morfoldgica de uma bacia de
aguas escuras e dinamica das suas matérias organicas no decorrer desta evolucdo. Bacia do Alto
Rio Negro-AM”, realizada no curso de mestrado do programa de P6s Graduagdo em Geografia na
Universidade Estadual Paulista “Julio de Mesquita Filho” (Unesp), no campus de Rio Claro. Tal
estudo mostrou que a evolucgdo e a distribuicdo das matérias organicas dos solos de uma microbacia
de &guas pretas, localizada nas proximidades do municipio de Sdo Gabriel da Cachoeira-AM, em
interflivio entre o Rio Negro com o rio Curicuriari, estdo relacionadas ao desenvolvimento e a
evolucdo da podzolizacdo e a instalacdo da drenagem. O modelo de evolucdo elaborado permitiu
inferir que a paisagem podzolizada é multitemporal e estd em equilibrio com as condicdes
pedoclimaticas atuais, 0 que torna possivel a manutencéo das aguas pretas das microbacias, caso este

equilibrio ndo seja interrompido.

Tais resultados representam um avanco no sentido de compreender a evolucao e a manutencao
das aguas pretas nas microbacias da Amazbnia, bem como acrescentar mais um dado ao
conhecimento do ciclo do carbono, seu sequestro e liberacdo, na bacia do Alto Rio Negro. Para
aprofundar o conhecimento sobre as matérias organicas dos solos podzolizados dessa microbacia
teve-se como proposta o estudo das fracGes de acidos falvicos e &cidos himicos, para compreender o
comportamento de cada uma nos pedo-ambientes podzolizados. A partir desse conhecimento

contribuir com informacGes para se compreender o equilibrio do ambiente podzolizado.

Neste presente trabalho apresenta-se: 1) um modelo de evolucdo pedo-geomorfoldgica da
micro-bacia em estudo; 2) a investigagdo das substancias humicas dos solos podzolizados da bacia
do Alto Rio Negro a partir da utilizagdo dos métodos espectroscopicos com o intuito de identificar as
caracteristicas de condensacédo e aromaticidade dos AF e AH e identificar os grupos funcionais destas
SH nas matérias organicas dos solos podzolizados da microbacia e 3) a investigacdo sobre a
capacidade de complexagdo das SH, com Cu?* e AI** em amostras de solos podzolizados, através da
analise do quenching de matriz de fluorescénciade excitacdo e emisséo e o tratamento com o modelo
CP/PARAFAC.



Présentation

Le travail suivant fait suite au travail de master intitulé “Evolucdo pedo-morfoldgica de uma bacia de
aguas escuras e dindmica das suas matérias organicas no decorrer desta evolucdo. Bacia do Alto Rio
Negro-AM”, du cycle d'études supérieures en géographie de Universidade Estadual Paulista "Julio
de Mesquita Filho" (Unesp). Cette étude a montré que I'évolution et la répartition de la matiere
organique a partir des sols d’un micro bassin d'eau noire, situé pres de la municipalité de Sao Gabriel
da Cachoeira-AM, entre Rio Negro et Curicuriari, est liée au développement, a I'évolution de la
podzolisation et a l'installation d’un drainage. Le mod¢le d'évolution élaboré a permis de déduire que
le paysage podzoliques est multitemporel et est en équilibre avec les conditions pédo climatiques
actuelles, ce qui permet le maintien des eaux noires des micro bassin, si cette équilibre n'est pas
interrompue.

Ces résultats représentent un pas en avant dans la compréhension de I'évolution et du maintien des
eaux noires dans les micro-bassins amazoniens, ainsi que 1’apport d'une information supplémentaire
sur le cycle du carbone, sa séquestration et sa libération, dans le bassin Alto Rio Negro. Afin
d'approfondir la connaissance de la matiére organique des sols podzoliques de ce micro bassin, I'étude
des fractions acide fulvique et acide humique a été proposée afin de mieux comprendre leur
comportement dans les environnements podzolisées. Ces connaissances fournissent des informations
permettant de comprendre I'équilibre de ces environnements podzoliques.

Ainsi dans ce travail, est exposé dans le détail: 1) un modele dévolution pédo-géomorphologique du
micro bassin étudié; 2) I'étude des substances humiques extraites de podzols du bassin du Haut Rio
Negro a I’aide de méthodes spectroscopiques (UV-Vis, IR) afin d'identifier i) les caractéristiques de
condensation et d'aromatisation des acide fulvique et humique, ii) identifier les groupes fonctionnels
majoritaires de ces substances humiques. Enfin 3) I’étude de la capacité de complexation de ces
substances humiques avec Cu*? et Al*® mesurés par quenching des matrices d’excitation et d’émission

de fluorescence traitées au moyen de I'algorithme CP/PARAFAC.



Resumo: A Amazbnia é a maior floresta tropical do mundo devido principalmente a sua
biodiversidade, e contribui por exemplo, para a dinamica do clima, sequestro de carbono e regulacdo
do ciclo de nutrientes e agua em escala global. Os solos presente neste ecossistema possuem
significativa participacdo no balanco da &gua e transporte de carbono. Dessa maneira, 0 propésito
deste estudo foi compreender a distribuicdo dos solos em uma micro-bacia de &guas escuras, 0
comportamento das matérias organicas com o foco nas fracdes de &cidos fulvicos e acidos humicos
em sistema de solos podzolizados levando em conta as caracteristicas dos solos e investigar a
capacidade de complexacdo das substancias himicas, com Cu2+ e Al3+. Para tanto foram usados
métodos convencionais da pedologia e métodos espectroscépicos, de espectroscopia de absorbancia
uv-visivel infravermelho com transformada de Fourier e fluorescéncia quenching e o tratamento
CP/PARAFAC, para se atingir os objetivos: (i) determinar as etapas de transformacdo da pedo-
paisagem através do estudo dos solos e da distribuicdo espacial de solos podzolizados e gleisolos em
micro-bacia de drenagem; (ii) caracterizar as substancias humicas e entender as regras de distribuigéo
de &cidos fulvicos e hamicos em sequéncia de espodossolos, ao longo de uma encosta, € nos
horizontes ao longo dos perfis dos solos levando em consideracdo as caracteristicas morfoldgicas,
textura, pH, C total e variacdo do lencol freatico; (iii) estudar a capacidade de complexacdo das
substancias humicas (acidos fulvicos e humicos) de amostras de solos podzois na Bacia do Alto Rio
Negro, através da identificacdo dos componentes fluorescentes das substancias himicas, da avaliacdo
das capacidades e constantes de complexacdo destas substancias com os metais Cu2+ e Al3+, e da
comparacdo com os grupos funcionais obtidos com a fluorescéncia de Infravermelho com
transformada de Fourier (FTIR).O resultados indicam que os solos atuais da microbacia
correspondem a uma segunda geracéo de espodossolos que estdo superimpondo sobre gleisolos e que
a distribuicdo das caracteristicas dos &cidos falvicos e humicos estdo relacionadas a algumas das
caracteristicas dos solos, como a textura e a variacdo do lencol freatico, consequentemente essa
distribuicdo das substancias humicas nos solos provaca diferencas na dinamica de complexacdo dos
metais entre os acidos fulvicos e &cidos humicos. Portanto, embora a evolugéo da pedo-paisagem nao
tenha relacdo direta com as caracteristicas das substancias humicas as diferencas geoquimicas entre
os acidos fulvicos e acidos himicos acompanham as transformacdes dos solos presentes na micro-
bacia e sdo importantes para a manutencao do equilibrio da pedo-paisagem.

Palavras-Chave: Amazonia, Espectroscopia, Podzolizacdo, Matéria Organica, Pedo-paisagem.



Resumé: L'Amazonie est la plus grande forét tropicale du monde, principalement en raison de sa
biodiversité et contribue par exemple, a la dynamique du climat, séquestration du carbone et la
régulation du cycle des éléments nutritifs et de I'eau a I'échelle mondiale. Les sols présents dans cet
écosystéme ont une participation importante a I'équilibre de I'eau et au transport du carbone. Ainsi, le
but de cette étude était de comprendre la répartition des sols dans un micro-bassin d'eau sombre, le
comportement des matériaux organiques en mettant lI'accent sur les fractions d'acide fulvique et des
acides humiques dans systeme podzolizé de sol en tenant compte des caractéristiques du sol et
d'étudier la capacité de complexation des substances humiques avec Cu? * et AI® * Pour cela,
conséquent, nous avons utilis¢é des meéthodes classiques de pédologique et des méthodes
spectroscopiques, Infrarouge a transformée de Fourier (FTIR), absorbance UV-visible et
Fluorescence Quenching avec le traitement CP / PARAFAC pour atteindre les objectifs: (i)
déterminer les étapes de traitement de pedo -paisage a travers I'étude des sols et la distribution spatiale
des sols podzolisés et du gleysol dans un bassin versant (ii) caractériser substances humiques et
comprendre les schémas de distribution des acides fulviens et humiques dans une séquence de sol
podzols le long des profils et dans les horizons du sols en tenant compte des caractéristiques
morphologiques, de la texture, du pH, carbone variation total et souterraine dans les horizons des sols
d'une séquence de sols podzols; (iii) étudier la capacite de complexation des substances humiques
(acides fulviques et humiques) des échantillons de sol de podzols dans le bassin du Alto Rio Negro,
en identifiant les composants fluorescents des substances humiques, en évaluant les capacités et les
constantes complexantes de ces substances avec les métaux Cu 2* et Al 3* et la comparaison avec les
groupes fonctionnels avec la fluorescence infrarouge a transformée de Fourier (FTIR).Les résultats
indiquent que le courant de masse du micro correspondent a une deuxieme génération podzols qui se
superposent sur gleysols et caractéristiques de distribution des acides fulviques et humiques sont liées
a une partie des caractéristiques du sol telles que la texture et la variation de la nappe phréatique, de
ce fait la distribution de substances humiques dans les différences de provaca du sol dans la
dynamique de complexation des métaux entre l'acide fulvique et d'acide humique. Ainsi, alors que
I'évolution des pédo-paysage n'a pas de lien direct avec les caractéristiques des substances humiques
différences geochimiques entre I'acide fulvique et I'acide humique accompagner les transformations

des sols présents dans le micro-bassin et sont importantes pour maintenir I'équilibre de pédo- paysage.

Mots Clés: Amazonie, Spectroscopique, Podzolization, Matiére Organique, Pedo-paysage.



Abstract: The Amazon is the largest rainforest in the world especially because of its biodiversity,
and for instance, it contributes to the climate dynamic’s, carbon sequestration and regulation of
nutrients and water cycle in global scale. The soils present in this ecosystem have significant
participation in water balance and carbon transport. Therefore, the purpose of this study is to
understand the behavior of fulvic and humic acid fractions in a podzolized soils system, taking into
account soils characteristics and to investigate the complexing capacity of Cu + 2 and Al + 3. For this
purpose, conventional pedology and spectroscopic methods, Uv- Visible absorbance Spectroscopy,
Fourier Transform Infrared Spectrometry (FTIR) and Quenching Fluorescence using the
CP/PARAFAC treatment were used to achieve the objectives: (i) to determine the stages of
transformation of the pedo-landscape through the study of soils and the spatial distribution of
podzolized soils and gleysol in a drainage basin; (ii) to characterize SH and to understand the
distribution patterns of fulvic and humic acids in a podzolized soil sequence along a slope and in the
horizons along the soil profiles taking into account the morphological characteristics, texture, pH,
carbon total and groundwater variation in the horizons of the soils of a sequence of podzols soils; (iii)
to study the complexing capacity of humic substances (fulvic and humic acids) of podzol soils
samples in the Alto Rio Negro Basin, by identifying the fluorescent components of humic substances,
evaluating capacities and complexing constants of these substances with the Cu 2* and Al 3* metals,
and the comparison with the functional groups obtained with FTIR. The results indicate that the
current soils of the micro-basin correspond to a second generation of podzol soil that are
superimposing gleysols, and that its distribution characteristics of fulvic and humic acids are related
to some of the soils characteristics, such as texture and variation of the water table, consequently this
distribution of the humic substances in the soils causes differences in the metals complexing dynamics
among fulvic and humic acids. Therefore, although the evolution of the soilscape has no straight
connection with the characteristics of the humic substances and the geochemical differences among
fulvic and humic acids follow the soils transformations present in the micro-basin and are important

to the maintenance of the soilscape balance.

Keywords: Amazon, Spectroscopic, Podzolization, Organic matter, Pedo-landscape
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Introducéo

A matéria organica do solo (MOS) € o resultado de uma mistura complexa de residuos
organicos (animais e vegetais) de diferentes naturezas e em diferentes estagios de decomposi¢do
(STEVENSON, 1994). Dependendo do seu estagio de decomposicdo as MOS podem ser classificadas
em: liteira, substancias ndo-himicas e substancias humicas (SH) (STEVENSON, 1994).

As SH sdo moléculas polidispersas formadas a partir de reagdes quimicas e bioquimicas
durante o processo de decaimento e de transformacdo das matérias organicas, pelo processo de
humificacéo, originadas a partir das plantas e organismos que sao adicionados aos solos (MUSCOLO;
SIDARI; NARDI, 2013). De acordo com o seu grau de solubilidade podem ser divididas em: acidos
falvicos, acidos humicos e humina. Conhecer o comportamento das SH no ambiente pedoldgico,
auxilia na compreensdo da dindmica da MOS, uma vez que desempenham papéis importantes no

ambiente, atuando tanto nas propriedades quimicas como fisicas dos solos.

Em alguns tipos de solos, a matéria organica (MO) dissolvida é mobilizada e pode se
precipitar em profundidade (BUURMAN; JONGMANS, 2005), como no caso dos podzois. As
principais caracteristicas dos podzois sdo a presenca de um horizonte eluvial (E), com teores de
cations basicos, Al, Fe e material orgéanico, em baixa quantidade, e com Si na forma de quartzo
residual em grande quantidade, e logo abaixo deste E, um horizonte iluvial (B), enriquecido em Al,
Fe e material organico (BUURMAN; JONGMANS, 2005; LUNDSTROM; VAN BREEMEN;
BAIN, 2000).

Estima-se que existam cerca de 485 milhdes de hectares de podzéis no mundo (LEGROS,
2012), que foram descritos principalmente em regides boreais ou frias do globo (LUNDSTROM;
VAN BREEMEN; BAIN, 2000). Todavia, a partir de 1950, este tipo de solo foi relatado em regides
tropicais (Costa do Marfim) (LENEUF; OCHS, 1956). No Estado do Amazonas Klinge (1965) foi o
pioneiro na descricdo dos podzois. Posteriormente, diversos autores mostraram interesse na
compreensdo da superimposicdo dos solos podzolizados sobre os Oxisolos, a partir de diferentes
perspectivas pedo-geogquimicas (BRAVARD; RIGHI, 1990; BUENO, 2009; FRITSCH et al., 2002,
2011; LUCAS et al., 1988).

A superimposi¢do dos solos podzolizados sobre os Oxisolos ocorre devido a fatores como a

acumulacdo de espécies organo-metélicas em meio redutor e acido (BARDY et al.,, 2011;
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BRAVARD; RIGHI, 1990; BUENO, 2009; FRITSCH et al., 2009; LUCAS et al., 1988), e envolve
mudancas na dindmica da MOS (BRAVARD; RIGHI, 1991). No entanto, compreender tal dindmica
pode contribuir no entendimento da podzolizacdo em meio equatorial e também a dindmica do
carbono (C) no ambiente pedoldgico. Para atingir tal entendimento sdo necessérias a realizagdo de

estudos em diferentes perspectivas, entre elas, a analise das SH.

Dessa maneira, o presente trabalho objetiva a investigacdo das etapas de transformacédo da
pedo-paisagem e da analise das substancias himicas dos solos podzolizados de uma micro-bacia
localizada na bacia do Alto Rio Negro a partir da utilizacdo dos métodos espectroscopicos com o

intuito de compreender as fungdes das diferentes fracdes das matérias organicas.

No primeiro capitulo foi apresentada uma breve revisdo bibliogréfica sobre os temas
abordados no trabalho: os solos da bacia Amaz6nica, o processo de podzolizagdo e as técnicas

espectroscopicas.

O segundo capitulo intitulado “Distribution of soils in a small catchment in the upper Negro
River basin - Brazilian Amazonia and the steps of transformation of a podzolized pedo-landscape”
tem como objetivo examinar a distribuicdo espacial e as caracteristicas de solos podzolizados e

gleisolos, na escala da microbacia e apresentar as etapas de transformacao da pedo-paisagem.

No terceiro capitulo, “Characterization and distribution of humics substance of a podzolized soils
system in Upper Rio Negro-AM”, o objetivo ¢ caracterizar a distribui¢do dos acidos fulvicos e

himicos através de analises espectroscdpicas de UV-Visible e FTIR.

No quarto capitulo, “Constante de Estabilidade (K) condicional e constante da capacidade de
complexacédo para Cu(ll) e Al(111) em amostras de &cidos falvicos e hiumicos de solos podzolizados
da bacia do Alto Rio Negro-AM, Brasil ”, o objetivo foi identificar as componentes fluorescentes
presentes nas substancias himicas dos solos podzolizados da microbacia e avaliar as constantes de
estabilidade condicional (K) e a capacidade de ligagdo (CC) das componentes, presentes nos &cidos
fllvicos e hiimicos, com a adicdo dos metais Cu®* e Al **, e comparar com os grupos funcionais
obtidos com a FTIR.

Nos anexos os dados dos extratos de acidos fulvicos e acidos huimicos dos solos estdo

acessiveis para consulta.
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Introduction

La matiére organique du sol (MOS) est le résultat d'un mélange complexe de résidus
organiques (animaux et plantes) de natures différentes et a différents stades de décomposition
(STEVENSON, 1994). En fonction de leur stade de décomposition, la MOS peut étre classée comme:
litiere, substances non humiques et substances humiques (SH) (STEVENSON, 1994).

Les SH sont des molécules polydisperses formées a partir de réactions chimiques et
biochimiques lors du processus de dégradation et de transformation de la matiére organique par le
procédé d'humification, provenant des plantes et des organismes ajoutés aux sols (MUSCOLO;
SIDARI; NARDI, 2013). Selon leur degré de solubilité, on peut les diviser en: acides fulviques (AF),
acides humiques (AH) et humine (HU). Connaitre le comportement SH dans l'environnement
pédologique contribue a comprendre la dynamique de la MOS, car elles jouent un réle important dans

I'environnement, agissant a la fois sur les propriétés chimiques et physiques des sols.

Dans certains types de sols, la matiére organique dissoute (MO) est mobilisée et peut
précipiter en profondeur (BUURMAN, JONGMANS, 2005), comme dans le cas des podzols. Les
principales caractéristiques des podzols sont la présence d'un horizon éluvial (E), de couleur grise,
avec des teneurs en cations basiques, Al, Fe et matiéres organiques, en faible quantité, et avec Si sous
forme de quartz résiduel en grande quantité, et (B), enrichi en Al, Fe et matiére organique
(BUURMAN; JONGMANS, 2005; LUNDSTROM; VAN BREEMEN; BAIN, 2000).

On estime qu'il y a environ 485 millions d'hectares de podzols dans le monde (LEGROS,
2012), qui ont été décrits principalement dans les régions boréales ou froides du globe
(LUNDSTROM; VAN BREEMEN; BAIN, 2000). Cependant, depuis 1950, ce type de sol a été
également signalé dans les régions tropicales (Cote d'lvoire) (LENEUF, OCHS, 1956). Dans la région
amazonienne, Klinge (1965) a été le pionnier de la description des podzols. Par la suite, plusieurs
auteurs se sont intéressés a la compréhension du chevauchement des sols podzols sur les ferralsols, a
partir de différentes perspectives pédo-géochimiques (BRAVARD; RIGHI, 1990; BUENO, 2009;
FRITSCH et al., 2002, 2011; LUCAS et al. 1988).

Le chevauchement des sols podzols sur les ferralsols se produit en raison de facteurs tels que
I'accumulation d'espéces organometalliques en milieu réducteur et acide (BARDY et al., 2011;
BRAVARD etal., 2011; LUCAS et al., 1988), et implique des changements dans la dynamique de la

MOS (BRAVARD; RIGHI, 1991). Ainsi, la compréhension de cette dynamique peut contribuer a la
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compréhension de la podzolisation dans I'environnement équatorial et aussi de la dynamique du
carbone (C) dans I'environnement pédologique. Afin de parvenir a cette compréhension, il est

nécessaire de mener des etudes dans difféerentes perspectives, parmi lesquels l'analyse des SH.

De cette facon, le présent travail vise a étudier les étapes de transformation du paysage de
grenouille et I'analyse des substances humiques des sols podzolisés d'un micro-bassin situé dans le
bassin Alto Rio Negro de lutilisation des méthodes spectroscopiques afin de comprendre les
fonctions de différentes fractions de matiére organique. Afin de faciliter les publications ultérieures

dans les revues scientifiques, une partie de ce travail a été présentée sous la forme d'articles.

Dans le premier chapitre, une bréve revue bibliographique a été présentée sur les sujets
suivant: les sols du bassin amazonien, le processus de podzolisation et les techniques
spectroscopiques. Par la suite, trois chapitres sont présentes sous la forme d'articles: deux rédigées en

anglais et un en portugais.

Le deuxiéme chapitre intitulé “Distribution of soils in a small catchment in the upper Negro
River basin - Brazilian Amazonia and the steps of transformation of a podzolized pedo-landscape”
vise a examiner la répartition spatiale et les caractéristiques des sols et des gleysols podzols et de

présenter les étapes de transformation pedo-paysage.

Dans le troisiéme chapitre, “Characterization and distribution of humics substance of a
podzolized soils system in Upper Rio Negro-AM?”, 1'objectif est de caractériser la distribution d'acides
fulviques et humiques par des analyses spectroscopiques de UV-Visible et FTIR.

Dans le quatriéme chapitre, “Constante de Estabilidade (K) condicional e constante da
capacidade de complexacéo para Cu(ll) e Al(111) em amostras de acidos fulvicos e himicos de solos
podzolizados da bacia do Alto Rio Negro-AM, Brasil ”, I'objectif est d'identifier les composants de
fluorescence présents dans les substances humiques des podzols du micro bassin et d'évaluer les
constantes de stabilité conditionnelle (K) et la capacité de complexation (CC) des composants
fluorescents présents dans les acides fulviques et humiques vis a vis du Cu (II) et de I’Al (III) puis

comparer avec les groupes fonctionnels observés en FTIR

Les annexes, les données des extraits d'acides fulviques et d'acides humiques des sols

sont accessibles pour consultation.
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Capitulo 1. Solos da bacia Amaz6nica, substancias himicas e técnicas espectroscopicas

Neste capitulo, foi realizado o levantamento bibliografico acerca dos temas tratados no
trabalho. A fundamentacdo tedrica trata sobre solos presentes nos baixos platés da bacia do alto Rio
Negro, os Oxisolos, os Podzéis, os Acrissolos (classificacdo da FAQO) e os solos hidromorficos (DO
NASCIMENTO et al.,, 2004; FRITSCH et al., 2011), das matérias organicas dos solo e das

substancias humicas e, por fim, tratou das técnicas espectroscépicas.

1.1. Solos da bacia Amazbnica

1.1.1. Solos Podzolizados
Os podzoéis tem forte diferenca entre horizontes. S&o, diagnosticados pela presenca do

horizonte espadico (Bh), no qual se acumulam matéria organica e compostos organo-metalicos e/ou
compostos inorganicos de Fe e de Al (LUNDSTROM; VAN BREEMEN; BAIN, 2000). Sobre os
horizontes espodicos encontram-se horizontes A e AE e o horizonte oriundo de eluviagdo (E). O
altimo,chamado de albico, é arenoso, e nos podzdis gigantes pode ultrapassar 0os 10 metros de
espessura (KLINGE, 1965; LUCAS et al., 1986; DUBROEUCQ e VOLKOFF, 1998;).

Foram descritos principalmente em regibes boreais ou frias do globo associados,
normalmente, a vegetacdo de taiga, ou em montanhas onde o clima é frio e imido (FANNING;
FANNING, 1989; LEGROS, 2012), os substratos arenosos em climas frios normalmente levam a
formacdo dos podzois. Tais solos podem ocorrer em regiGes tropicais sob algumas condi¢des locais
especificas (MELFI; PEDRO, 1977). No Brasil € comum ocorrerem em sedimentos quaternarios de
restingas, em trechos de platds litoraneos sobre sedimentos terciarios da formacao Barreiras e em

expressiva area na bacia do Rio Negro — AM.

O termo “Podzol” ¢ utilizado em grande parte dos sistemas de classificagdao de solos, como0
por exemplo, o sistema de classificagdo da FAO (World Reference Base - WRB). No sistema de
classificacdo brasileiro de classificagdo de solos (SiBCS) sdo denominados de Espodossolos, em

referéncia ao horizonte espédico.
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A podzolizagdo é o processos pedogenético que da origem a este tipo de solo. O mecanismo
principal na génese dos podzois é denominado acido-complexdlise e ocorre em ambientes acidos (pH
entre 3 - 5) sob a acdo complexante dos acidos organicos, o que favorece a mobilizacao de ferro (Fe),
de aluminio (Al) e de matéria organica (MO). Os acidos organicos formados pela decomposicao da
matéria organica acumulada na superficie do solo reduzem o pH em meio &cido, dando inicio ao
processo de acidolise. A acao desses acidos altera os constituintes priméarios dos solos, solubilizando
Fe e Al por complexacio e mobilizando-os (LUNDSTROM; VAN BREEMEN; BAIN, 2000). Seus
produtos sdo, portanto, eluviados e precipitados no horizonte Bh. O residuo desta alteracdo é o
quartzo, constituinte quase que exclusivo do horizonte E, uma vez que o silicio (Si) é o elemento
menos solivel neste ambiente (BUURMAN; JONGMANS, 2005; LUNDSTROM; VAN
BREEMEN; BAIN, 2000).

Normalmente esses solos apresentam alta acidez, baixa fertilidade quimica e matéria organica
do tipo Mor (LUNDSTROM; VAN BREEMEN; BAIN, 2000). A matéria organica geralmente tem
baixa atividade bioldgica e mineralizacdo menos intensa, o que reflete na acumulacdo de matéria
organica pouco transformada. Sdo pobres em argila, o que impede a formacédo de agregados argilo-
hamicos. A cobertura vegetal presente é de porte arboreo, constituida de arvores de troncos finos e

curtos.

Os podzois hidromorficos apresentam cores menos fortes e sdo dominados pela presenca
significativa de compostos organicos de cor marrom escura. O acimulo de agua superficial favorece
0 desenvolvimento de condic¢des de reducdo, e, assim, a uma maior mobilidade de ferro nessas

formacGes. Os horizontes espodicos sdo quase sempre do tipo Bh ou Bhs (BUENO, 2009).

Nos podz6is bem drenados, os contrastes de cor entre os horizontes sdo mais fortes. Ha maior
mineralizacdo dos compostos organicos, o que limita sua acumulagéo nos horizontes espédicos mais
profundos. Com o estabelecimento de melhores condicdes de drenagem, o0 que ocorre em
determinadas épocas do ano, o0 ambiente torna-se propicio para a precipitagdo de Fe, que da coloracéo
vermelho-acastanhada a vermelho brilhante para os horizontes espodicos desses solos (Bs) (BUENO,
2009).
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Os podzois amazdnicos sdo encontrados sobre os baixos platds e ligados ou ndo a rede de
drenagem principal (BUENO, 2009). Na parte média da bacia do Rio Negro, estes solos sdo pouco
desenvolvidos e ocupam, como os solos hidromorficos (Gleissolos), zonas deprimidas sobre esses
platds (regido do Jau) (DO NASCIMENTO et al., 2004). Na parte da montante mais chuvosa da bacia
do Rio Negro (regido de S&o Gabriel da Cachoeira), esses solos estdo diretamente conectados aos
eixos de drenagem principais da bacia do Rio Negro (BUENO, 2009). A coloracdo escura dos rios
confirma que a expansdo dos podzdis em areas alagadas nos planaltos ainda esta em curso (DO
NASCIMENTO et al., 2004).

Na bacia do Rio Negro os podzois que ndo se encontram associados a rede de drenagem sdo
0s podzdis hidromorficos e sua distribuicdo na paisagem é controlada pelo relevo. Sua distribuicéo é
semelhante a dos gleissolos, porém sua origem é diferente, pois esta associada ao empobrecimento
das coberturas lateriticas (BUENO, 2009).

1.1.1.1. Criptopodzois
Quando os solos podzolizados sdo menos desenvolvidos e apresentam horizonte E albico

difuso ou inexistente, sobreposto a horizonte espédico sdo conhecidos como Criptopodzois (DO
NASCIMENTO et al., 2004; DUCHAFOUR, 1997). Sao solos que possuem elevado teor de matéria
organica acumulada em horizontes de superficie (DO NASCIMENTO et al., 2004; DUCHAFOUR,
1997; LEGROS, 2012).

Estdo localizados principalmente em zonas deprimidas dos baixos platds. Na regido do
médio/baixo Rio Negro, encontram-se normalmente presentes no centro dos interflivios dos baixos
platés juntamente com os Gleissolos, ocupando zonas alagadas e ligeiramente deprimidas, geralmente
na base das encostas (MENDES, 2014). Neles, o nivel freatico normalmente esta acima do horizonte
espadico; e ambos podem ser encontrados préximos a superficie, ou mesmo aflorantes (ROSSIN,
2013).

1.1.2. Oxisolos

Os Oxisolos, também conhecidos como Latossolos( classificacdo SiBCS) sdo formados a
partir de processo de alteracdo chamado laterizacdo, presente nas regides intertropicais do globo
(FANNING; FANNING, 1989). Esse processo é responsavel pela perda de parte do Si e de
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praticamente todos os cétions bésicos (calcio (Ca), potassio (K), magnésio (Mg) e sodio (Na)), e
acumulacao residual de Al e Fe e de minerais secundarios do solo, principalmente caulinita e 6xidos
de Fe e Al) (MELFI; PEDRO, 1977; ROBINSON G.W., 1949). Sao solos profundos, moderadamente
acidos, que possuem elevada estabilidade estrutural, alto grau de floculagdo, boa permeabilidade,
baixos teores de silte e menor capacidade de troca catidnica (KER, 1997). Sua coloracdo tipica é

vermelha e amarela e apresentam horizonte organico de tipo Mull.

S&o solos de maior ocorréncia no Brasil. Na bacia do alto rio Negro, os Oxisolos sdo
encontrados as margens dos platés fortemente dissecados (BUENO, 2009) e, devido as fortes
condigdes de intemperismo presentes na regido (condicdes climaticas umidas e pH moderadamente
acido) (MELFI; PEDRO, 1977), apresentam processos de empobrecimento em argila e sdo
superimpostos pela podzolizagdo (BRAVARD; RIGHI, 1990; DO NASCIMENTO et al., 2008;
DUBROEUCQ; VOLKOFF, 1998; FRITSCH et al., 2009; LUCAS et al., 1988).

1.1.3. Acrissolos
O empobrecimento em materiais finos dos solos lateriticos através da transformacao lateral pode

favorecer o aparecimento de uma nova geracdo de solo, conhecidos como Acrissolos (FAO,1998)
(DO NASCIMENTO et al., 2008) (Argissolo na classificagédo SiBCS).

Em regiBes tropicais Umidas, o aparecimento deste tipo de solo ocorre devido a um processo
inicial de empobrecimento em materiais finos e, entdo, aumento relativo da textura arenosa, atribuida
a hidratacdo mais elevada dos solos e a mecanismos de auto desenvolvimento e amarelamento dos
solos lateriticos (FRITSCH et al., 2009).

O processo de amarelecimento do solo leva a formagao da goethita aluminosa, caracterizada por
uma substitui¢cdo mais forte de aluminio, anterior a formacéo da gibsita que, portanto, marcam o inicio
da mobilidade do aluminio nos perfis de oxisolos ou lateritas méveis (DO NASCIMENTO et al.,
2004).

Esses solos mais amarelos e mais pobres em argila podem existir nos topos planos dos platds
(BUENO, 2009) e também ao longo de vertentes, nos segmentos que separam os espodossolos de

jusante, dos oxisolos argilosos, de montante (LUCAS et al., 1988).
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1.1.4. Solos Hidromérficos: Gleissolos
Os solos que estdo conectados as redes de drenagem e possuem uma dindmica controlada

principalmente pela flutuacdo das dguas subterraneas sdo conhecidos como gleissolos.

O processo de formacgdo destes é denominado gleizacdo (FANNING; FANNING, 1989). A
saturacdo de agua prolongada nos ambientes favorece a auséncia de oxigénio e a presenca de
microorganismos anaerobicos, induzindo a reducdo de Fe3* (presente nos minerais de goethita,
hematita, ferridrita e lepidocrocita) para Fe2* em partes do solo. O Fez* é soltvel favorecendo sua
mobilidade no perfil. A reducdo é seguida pela oxidacdo de Fe2* para Fe3* e pela precipitacdo na
forma de 6xidos de ferro no perfil (FANNING; FANNING, 1989).

Esse processo de reducao provoca o empalidecimento, coloracao gley (baixo chroma) nas partes
do perfil onde ocorre saturacdo pela agua e consequente perda de Fe, contudo, apresenta coloracdo
mais forte (aumento do chroma) nos horizontes onde h& acumulacdo dos Oxidos pela oxidacao
(FANNING; FANNING, 1989). Apresentam, ainda, textura fina (maior presenca da fragéo argila) e
acumulacao de matéria organica nas partes superiores do perfil.

Na bacia Amazonica sdo solos que normalmente ocupam as planicies e depressdes do platd
(BUENO, 2009; FRITSCH et al., 2011). A cobertura vegetal presente é de porte arboreo, constituida

de arvores de troncos finos e curtos.

1.2. Matéria organica do solo
A matéria organica do solo (MOS) é o resultado de uma mistura complexa de residuos

organicos (animais e vegetais) de diversas naturezas e em diferentes estagios de decomposicéo,
resultantes de degradacdo quimica, bioldgica e da atividade sintética dos microrganismos
(STEVENSON, 1994). O teor de matéria organica (MO) presente no solo é resultado do balango entre
processos de adicdo de material orgénico (restos de plantas, animais, etc.) e perda (decomposi¢édo
desses materiais pelos micro-organismos). Parte do carbono presente nos residuos é liberada para a
atmosfera na forma de CO, e o restante passa a fazer parte da matéria organica como componente do
solo (BAYER et al., 2002; STEVENSON, 1994). Segundo, Primo et al. (2001), a MOS constitui um
dos reservatorios de carbono da superficie terrestre, chamando a atencdo para a necessidade de

conservacao dos solos e de suas MO

A porcentagem de MO encontrada nos solos é pequena quando comparada com a fracdo

mineral, em que sua quantidade varia de acordo com o clima, o tipo de vegetacdo ou cobertura,
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textura, regime de saturacdo hidrica e, ainda, manejo e uso. Ela é composta principalmente por
carbono, nitrogénio, fosforo e enxofre (ROCHA; ROSA, 2003). Embora a quantidade seja pequena,
a MO desempenha um importante papel como fonte de nitrogénio para as plantas e é fornecedora de
elementos como fdsforo, enxofre e diversos micronutrientes. Além disso, é constituida por diferentes
compostos de carbono em varios graus de alteracdo e de interagdo com as outras fases do solo.
Interfere também em varias propriedades do solo, tais como adsor¢do de cations e anions,
complexacdo de metais, estabilizacdo da estrutura do solo, retencao de agua, influencia diretamente
na cor, reduz a plasticidade e provoca sensivel diminuicdo na compactacdo, por aumentar a
porosidade do solo (STEVENSON, 1994).

1.2.1 Classificagdo da Matéria Organica do Solo
Stevenson (1994) classificou a composicdo e a estrutura da MOS de acordo com seu grau de

decomposicdo: a) residuos organicos ou liteira; b) substancias ndo humicas ou substancias néao

humificadas e ¢) substancias humicas ou humus estavel.

a) Liteira: é a macro matéria presente na superficie do solo; é uma fracdo leve da MOS, a qual é
composta por residuos de plantas incorporados ao solo; sua fungéo € fornecer energia para a superficie
e protegé-la contra a degradacéo fisica (STEVENSON, 1994).

b) Substancias ndo himicas: sdo 0s compostos organicos da natureza e as propriedades fisicos
quimicas conhecidas como, por exemplo, aminoacidos, lipideos, carboidratos, gorduras, acidos

organicos de baixa massa molecular.

c) Substancias humicas: sdo compostos heterogéneos, produtos das transformagdes quimicas e
bioldgicas dos residuos vegetais e animais e das atividades dos microorganismos do solo. Baseada no
seu grau de solubilidade em solucBes aquosas, sdo divididas em &cido humico, &cido falvico e

humina.

Antes de chegar ao estagio de humus estavel, a matéria organica fresca, que entrou em contato
com o solo, passa por processos fundamentais de transformacéo, os quais s&o conhecidos como

Mineralizacdo e Humificagéo.

1.2.2. Mineralizacdo e Humificacdo
A mineralizacdo esta associada na sua origem, a minerais sollveis ou gasosos (Duchaufour,

1960) e é definida, por Zech et al. (1997), como a transformacéo de elementos organicamente ligados
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(C, N, S, P) em compostos inorganicos (CO,, CH,, NH,*, NO3; , SO%, , HPO,2 ), ou seja, € 0
processo de liberacdo de minerais para os solos e de gases para a atmosfera. A velocidade de
mineralizacdo e a quantidade de nutrientes liberados varia entre as diferentes fragdes da matéria

organica do solo.

O processo de humificagdo é a transformacdo de substdncias macro-morfologicas
identificaveis em substancias himicas amorfas (ZECH et al., 1997). E o processo no qual se da a
formacdo de himus. Sdo produtos mais estaveis e resistentes a acdo microbiana. As substancias
himicas originam-se a partir da celulose, lignina, proteinas, lipidios e de outras substancias pela
degradacdo quimica e bioldgica, ou da ressintese em um grupo amorfo de substancias de coloracéo
castanho-escura com estruturas quimicas complexas de maior estabilidade do que os materiais que as
originaram, bem como com estrutura e natureza particulares (STEVENSON, 1994). As principais
transformac0es que ocorrem durante o processo de humificagdo séo a modificacdo das estruturas da
lignina pela perda de compostos fenolicos e polissacarideos e o enriquecimento em estruturas
aromaticas ndo ligninicas recalcitrantes (ZECH et al., 1997). Nao apenas microorganismos, mas
também animais do solo participam do processo de humificacdo e, assim, pode-se dizer que ocorrem
transformacoes fisicas, quimicas e bioldgicas ao invés de apenas microbiana e quimica (ZECH et al.,
1997).

A velocidade dos processos de mineralizacdo e humificacdo € variada e podem ser
influenciados principalmente pelo clima e por fatores fisico-quimicos, como pH, relacéo
carbono/nitrogénio(C/N), entre outros (ZECH et al., 1997).

1.2.3. Os tipos de HUmus
Os residuos organicos, assim que adicionados ao solos, iniciam processos de decomposicéo,

porém a velocidade destes processos ndo sdo 0s mesmos para todos os materiais e dependem de
parametros como velocidade da mineralizagdo, importancia do fendbmeno de biossintese, natureza dos
produtos formados e grau de ligagdo com o constituinte mineral. A partir destes parametros
(DUCHAFOUR, 1997) realizou-se a classificacdo morfoldgica dos horizontes organicos. Tal
classificacdo foi realizada em ecossistemas temperados, mas a classificacdo também é utilizada para

0s ecossistemas tropicais.
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Para o autor é possivel distinguir trés tipos principais de horizontes organicos nos meios

aerobicos em solos ndo perturbados: Mull, Moder e Mor (Fig. 1):

Figura 1: Caracteristicas morfolégicas dos principais tipos de horizontes organicos das florestas segundo Duchaufour
(1960). Mull, Moder e Mor, e as camadas Ao, Al e L (residuo) F (fermentacdo), H (camada superficial completamente
humificada)
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Fonte:Duchaufour (1997)

Mull (humus leve) sdo formados em boas condigdes de temperatura e umidade, em solos bem
supridos de célcio, mas ndo calcario. A rapida decomposicao dos detritos forma serrapilheira fina
sem a formacdo de um verdadeiro horizonte A, preto; o horizonte A; é bem desenvolvido com cor
brunada; apresenta estrutura da matéria organica caracteristica, que consiste em uma mistura intima
de argila e elementos humicos parcialmente saturados com calcio. O pH de formacdo é de 5a6,5¢ea

relacdo C/N € inferior a 20.

Moder é o tipo de humus intermediario, entre 0 mor e o mull. A serrapilheira se decompde um pouco
menos rapidamente que o mull e d& origem a um horizonte A, de apenas 2 a 3 cm. O limite entre A,
e A; é geralmente impreciso, o horizonte A; geralmente € espesso (10 cm), de coloracéo preta ou
cinza. Ocorrem em ambientes com pH inferior a 5 e a relagcdo C/N encontrada em A; varia entre 15
e 25.

Mor é conhecido também como hiimus bruto. E um hdmus de decomposicao lenta; o horizonte A, é
espesso e formado por elementos ndo decompostos e intermediarios, o que causa a divisao desta em
trés outras camadas: camada L, formada por produtos ainda sem decomposicdo; camada F, de
fermentacdo, e camada H, de humificacdo, compreendida por complexos himicos em mistura com

produtos intermediarios. O horizonte A; é fino com a presenca de produtos intermediarios e
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compostos himicos muito acidos. O pH de formacao encontra-se na faixa inferior a 5 (na maioria da

vezes na ordem de 4 a 4.5) e a relacdo C/N é superior a 20 em A;.

1.2.4. Substéncias Hamicas
As substancias humicas (SH) estdo presentes no meio natural, ocorrendo em grandes

quantidades nos solos, sedimentos e na dgua (MALCOLM, 1990; THACKER et al., 2005). Elas
possuem massa molar variavel, coloracdo variada de amarelada a preta, peso molecular relativamente
alto e solubilidades diferentes em meio acido e alcalino (PRIMO; MENEZES; SILVA, 2011;
STEVENSON, 1994). Por apresentarem alta complexidade quimica e forte interacdo com a fragdo
coloidal inorganica do solo, as SH decomp8em-se lentamente e acumulam-se progressivamente nos
solos (MUSCOLO; SIDARI; NARDI, 2013).

Em geral, as SH sdo compostas por uma grande variedade de anéis aromaticos (fendlico e
quinona), os quais sdo ligados por grupos funcionais ou por cadeias alifaticas (PICCOLO, 2002;
STEVENSON, 1994).

Com base na sua solubilidade em meio aquoso, as substancia himicas sdo divididas em:

« Acidos Fulvicos: fracio que permanece em solugio quando o extrato alcalino é acidificado e
possui maior presenca de grupamentos carboxilicos e de oxigénio;

« Acidos Hamicos: fracdo escura solivel em extrato alcalino, que precipita ap6s a acidificagéo.
Representam também a por¢do mais estavel da matéria organica;

e Humina: fracdo insoltuvel em qualquer intervalo de pH.

1.2.4. 1. Formagcao das substancias humicas e modelos
Existem diversas teorias sobre a formacgéo das substancias humicas, porém a teoria classica,

popularizada por Waksman (STEVENSON, 1994), propde que as substancias himicas sao ligninas
modificadas, porém esta hipdtese foi considerada incompleta e alguns autores também consideram o
envolvimento das quinonas, que sédo produtos derivados da lignina no processo de formagéo das
substancias humicas (STEVENSON, 1994).

A Figura 2 esquematiza a proposta de Stevenson (1994) sobre a formacdo das
substancias humicas. Este autor explana quatro vias principais: no mecanismo 1, propde-se a

formacdo de humus a partir da polimerizagdo ndo enzimatica por condensagdo entre
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aminoacidos e acucares, formados como subprodutos da atividade microbiana; nos
mecanismos 2 e 3 estdo envolvidas a participacdo de polifendis e quinonas, € no mecanismo
4 estdo os produtos derivados das ligninas modificadas.

Figura 2: Principais vias propostas para a formacao de substancias himicas pela decomposi¢do de residuos animais e
vegetais no solo.

‘ Residuos de Plantas

Transformagio por microorganismos

Lignina
Ty, .
(/Tr v Pradutos Modificada
s ‘ Compostos de armina | decnmpu_stns de
Acticares Folifendis P Lignina
Cuinnnas
T

el

Substancias Himicas

Fonte: Adaptado de Stevenson, 1994,

Uma segunda questdo que envolve as substancias himicas € a estrutura quimica das mesmas.
Desde a década de 1960, modelos para tal estrutura sé@o propostos (KONONOVA, 1961,
SCHNITZER, 1978), porém, segundo Stevenson (1994), nenhuma foi inteiramente satisfatoria.
Esta dificuldade ocorre devido a heterogeneidade e a complexidade das substancias himicas, bem

como a auséncia de sua identidade estrutural genética.

Schulten and Schnitzer, (1993), baseados em estudos espectroscopicos, pirdlise, degradagédo
oxidativa e microscopia eletronica, apresentaram um modelo estrutural para o acido humico
(Figura 3). No modelo proposto por Schulten and Schnitzer, (1993), as SH apresentam grandes
porcdes de grupos funcionais alifaticos; as funcdes oxigenadas estdo presentes nos grupos
funcionais carboxilicos, hidroxilicos, fendlicos, éter e éster. A composicdo elementar da estrutura
do acido humico é C308H328090Ns e tem tamanho molecular de 5540 Da (SCHULTEN;
SCHNITZER, 1993). Em 1997 os mesmo autores propuseram um modelo tridimensional para o
acido humico, que foi chamado de macromolecular (Figura 4).
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Figura 3:Estrutura quimica do &cido himico proposto por Schulten e Schnitzer (1993)
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Fonte: Schulten e Schnitzer (1993)

Figura 4: Modelo estrutural propostos pela teoria macromolecular Schulten & Schnitzer (1997), em que as esferas azuis,
vermelhas, brancas e pretas representam os atomos de carbono, oxigénio, hidrogénio e nitrogénio, respectivamente. As
letras A, B e C indicam 0s espagos “vazios” presentes na molécula das SH capazes de interagir com outros compostos

Fonte: Schulten & Schnitzer, 1997

Neste modelo, as varia¢cdes conformacionais das SH sdo similares aquelas observadas nas

macromoléculas bioldgicas, como proteinas, polissacarideos, acidos nucléicos e ligninas (Fig.4)
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(SWIFT, 1999), e dependem da concentracdo das moléculas himicas, do pH (SENESI, 1990) e da
concentracdo ionica (SCHULTEN; SCHNITZER, 1993). Além disso, o modelo tridimensional
apresenta uma série de espacos vazios de diferentes tamanhos no interior da macromolécula, os quais
poderiam alojar outros compostos organicos hidrofébicos ou hidrofilicos, como proteinas,
carboidratos, pesticidas, lipidios e agrotoxicos (SCHULTEN; SCHNITZER, 1993).

Piccolo (2002), baseado em uma nova combinagdo de métodos quimicos e modelos matematicos
computacionais, sugeriu, um novo conceito a respeito das caracteristicas estruturais das SH. Este
modelo, chamado de supramolecular, propde que as SH sdo formadas por moléculas pequenas e
heterogéneas de vérias origens, auto-organizadas em conformacgfes supramoleculares, o que
explicaria o grande tamanho molecular aparente das substancias.

No modelo apresentado por Piccolo (2002), os acidos fulvicos sdo associacfes de pequenas
moléculas hidrofilicas dispersas em solucdo devido a repulsdo eletrostatica das cargas negativas
provenientes da dissociacdo dos grupos acidos, como os carboxilicos, a qualquer valor de pH. O
modelo descreve que os acidos hdmicos sdo constituidos por associacfes de estruturas
predominantemente hidrofdobicas (cadeias polimetilénicas, acidos graxos e esterdides), que sao
estabilizadas em pH neutro por forcas dispersivas hidrofobicas (van der Waals, p-p, e ligacbes CH-
p) (PICCOLO, 2002).

Simpson et al. (2002) reforcam o modelo supramolecular proposto por Piccolo (2002),
demonstrando que SH extraidas dos solos sdo uma mistura de substancias de baixo peso molecular

(em torno de 2000 Da) e propuseram um esquema de estrutura apresentado na figura 5.

Figura 5: Esquema de estrutura das substancias himicas proposto por Simpson et al. (2002). As unidades vermelhas
representam os cations metalicos, as unidades pretas os polissacarideos, as unidades azuis os polipeptidios, as unidades

32


https://paperpile.com/c/J5CWmK/z4rT
https://paperpile.com/c/J5CWmK/XIia

verdes as cadeias alifaticas e as unidades marrons os fragmentos aromaticos provenientes da lignina

Fonte: Simpson et al., 2002

Porém, um modelo aceito por toda a comunidade cientifica para a estrutura das SH ainda
encontra-se indefinido, de modo que para tanto novos procedimentos analiticos encontram-se em
desenvolvimento, visando a obtencdo de resultados mais contundentes para suportar as hipdteses
propostas. Enquanto isso, a compreensao sobre a dindmica destas substancias nos ecossistemas é
realizada devido a sua participacdo na dindmica geoquimica dos ambientes. Elas desempenham papel
importante nos processos geoquimicos do ambiente por diferentes razdes, como, por exemplo,
atuando em propriedades quimicas e fisicas, influenciando na biodisponibilidade de metais do solo
para plantas e/ou organismos e na toxicidade de alguns metais e no transporte, no acumulo e na
concentracdo de espécies metalicas; dependendo das condi¢cBes do meio, possuem caracteristicas
Oxido-redutoras e influenciam no mecanismo de sor¢do no solo de gases organicos e inorganicos

presentes na atmosfera, entre outras fungdes.

1.2.4.2. Interacdo das substancias humicas com metais

Uma das propriedades das SH é de interagir com o0s ions metalicos presentes nos solos, nas
aguas e nos sedimentos (Fe, Mn, Cu, Zn, Al, entre outros), formando complexos organometalicos
e/ou quelatos de diferentes estabilidades e caracteristicas estruturais (Senesi et al.,1996). Essa
interacdo se da com inUmeros grupos funcionais que possuem oxigénio, principalmente os grupos
carboxilicos e fendlicos, que formam interagdes eletrostaticas na superficie das macromoléculas

(BENEDETTI et al., 1996; MARINSKY; REDDY, 1984; TIPPING; HURLEY, 1992), o que lhes
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confere a habilidade de formar complexos com os cétions metélicos (SENESI; SPOSITO; MARTIN,
1986; STEVENSON, 1994), cuja estabilidade das espécies é determinada por uma série de fatores,
incluindo o nimero de atomos que forma a ligacdo com o metal, a natureza e a concentracao de ion
metalico, a concentracdo das SH, o pH, o tempo de complexacdo, entre outros. O material himico
também possui a habilidade de aderir particulas minerais, produzindo agregados com aumento

significativo em sua adsor¢éo ou na capacidade de complexagdo (STEVENSON, 1994).

1.3. Caracterizacdo das substancia humicas e técnicas espectroscopicas

Diferentes técnicas sdo indicadas na literatura para analisar e caracterizar as SH, dentre elas esta
a espectroscopia, que estuda a interacdo da radiacdo eletromagnética com a matéria. A radiacdo e a
matéria podem interactuar de varias formas, como, por exemplo, por processos de absor¢do, emissao,
difusdo, difracdo, entre outros, e podem emitir radiacdo na regido do ultravioleta e do visivel em
estados moleculares de transicéo vibracional, na regido do infravermelho e na regido do micro-ondas

e, ainda, em casos particulares, na regido do infravermelho longinquo (GOODMAN, 1994).

As espectroscopias nas regides do UV-Visivel (UV-Vis), Infravermelho e Fluorescéncia, séo
técnicas espectroscépicas atualmente muito utilizadas na caracterizacdo das matérias organicas
porque podem fornecer informacdes sobre a fonte e a composigdo destas substancias presentes nos
sistemas naturais (BIRDWELL; ENGEL, 2010a; COBLE, 1996; HUDSON; BAKER; REYNOLDS,
2007).

A utilizacdo de tais técnicas sdo vantajosas, pois sdo de facil execucdo e necessitam de
pequenas quantidades de amostras (STEVENSON, 1994). Por essa razdo, séo amplamente utilizadas
nas pesquisas cientificas para compreender a estrutura e o funcionamento quimico das MO. Cada
técnica oferece determinadas informacdes e seus resultados complementam-se entre si, evidenciando

tendéncias e peculiaridades das amostras analisadas.

131 Espectroscopia de Absorbancia de radia¢éo no UltraVioleta-Visivel
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A Espectroscopia na regido do Ultravioleta (200-400 nm) e do UltraVioleta-Visivel (400-800
nm) permite a identificagdo de transi¢des de elétrons dos orbitais moleculares 6-, - € n- de seu estado
energético fundamental para orbitais de maior energia em um estado excitado (SKOOG; HOLLER,;
NIEMAN, 2002). Na Espectroscopia de absorbancia no UltraVioleta-Visivel (Uv-Visivel), os
elétrons de ligacdo séo excitados e os resultados obtidos referem-se aos comprimentos de onda dos
picos de absorcdo, que podem ser correlacionados com os tipos de ligagdes das espécies estudadas
(SKOOG; HOLLER; NIEMAN, 2002).

A absorcdo de radiacdo UV-Visivel de maior comprimento de onda esta restrita a um nimero
limitado de grupos funcionais (chamados cromdforos) que contém elétrons de valéncia com energias
de excitacdo relativamente baixas. Os elétrons que contribuem para a absor¢do em uma molécula
organica sdo aqueles que participam diretamente na formacdo de ligacdo entre atomos e, portanto,
estdo associados a mais de um atomo e elétrons ndo-ligantes ou isolados externos que estdo
comumente localizados em atomos como oxigénio, halogénios, enxofre e nitrogénio (SKOOG;
HOLLER; NIEMAN, 2002).

Em funcdo da grande quantidade e variabilidade de grupos cromoforos existentes nas
macromoléculas humicas, os espectros obtidos séo geralmente formados pela sobreposicao de varias
bandas, sem picos definidos, apresentando absor¢do decrescente com o aumento do comprimento de
onda. Os grupos responsaveis pela cor escura das substancias himicas ainda ndo estdo completamente
estabelecidos, mas se suspeita de uma combinacdo de varios tipos de estruturas (Figura 6). Alguns

dos grupos mais comuns Stevenson (1994) estao apresentados na figura 1.6.

Figura 1.6: Representacdo dos grupos cromdforos presentes nas substancias himicas
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Fonte:Stevenson, 1994

De maneira geral, a técnica de absorcdo no UV- Vis apresenta um gréfico de
diminuicdo exponencial com o aumento do comprimento de onda (BIRDWELL; ENGEL, 2010;

STEVENSON, 1994) e sua interpretacdo tem sido documentada na literatura para caracterizar e
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avaliar o grau de aromaticidade das SH através do uso das razbes de absorbancia (FUENTES;
GONZALEZ-GAITANO; GARCIA-MINA, 2006; MCDONALD et al., 2004; VIEYRA et al., 2009;
ZARA et al., 2006)

Dentre estas, destacam-se as razdes E4/Es (465 e 665 nm) e E2/E3z (250 e 365 nm). A primeira
razdo é utilizada para avaliar o grau de condensacao das estruturas aromaticas presentes nas matérias
organicas (PEURAVUORI; PIHLAJA, 1997; STEVENSON, 1994). A razdo E./E,, por sua vez,
permite avaliar a aromaticidade e o tamanho molecular (PEURAVUORI; PIHLAJA, 1997).

1.3.2.Espectroscopia de Fluorescéncia de Luz UV-Visivel
A fluorescéncia é um fendmeno conhecido como fotoluminescéncia, em que as moléculas sdo

excitadas, por uma radiacao eletromagnética, a um estado excitado singleto, e ao retornarem ao estado
fundamental, ocorre a emissdo de um féton (LAKOWICZ, 2006). Dessa maneira, na fluorescéncia,
os elétrons da molécula de interesse sdo excitados e transferidos de orbitais moleculares do estado
fundamental para orbitais moleculares ligantes e antiligantes no estado excitado.

Normalmente a fluorescéncia é encontrada em compostos que contém grupos funcionais
aromaticos com niveis de transicdo m — 7* de baixa energia e compostos que contém estruturas
funcionais mais alifaticas, carboxilicas, como, por exemplo, as SH (SKOOG; HOLLER; NIEMAN,
2002).

A intensidade, o deslocamento e a posicdo dos picos de fluorescéncia podem estar
relacionados com a presenca de elétrons doadores e/ou receptores de grupos, a policondensacéo, a
aromaticidade, a heterogeneidade e a propriedades quimicas (CHEN et al., 2008; PEURAVUORI,
KOIVIKKO; PIHLAJA, 2002).

Aplicada aos estudos de SH, a Espectroscopia de Fluorescéncia pode fornecer informacoes
tais como: diferenciar e classificar as SH baseadas nas caracteristicas estruturais tipicas responsaveis
pela fluorescéncia (BAYER et al., 2002; MILORI et al., 2002) e identificar aspectos qualitativos no
nivel molecular das interac@es das substancias humicas com ions metalicos (BAYER et al., 2002).
Alguns procedimentos metodologicos, descritos na literatura, sugerem aplicar a fluorescéncia para
avaliar o grau de humificacdo das SH (KALBITZ; GEYER; GEYER, 1999; MILORI et al., 2002;
ZSOLNAY etal., 1999).

Os espectros bidimensionais de Fluorescéncia podem ser obtidos em trés modos:
emissao, excitacao e sincronizado (SENESI, 1992). Os espectros de emissdo sdo obtidos medindo a

intensidade relativa da radiacdo emitida em fungdo do comprimento de onda . Os espectros de
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excitacdo sdo obtidos medindo a intensidade de luminescéncia em um comprimento de onda de
excitacdo variado. O espectro de varredura sincronizado de excitacdo é obtido pela medida da
intensidade de fluorescéncia durante uma varredura simultaneamente de ambos os comprimentos de
onda, excitacdo e emissdo, e mantendo constante, entre eles, uma diferengca de comprimento de onda
otimizada AA= Aem — Aexc.

O avango dos sistemas operacionais permitiu que os Espectros de Fluorescéncia pudessem ser
obtidos também no modo tridimensional, conhecido como Excitation-Emission Matrix Spectroscopy
(EEM) (Coble, 1996). Esta técnica vem sendo utilizada desde a década de 1990, com o objetivo de
analisar a matéria organica dissolvida, apresentando resultados satisfatérios (CHEN et al., 2008;
COBLE, 2007a; MCKNIGHT et al., 2001; MOUNIER et al., 1999).

Com a utilizacdo da fluorescéncia EEM ¢é possivel obter espectros de emissao de multiplas
faixas de excitacdo que sdo conectados a matriz, 0 que permite a classificacdo da fonte do material
organico com base nos fluoroforos presentes (COBLE, 2007a). Uma das principais vantagens desta
técnica é apresentar resultados sobre a composicdo da MOS e das SH. As caracteristicas de
fluorescéncia sdo adquiridas através da mudanga do comprimento de onda de excitacdo e emissao
simultaneamente (MURPHY et al., 2010). A EEM, a partir da interpretacdo dos picos presentes nos
espectros, fornece informacdes sobre as mudangas da matéria organica resultantes da mistura de
compostos, da degradacdo bioldgica e da producédo bioldgica que ocorrem no ambiente (COBLE,
2007a).

Além disso, o espectro de EEM pode ser utilizado para a caracterizacdo quantitativa da matéria
organica fluorescente (MOF) quando combinado com técnicas estatisticas de decomposi¢éo de dados
multivariados, tais como Andlise de Fator Paralelo (CP/PARAFAC), que facilita a identificacéo e a

quantificacdo de sinais subjacentes, denominados componentes (MURPHY et al., 2010).

A EEM-CP/PARAFAC ¢é uma técnica potencialmente util na avaliagdo das amostras
complexas, tais como sdo as substancias himicas. Esta técnica permite a avaliacdo da decomposicao
dos componentes fluorescentes, independente do complexo formado na EEM, que representam
grupos que sao denominados de componentes fluorescentes (GUO et al., 2015; LUCIANI et al., 2008;
SIERRA et al., 2005)
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Para a matéria organica do solo, o CP/PARAFAC permite identificar compostos, desde os
mais gerais, como proteinas e acidos himicos, até compostos especificos, como triptdéfano, tirosina e
quinonas (MURPHY et al., 2010), fornecendo uma decomposicdo espectral facilmente interpretavel.
A combinacdo EEM e CP/PARAFAC é considerada uma ferramenta importante na interpretacdo de
dados multidimensionais e em estudos de caracterizacdo da matéria orgénica porque permite
identificar com detalhes as caracteristicas naturais das matérias organicas e das substancias humicas
(GUO et al., 2015).

1.3.3. Fluorescéncia quenching
A espectroscopia de fluorescéncia € uma importante ferramenta para o estudo da reatividade

dos sistemas quimicos e bioldgicos, uma vez que permite medi¢des ndo-intrusivas de substancias em
baixas concentracfes. A fluorescéncia quenching ou supressdo de fluorescéncia é uma derivacao da
Espectroscopia de Fluorescéncia, a qual utiliza o principio de que a intensidade de fluorescéncia pode
ser diminuida devido a uma variedade de processos (LAKOWICZ, 2006). Tal diminuicdo da
intensidade é conhecida como quenching.

A variedade de interagdes moleculares pode resultar na supressao, como, por exemplo, reacdes
de estado excitado, rearranjos moleculares, transferéncia de energia, formagédo de complexo de estado
fundamental e supressdo colisional (LAKOWICZ, 2006). A supressdao na amostra pode ser
ocasionada também por dois mecanismos, supressdo dindmica (quenching dinamico) e/ou supresséo

estatica (quenching estéatico).

O quenthing dindmico ocorre no estado fundamental da molécula e ndo depende de difusdo
molecular ou colisdo. O quenching estatico é quando ocorre uma atenuagdo da luz incidente através
da propria fluorescéncia ou de outras espécies de absorcao, neste caso, sdo formados 0os complexos

menos ou ndo fluorescentes (complexacéo de equilibrio) (LAKOWICZ, 2006).

As SH possuem uma estrutura complexa formada por anéis aromaticos e grupos funcionais
reativos que sdo responsaveis pela elevada capacidade de ligacdo com os metais, como cobre e
aluminio. Assim, a sensibilidade e a simplicidade da Fluorescéncia de Quenching a torna viavel, a
fim de analisar as interagcbes SH-metais (ESTEVES DA SILVA et al., 1998). Ryan e Weber (1982)

propuseram a aplicacdo da fluorescéncia de quenching para medir propriedades complexantes da
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matéria organica natural e para definir a constante de instabilidade condicional e a capacidade de

ligacdo dos ions metalicos.

Luster et al. (1996), avaliando os diferentes comportamentos de analise da fluorescéncia de
quenching, concluiram que ha diferentes tipos de ligacdo do metal cobre com a MO, o0s quais s&o
denominados de ligacdes fracas, ligagdes fortes e ligacdes de complexos muito fortes. Smith e Kramer
(2000) propuseram um método multi-resposta para explicar todos os sitios de fluorescéncia
disponiveis da ligacdo cobre-matéria organica. Segundo esses autores, foram identificados cinco
diferentes componentes fluorescentes da matéria organica usando a técnica de resolucdo espectral.
Estudos realizados por Yamashita e Jaffe (2008), empregando analise de fator paralelo, apresentaram
a contribuicdo de oito componentes que sao responsaveis pela ligacao entre cobre-matéria organica.
Desta forma, a andlise de Fluorescéncia de Quenching tem sido estudada como uma fonte de
informacdo sobre o que estd acontecendo no nivel molecular destes compostos (metal-matéria

organica).

1.3.4.Espectroscopia de Infravermelho com transformada de Fourier
A espectroscopia de fluorescéncia com transformada de Fourier (FTIR) é uma tecnica que

permite a analise na regido do infravermelho do espectro eletromagnético, sendo que os
comprimentos de onda normalmente mais utilizados é o da regido do infravermelho médio (4000 e
400 cm™) (STEVENSON, 1994).

Na regido do infravermelho a absorcéo é causada por movimentos rotacionais e vibracionais
dos grupos moleculares e por ligacdes quimicas de uma molécula. A absor¢do de radiacdo
infravermelha provoca, portanto, aumento da amplitude das vibragdes moleculares (LOPES &
FACIO, 2004).

Existem duas vibragdes fundamentais: estiramento, onde 0s &tomos permanecem no mesmo
eixo da ligagdo, porém, a distdncia entre os &tomos aumenta e diminui, e, deformacdo, onde as
posi¢cOes dos &tomos mudam em relagdo ao eixo de ligagdo original. Quando a luz infravermelha de
mesma frequéncia de vibracdo de estiramento ou de deformacdo incide na amostra, a energia é
absorvida e aamplitude de vibracéo é aumentada. Ocorrendo a absorcao na frequéncia de ressonancia,
0 detector do espectrémetro de infravermelho grava um pico de absor¢do naquele comprimento de
onda (STEVENSON, 1994).
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As vibracdes de estiramento sdo mais energéticas e sao absorvidas, portanto, em frequéncias
superiores as das vibracdes de deformacéo. Estiramentos de liga¢des envolvendo préton (OH, C-H e
N-H) ocorrem em maiores frequéncias (3700 a 2650 cm™) do que estiramentos de ligagdes do tipo
C-C, C-O, e C-N (1300 a 800 cm-1) (STEVENSON, 1994).

Andlises de FTIR fornecem informagdes Uteis, pois permitem identificar possiveis processos
de oxidacéo e alteragcdo de grupos funcionais, associados aos efeitos de manejos, da mudanca no pH,
de complexacdo com micronutrientes provenientes de fertilizantes ou naturalmente ocorrendo no
solo.

Nos estudos que envolvem a MOS e as SH, a Espectroscopia de Infravermelho
apresenta-se Util, pois fornece o entendimento sobre a natureza, a reatividade e o arranjo estrutural de
grupos funcionais contendo atomos de oxigénio, proteinas e carboidratos (BARDY et al., 2008;
DAVIS et al., 1999; MONAKHOVA et al., 2015; STEVENSON; GOH, 1971). Os resultados dos
espectros infravermelhos contém uma variedade de bandas que podem indicar diferentes grupos

funcionais presentes nas misturas complexas (STEVENSON, 1994).
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Capitulo 2. Distribution of soils in a small catchment in the upper Negro River basin -
Brazilian Amazonia and the steps of transformation of a podzolized pedo-landscape

Abstract: On the tablelands of the lower Negro River basin, clayey soils commonly occupy the
highest topographic positions and podzols occupy the lowest ones. Studies showed that the more
clayey soils are superimposed by podzols, which develop from downslope to upslope. However, in
the extensive podzolized areas of the upper Negro River basin, thick podzols occupy the top of tabular
hills and more clayey hydromorphic soils are found in the middle and downslope areas. The aim of
this work was to understand this distribution, to describe the soil main morphological characteristics
and to propose a genetic explanation for this last soil setting. This studied site was chosen from
satellite images. Field works included four soil trenches description and sampling for physical and
carbon content analysis, as well as the local topography survey. The incision of the drainage network
on the previously podzolized parts of the plateaus generates a relief of hills with tabular tops with
deep podzols and exposes, on the new elaborated slopes, the spodic horizons and the bleached and
clayey saprolitic material of the eroded podzols. The perched groundwater supported by the spodic
horizons, outwelling along the slope, creates water-saturated conditions in the surface horizons. The
waters, loaded with dissolved organic acids, create podzolizing conditions, allowing the development
of a second generation of podzols. The evolution of the catchment is closely linked to the installation
of the drainage network and to the pedogenic processes.

Keywords: landscape evolution; podzolization; drainage incision; Amazonia.

2.1. Introduction
In the central Amazon basin (Fig. 1a), soil studies have revealed that the most clayey soils occupy

the edges of the basin and the less clayey soils are located in the center (Fig. 1b). They turn into sandy
soils in the far NW (BUENO, 2009; COSTA etal., 1977; DO NASCIMENTO et al., 2004; FRITSCH
et al., 2007; YAMAZAKI; COSTA; AZEVEDO, 1978) (Fig. 1b). At the slope scale, studies have
reported that the lateritic soils present in this basin are gradually podzolized towards the upslope
(BRAVARD; RIGHI, 1990; BUENO, 2009; CHAUVEL; LUCAS; BOULET, 1987; DO
NASCIMENTO et al., 2004; LUCAS et al., 1988). The spatial distribution of these soils, as shown
in Fig. 1b, allows the interpretation that these soils are progressively superimposed by podzols, with

repercussions on the configuration of the Amazon pedo-landscape (BRAVARD; RIGHI, 1990;
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BUENO, 2009; CHAUVEL,; LUCAS; BOULET, 1987, DO NASCIMENTO et al., 2004,
DUBROEUCQ); VOLKOFF, 1998; LUCAS et al., 1987) .

This superimposition results from the establishment of a depletion front by hydromorphy, mainly
in iron (BUENO, 2009; DO NASCIMENTO et al., 2004; FRITSCH et al., 2011) and then in clay
(BRAVARD; RIGHI, 1990; BUENO, 2009; DO NASCIMENTO et al., 2004; LUCAS et al., 1987)
etal., 1988). The depletion of clay promotes the development of porosity in-between the quartz grains
(FRITSCH etal., 1989) which in turn allows organic acids and soluble organic matter to leach through
the soil horizons, accumulating in the deeper horizons or moving towards the rivers (BARDY et al.,
2008; BRAVARD; RIGHI, 1990; DO NASCIMENTO et al., 2004; FRITSCH et al,
2009).Consequently, the podzols are formed.

Thus, the organic matter mobilizes complexed aluminum and iron that are derived from the
dissolution of clays and iron oxides (DO NASCIMENTO et al., 2004; LUCAS et al., 1996;
LUNDSTROM; VAN BREEMEN; BAIN, 2000). Extensive podzolized areas then constitute the final
state of evolution of the soils on the tablelands of equatorial landscapes (DUBROEUCQ; VOLKOFF,
1998).

Figure 2. 1: Location of the study area: a) Representation of the Brazilian Amazon basin; b) Soil distribution at the
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regional scale; ¢) Confluence of a small stream with blackish-brown waters and a river of clear colorless waters
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In the Negro River basin, the podzols are located on the low tablelands, connected or unconnected
to the main drainage system. Podzols are distributed over depressed areas along the plateau
interfluves, thus partially connected to the drainage system (for example at the Jau River basin, at the
middle to lower Negro River basin), (BUENO; DO NASCIMENTO, 2002; DO NASCIMENTO et
al., 2004) or fully connected to the main drainage system, for example in the upper Negro River basin
at the Curicuriari River basin, in the municipality of Sdo Gabriel da Cachoeira (BUENO, 2009) or at
the base of slopes in the Manaus region, at the lower Negro River basin (LUCAS et al., 1987),on the
slopes located at the contact areas between clayey soils and the podzols, at the regional scale, the
clayey soils typically occupy the highest sections, while the podzols occupy the low sections from
where they progress in the upslope direction (BRAVARD; RIGHI, 1990; DO NASCIMENTO et al.,
2004; LUCAS et al., 1987). However, in various areas of the upper Negro River basin, there is a
different spatial distribution of the podzolized soils and the clayey soils at the slope scale. Thick

podzols occupy the tops of tabular hills and more clayey soils (gleysols) are found in the middle and
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lower portions of slopes (DUBROEUCQ; VOLKOFF, 1998). This configuration is explained by the
incision of the drainage network on the podzolized edges of the plateau, generating a relief of tabular
hilltops with deep podzols and exposing, on new slopes, the more clayey materials derived from the
saprolites (BUENO; DO NASCIMENTO; FRITSCH, 2007, 2011). A new pedogenesis is then
initiated on these materials.

This study, therefore, examines the spatial distribution and characteristics of the podzols and the
more clayey soils (gleysols) at the small catchment scale and present the steps of the pedo-landscape

transformation.
2.2. Regional setting

The study site (latitude 0° 14’ S and longitude 66° 47° W) is located in the municipality of Sao
Gabriel da Cachoeira, Amazonas state (AM), Brazil, approximately 850 km away from Manaus
(Figure 1). Itis a small catchment (1 ha) and the main stream is characterized by dark, blackish-brown
waters that flow into another small stream with clear, colorless waters (Figure 1c). The dark waters
mix with the clear water stream over a distance of 10 m. This configuration indicates pedo-landscape

compartments with different soil systems.

The climate is hot and humid. According to the W. Kdppen classification (1846-1940), the site is
in the Af zone (tropical rainforest), with mean annual temperatures of approximately 25°C and mean
annual rainfall totals of approximately 3 000 mm. Rainfall peaks during March, April, May, and June
and less rain falls from September to November (COSTA et al., 1977).

Regionally, the study area lies at the contact between two types of vegetation covers: the Terra
Firme Forest and the Forested Campinarana (white sand forest, with trees whose trunks are thinner
in comparison with the trees of Terra Firme Forest). Forested Campinarana areas predominate to the
W and SW of S&o Gabriel da Cachoeira on undulating or tabular reliefs, while Terra Firme Forest
predominates to the N, E, and SE of this city on dissected or undulating reliefs. The study area is
located in a Forest/Edaphic Formation contact area (Campinarana), with a prevalence of Submontane
Dense Forest (Terra Firme Forest) on a dissected relief (SILVA; JESUS; RIBEIRO, 1977).

Under these vegetal covers, the Low Amazon Plateau is formed by low-altitude tableland reliefs

that constitute broad interfluves and exhibit altimetric homogeneity (tabular interfluves and hills
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between 80 and 100 m a.s.l) (FRANCO; MOREIRA; BARBOSA, 1977). The base of the relief
consists of rocks from the crystalline basement. These rocks belong to the Guianian Complex, which
comprises gneisses, migmatites, granites, granodiorites, and amphibolites of ages ranging between
1300 and 1400 million years (FERNANDES et al., 1977).

2.3. Materials and methods

2.3.1.Site identification and selection, field work, soil study, and sampling
Orbital image interpretations were used for the selection of a potential study area. The analysis

of the image texture guided the delineation of areas with Dense Forest and Forested Campinarana.
The first vegetation type is associated with lateritic soils and the latter with podzolized soils. Within
this area, a small catchment was selected during the field work and four trenches were excavated for
detailed soil analysis. The choice of sites for the trenches opening was based on the pedo-topographic
mapping of the catchment (Figure 2.2). The trenches were opened heading downslope from the top
of the slope to a small stream thalweg of blackish waters (Figure 2.2). The soils of the four trenches
were characterized using procedures adapted from the Structural Analysis of Soil Cover (BOULET
et al., 1982) and classified according to FAO (2006).

The profiles were described in terms of color, texture, structure, consistence and the transitions
between horizons. Seventeen soil samples were collected during the low-water period (November
2010), air-dried, crushed, sieved through 2-mm, and quartered and subdivided into aliquots to be used

in laboratory analyses.

2.3.2.Pedo-topographic mapping

A rectangular grid of 99 points was projected onto the study area. These points were spread
over nine parallel tracks in the NE-SW direction and 11 parallel tracks in the NW-SE direction. The
interval between the points was 15 m. The topographic survey was conducted with the use of a
clinometer. The geographic coordinates were collected at by GPS the intersection points. The data
from each point were entered into the ArcGis 9.3 software and interpolated by kriging. Allowing for
the reconstitution of the topography. At each point of intersection of the tracks, soil auger borings
were performed for the assessment and quick description of the soil horizons. Using the auger borings
and the observations of the changes in relief and vegetation, the boundaries between the soil types
were established.
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2.3.3.Laboratory procedures: particle size and carbon contents
The texture analysis was conducted according to the modified pipette method by Camargo et

al., (2009). This analysis aimed to verify the changes in texture among the profiles and the delineation
of various particle-size-distribution centers. The following intervals were considered: coarse sand
(2.00 — 0.20 mm); fine sand (0.20 — 0.05 mm); silt (0.05 — 0.002 mm), and clay (< 0.002 mm).

The determination of total C was performed using the dry combustion technique on 17 clay
samples obtained from separation by density difference of particles, with no prior processing. The
amount of C was quantified by gas chromatography after conversion into CO, and reported as a

percentage in mass.

2.4. Results

2.4.1. Soil coverage and groundwater levels
The grid of described and sampled points allowed the preparation of the map presented in

figure 2. The studied catchment that is located on the southern flank of a flat hilltop. This figure shows
the soil distribution in relation to the topography and vegetation. The altitude ranges between 79 and
89 m and its declivity increases towards the center of the catchment. The northern portion of the
mapped area corresponds to the nearly flat top of the hill. The southern slope presents, in sequence,
convex, slightly straight, and concave segments and is drained by a stream of blackish-brown waters;
at the southern end, outside of the catchment, this drainage flows into a stream of clear colorless

water.
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Figure 2. 2: Map of soil distribution in relation to the topography and vegetation
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To the north of the catchment, a podzol with a thick E horizon of white sand and hardened,
spodic horizons below 150 cm in depth occupy the highest portion of the slope (Figure 2.2). These
spodic horizons support a perched water table, with black waters. Moving down the slope, the E
horizon of white sand (situated on top of the hard spodic horizons) decreases in thickness and,
consequently, the level of the perched water table approaches the surface. For this reason, the soils
there were characterized as hydromorphic podzols. Even further down the slope, the E horizon of
white sand disappears and the spodic horizons are only a few centimeters deep and transition upwards
directly into the A horizon. These spodic horizons are less hardened than those of the upslope soils.
The perched water table springs on the surface. Below these spodic horizons, after an unsaturated
layer, there is a second groundwater table. This groundwater level shows a lateral continuity with the
only groundwater level found at depth in the gleysol, located at the margin and outside of the

catchment area in the W and E portions of the map (Figure 2.2).

2.4.2. Soil distribution along the slope
The soil profiles of four trenches aligned in the NW-SE and NE-SW directions, represented

on the pedo-topographic map as black circles (Figure 2.2), were described. On the map, the black
solid line represents a cross-section on which the described soil profiles are schematically
represented. This cross-section was divided into A-B-C and C-D sections (Figure 2.3) that together

represent two soil systems: podzolized and hydromorphic.

The thick (150" cm) podzol under the forested Campinarana vegetation has well-drained and
sandy horizons (Figures 2 and 3a). A thin layer of litter is present on top of the 13-cm-thick A horizon,
the color of which is a very dark gray (2.5Y 3/1) and the structure of which is weakly granular in
association with the loose quartz grains and organic matter granules. This horizon gradually
transitions into the horizon below, which has a thickness of 32 cm and is recognized as an AE horizon.
The structure remains the same but the proportion of simple white sand grains increases and the
proportion of organic matter granules decreases. The gray color (2.5Y 5/1) corresponds to the areas
of higher organic content in the horizon. In the lower horizon (28 cm thick), organic granules are
scarce and are distributed over somewhat vertically elongated zones, while the color is lighter (2.5Y
6/1) and juxtaposed to the white color of the less organic and more quartzitic domains. This horizon,
known as E1, becomes the E2 horizon (80 cm) because of the generalization of the simple grain

structure and the white color of the quartzitic sand. The higher organic content zones are scarce and
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restricted to a few areas. This horizon sharply transitions into the next lower horizon. It is a Bh horizon
that begins 153 cm below the surface but could not be prospected throughout its entire thickness
because of the landslides at the trench walls associated with the presence of groundwater. The horizon
structure is blocky; its black color (2.5Y 2.5/1) reveals that the organic matter is distributed more
homogeneously over the quartz grains; however, the black color is permeated by white quartz sand

grains that are observed in association with pores and roots.

The profile of the hydromorphic podzol that has developed under the forested campinarana
vegetation (Figures 2 and 3a) has moderately thick litter layer on top. The A horizon (20 cm) has a
granular structure and a very dark gray color (2.5Y 3/1) that is linked to the mor-humus organic matter
(Duchaufour, 1960). This horizon gradually yields to an AE horizon (22 cm) with a lighter, more
heterogeneous color, tending towards brown and light brownish gray (2.5Y 6/2). The structure of this
horizon is composed of loose grains that are associated with organic matter granules. This AE horizon
becomes gradually lighter until transitioning into the white (2.5Y 8/1) E1 horizon, which is 45 cm
thick with a structure that is composed of loose grains and sparse organic matter granules. This
horizon abruptly changes to the Bh horizon at a depth of 97 cm. The color of the Bh is black (2.5Y
2.5/1), and organic matter covers the grains; it has a weakly blocky structure. A perched water table
is located above the Bh horizon (67 cm deep on 24/June/2010).

The cryptopodzol, (in the sense of Duchaufour, 1972) (Figures 2.2 and 2.3a, b) is located in a
forested campinarana/terra firme forest transition area (Figure 2.2). The A horizon (22 cm thick) is
preceded by a thick litter layer. The structure of the A horizon is granular and the color is black (2.5Y
2.5/1); the organic matter is mor humus. This horizon gradually transitions into a Bh3 horizon (12-
cm thick) that is characterized by a loose grain structure and a dark gray color (5Y 4/1). The gray
color gradually lightens (2.5Y 5/1) and there are white sand streaks at 19 cm. This horizon was called
Bh2, and its structure is formed by loose grains. The lower horizon was named E/Bh; it is 19 cm
thick, has a loose grain structure, and contains grayish spots (5Y 6/1). There is a sharp transition at
72 cm to the CBhs horizon, which is composed of a highly friable, massive structure. This CBhs
horizon contains relics of slightly altered primary minerals (mainly muscovite micas) and is strongly
impregnated with organic matter, which contributes to the very dark grayish brown color (5Y 3/2) of

the horizon. Groundwater is found at 60 cm.
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The gleysol, also located in the forested campinarana/terra firme forest transition range

(Figure 2.3b), has a thick litter layer over the A horizon. This A horizon (11cm thick) is dark olive

brown (2.5Y 3/3), sandy, and granular. The organic matter is of the moder humus type (duchaufour,

1960). This horizon gradually transitions into the lower Bhs horizon (23 cm), with a small granular

structure, olive gray color (5Y 5/2), and sandy loam texture. The transition to the lower horizon (Cgl)

is clear. This horizon (34-64 cm) has a light olive gray color (5Y 6/2) with some brown spots, a sandy

loam texture, and a massive structure with remnants of minerals yet to be decomposed. Gradually,

across a diffuse transition, the Cgl becomes a Cg2 horizon that is 20+ cm thick. The texture of the

Cg2 is sandy loam and primary minerals are more abundant. The structure is massive and the color

is light gray (5Y 7/1). Groundwater was present at a depth of 80 cm on 06/24/2010.
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2.4.3.Variation of texture classes and carbon in soil profiles
The textures of the soil profiles are presented in figure 4. It is evident that the upslope soils

are sandy and that the proportion of clay increases downslope. The thick podzol and the hydromorphic
podzol consist of greater than 95% sand in all horizons, revealing profiles that are strongly depleted
in clay (from 0 to 4.3%). The hydromorphic podzol is the least clayey soil, although its Bh horizon
has the largest amount of clay of these two soil profiles (4.3%) (Figure 2.4). In the cryptopodzol, the
surface horizons and the EBh horizon are characterized by sand percentages greater than 90%, while
the clay percentage ranges from 0.35 to 5.5% in these same horizons (Figure 2.4). In contrast, the
CBhs horizon has a clay content of 22.05%. The gleysol is the most clayey soil of the transect; the
sand content is less than 85% (Figure 4), while the clay content ranges from 13.15% in the A horizon
to 17.05% in the Cgl horizon. The texture triangles of the four studied profiles, shown in figure 2.4,

reveal 3 texture groups.

Figure 2. 4: Texture triangles for the soil profiles of the thick podzol , hydromorphic podzol, cryptopodzol, and gleysol.
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Table 1 provides the values obtained for the total C content in the clay fraction (< 0.002 mm)

of the soil samples, with no pre-treatment.

Tabela 2 1: Texture triangles for the soil profiles of the thick podzol (a), hydromorphic podzol (b), cryptopodzol (c),

and gleysol (d)

Horizons | Depth. (cm) | C (%)
A 0-13 50.46
Deep podzol AE 13-45 48.84
E2 73-153 10.06
Bh 153+ 38.4
A 0-20 58.92
Hydromorphic podzol AE 20-42 42.54
E 42-97 16.31
Bh 97+ 29.14
A 0-22 52.28
Criptopodzol Bh3 22-34 44.48
Bh2 34-53 46.69
EBh 53-72 32.56
CBhs 72+ 10.49
A 0-11 14.04
Gleysol ABhs 11-34 9.56
Cgl 34-64 4.78
Cg2 64-84 3.38

The thick podzol and the hydromorphic podzol have high surface C contents (50.45 and
58.92%) that strongly decrease in the E horizon (10.06 and 16.31%) and then increase in the Bh
horizon (38.4% and 29.14%). The C contents of the cryptopodzol are generally higher than those of
the upslope podzols. For the cryptopodzol, the C content ranges from 52.28% in the A horizon to
10.49% in the CBhs horizon, revealing a decreasing trend in the C content towards the base of the
profile. This trend therefore reveals that the process of podzolization is in its initial stage and
highlights the difference between this profile and the preceding soil profiles. The gleysol contains
less carbon than the all profiles. There is a decreasing trend with depth (14.04 to 3.38%). This trend
suggests that the nature of organic matter in this profile is different from the other profiles because,

in contrast to the podzols and cryptopodzol, there is no accumulation of organic matter in the deeper
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soil horizons. On the other hand, this trend may reflect the inability of the organic matter to penetrate

into the more clayey horizons because of the low porosity of the gleysol.
2.5.DISCUSSION
2.5.1. Drainage incision and new podzolization stage

The podzolization on clay-depleted soils (Acrisols) and the drainage incision that isolates the
hilltop podzols and allows the spodic and saprolitic horizons to outcrop along the slope (BUENO;
DO NASCIMENTO; FRITSCH, 2007, 2011) are the starting point for the evolution of the pedo-
landscapes of the studied catchment.

The soil description, texture analysis, and carbon distribution of the soil profiles and the spatial
distribution of the soils in relation to the topography and vegetation indicate that there are two soil
systems (podzolized and hydromorphic) located in different topographic positions and morphological
segments of the slope. In figure 2.3a, the slight convexity that begins at a knickpoint in the slope
announces the appearance of the hydromorphic podzol. Further downslope, this convexity becomes
stronger and gradually transitions into a concave segment, after a straight transition segment. The
first knickpoint in the slope reveals the erosive truncation of the thick podzol, while the second
knickpoint exposes the erosive unconformity between the upslope segments and the downslope
section of the slope and announces the lateral difference between the upslope and downslope soil
profiles (thick and hydromorphic podzols). The presence of the second erosive unconformity is
confirmed by the fact that the E2 and Bh horizons of the thick and hydromorphic podzols are
discordant with the concave segment of the slope, i.e., they outcrop on the slope (Figure 2.3a).
Therefore, there is a clear difference in the evolution, over time, between the soils of the upslope and

downslope sections.

In the downslope section of figure 2.3a, there is a global increase in the carbon content (Table
1) from the thick and hydromorphic podzols to the cryptopodzol, which is attributed to the Bh3 and
Bh2 horizons of the cryptopodzol, and a decrease in carbon towards the base of the profile. This
organic matter accumulation front also permeates the rock alteration horizons such as the CBhs
horizon of the cryptopodzol. This distribution suggests a strong accumulation of organic matter

throughout the downslope segment, preceded by the dissolution and mobilization of organic matter
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in the E horizon, accumulating in the hydromorphic podzol Bh horizon and mobilizing and
accumulating further downslope in the cryptopodzol. In the latter, however, dissolution and

mobilization occur in a discrete manner, forming the E/Bh horizon.

All of the soil profile horizons of the concave segment are consistent with the topographic
surface of this concave segment and are parallel to each other and to the surface, denoting the vertical
differentiation of these horizons over the same source material, i.e., from the rock alteration horizon.
This fact reveals the existence of a new podzolization phase that differs from the one that originated
the thick podzol. Bueno (2009) also identified this new podzolization phase in a study in the
Curicuriari River basin - AM.

Figure 2.3b shows that the slope opposite to the first slope contains slightly convex and
rectilinear segments. In the rectilinear and convex segments, the gleysol profile is 1 m below the top
level of the thick podzol, while the cryptopodzol is located 3.5 m below the top gleysol level.
Although the difference in height between the thick podzol and the gleysol is small, it reflects the
impact of the drainage incision that exposed the hydromorphized alteration horizons of the rock. The
difference in height between the gleysol and cryptopodzol reveals the greater depth of the relief and
reaffirms the resumption of podzolization on the hydromorphic alteration of the rock, that is, on the
horizons of alteration materials of ancient lateritic formations. This type of development has also been
suggested by Bueno (2009) and Bueno et al. (2011). The development of the gleysols that are located
on the edge of the podzolized plateaus is possible because of the exposure of saprolite when there is
a dissection of the plateau, the erosion of the podzols, and the outwelling of the groundwater and of
the Bh horizon, according to Bueno (2009) and Bueno et al. (2011). Fritsch et al. (2007) have reported
that such hydromorphic systems can occur in three locations in the Amazonian landscape: in
floodplains, in the depressions of the plateaus, and at the edges of the more podzolized plateaus. In
the podzolized zones, this hydromorphism is linked to the bleaching of old lateritic formations by the
constant presence of water (FRITSCH et al., 2007).

Figure 2.4, reveal the difference between a more eluviated area (thick podzol and
hydromorphic podzol) and a less eluviated area (cryptopodzol and gleysol), with greater
accumulations of carbon in most of the cryptopodzol horizons and lower accumulations of carbon in

the gleysol horizons (Table 1), an indication that hydromorphy is most severe in the cryptopodzol,
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hindering the decomposition of organic matter that is incorporated into the soil. Except for the
cryptopodzol CBhs horizon, in figures 4c and d, the two different textural areas are opposites and
correspond to a clayey extreme upslope and a sandy extreme downslope in figure 3b. The clayey
extreme (gleysol) gradually becomes sandy (cryptopodzol). This trend is opposite to the carbon
accumulation trend in the cryptopodzol horizons, indicating that the superimposition of organic
matter on the gleysol structures occurs after its depletion in clay. Turenne (1977) and Lucas et al.,
(1987) noted this depletion of clay in soils in the pre-podzolization phase and recognized that this
process is an essential precondition for podzolization because it allows the percolation of organic
matter through the profiles. This depletion of clay increases the development of macropores among
the quartz grains (FRITSCH et al., 2007)which enables the percolation of organic matter through the

profile.

The pedo-morphology of segments B-C and C-D of the slopes are complementary and
juxtaposed. The two segments can be joined because they are connected through the low-depth
suspended groundwater table to the drainage of the stream of blackish waters, while the thick and
hydromorphic podzols are not connected to this stream through the perched groundwater table.
Therefore, the thick and hydromorphic podzols are open to the main drainage and suspended in
relation to the current incision. The current incision certainly influences the evolution of a new
podzolization phase (in a more hydromorphic environment), in which the mineralization of organic

matter is decelerated and C cycling slows.

2.5.2. Modification steps of the pedo-landscape throughout the soil transformation
The strong depletion of clay from lateritic soils by several processes during the development of

podzolization has been extensively described for the Amazon (BRAVARD; RIGHI, 1990; BUENO,
2009; BUENO; DO NASCIMENTO, 2002; DO NASCIMENTO et al., 2004, 2008; DUBROEUCQ;
VOLKOFF, 1998; FRITSCH et al., 2009; LUCAS et al., 1987). In these cases, the podzolization of
plateau centers always advances upwards along the slopes, either from depressed zones with
hydromorphic podzols (BUENO, 2009; BUENO; DO NASCIMENTO, 2002; DO NASCIMENTO
et al., 2004; DUBROEUCQ); VOLKOFF, 1998; FRITSCH et al., 2011) or from the bases of slopes
that are already connected to a drainage network (BRAVARD; RIGHI, 1990; BUENO, 2009;
FRITSCH et al., 2011; LUCAS et al., 1987)). In the study presented herein, the podzolization of the

more clayey soils (gleysols), which originated from the pedogenesis of saprolite exposed after the
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drainage incision, occurs from flows of solutions containing dissolved organic acids from the podzols
located at the top of the slope. It is, therefore, a podzolization by superimposition, from upslope to

downslope.

In the studied catchment, the evolution of the pedo-landscape was sufficient to cause the plateau
shape to disappear, but left indicators of that previous form and establish the soil connections between
the previous and the current reliefs of the hilltop and the slopes. This type of extreme evolution has
been observed by Nascimento et al. (2004) in the Jad River basin, AM and by Dubroeucq et al., 1998
in the upper Negro River basin. The geometric relationships between the studied soils are also
evidence of the genetic relationships distributed over time and their repercussions for the development
of the pedo-landscape. The evolution of this pedo-landscape also reflects the transition of clayey soils
into soils of intermediate/sandy texture, which are gradually superimposed by podzolization. The
spatial distribution of the soils presented in figures 2.2 and 2.3 reflects this textural change and the
change in the pedo-landscape over time, aided by the presence and evolution of the drainage system.
The descriptive model presented in figure 2.5, based on the spatial distribution of the soils (Figure
2.2) and the characterization of the soils on the slope (Figure 2.3), represents the synthesis of this

evolution.

A) The low-altitude plateau with low gradient slopes is characterized by the thick podzol soil.
This plateau is open to the main drainage and is beginning to be truncated by the erosion that results

from the installation of incipient drainage in the center of the plateau.

B) The truncation of the podzol of the top from the edge of the incipient thalweg enables the
occurrence of the perched water table near the soil surface, causing water supersaturation. Meanwhile,

hydromorphic saprolite outcrops in the valley slopes.

C) The gleysol is formed from the differentiation of soil horizons on the hydromorphic

saprolite.

D) The cryptopodzol is formed by the superimposition of dissolved acid organic matter on the

gleysol, which is already depleted in clay.
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Figure 2. 5: Hypothetical model for the evolution of the studied catchment
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2.6. Conclusion
In the studied catchment, the drainage network incision on the previously podzolized surface

of the plateau opened the system and truncated the horizontal organizations of the soils, causing the
vertical sequence of the ancient podzol horizons and its alteration horizons to outcrop along the slope
from upslope to downslope. The new pedogenesis, which begins on the materials exposed along the
slope, is strongly conditioned by a particular hydrological feature of the slopes, a result of the
truncation of the plateau podzols: the perched groundwater level, supported by the spodic horizons
outwelling along the slope, creates water-saturated conditions in the surface horizons. These waters
flow on the clayey and silty materials from the ancient alteration horizons, now exposed in the

medium/low slope. Because the waters are loaded with dissolved organic acids, podzolizing
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conditions are present, which culminate in the development of a second generation of podzols

characterized by horizons consistent with the plane of the slopes of the drainage incisions.

Lateral transformations in the upslope direction of more clayey soils into podzols have been
extensively described in the Brazilian Amazon. To these types of lateral podzolizing transformations,
the type described herein is added: the formation of a second generation podzol that occurs by
superimposition of podzols on gleysols that originated from hydromorphic saprolites outcropping
along a slope. The superimposition of the podzols in this case is a consequence of the transport of
organic acids from upslope to downslope through the gleysols, along the slope segment below the

spring of the perched groundwater.

This study demonstrated that the evolution of the catchment is closely linked to the
development and evolution of pedogenesis and the installation of the drainage network. The
installation and incision processes of the drainage network on the surface of the plateau modify the
reliefs and improve the drainage conditions of the soils. This process, combined with the historic and
current action of weathering and pedogenesis, are important factors differentiating the landscapes of
the central Amazon.

The combined action of pedological, hydrological, and geomorphological factors generates
areas with complex configurations on plateaus and their slopes in the Upper Negro River basin. These
configurations are still poorly understood and their complexity can only be revealed and mapped by

detailed studies.
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Capitulo 3. Characterization and distribution of humics substances of a podzolized soils
system in Upper Rio Negro-AM

Abstract: In the Upper Rio Negro basin, the soils on the low table land are primarily Oxisols, Pozols,
Acrisoils and Gleysoils. Podzols are studied for their singularity and the importance of their formation
process in the Rio Negro basin dynamic. This type of soil is known for its strong vertical
differentiation, diagnosed by the presence of the spodic horizon (Bh), which accumulates organic
matter at depth. Soil organic matter consists of fractions of different decomposition stages, including
humic substances. The present study aims to characterize the fulvic acid and humic acid of a fully
described basin presenting three states of podzolization to understand the behavior, distribution and
role of these fractions along soil sequences and in the different soil horizons. The samples were
collected in open trenches for the soil studies in S&o Gabriel da Cachoeira-AM city and sent to a
laboratory where the organic matter was extracted using the protocol cited by the Humic Substance
Society (IHSS). The UV-Vis and FTIR analyzes were able to categorize FA and HA: the first one
more condensed and aromatic than the second one, at the same time as it predominates for the first,
FA horizons with hydrophilic and aliphatic character.For the second it has predominated horizons
with character guided by the presence of polysaccharide, ether-alcohol and aromatic functions, and
other horizons with aliphatic and hydrophilic character. These results correlated with the soil
characteristics were able to establish the rules of distribution of FA and HA in the sequence of soils
on the slope and in the horizons of soil profiles. The variation of the condensation and aromaticity of
FA in the soil sequence on the slope is conditioned by the drier pedoenviroments, while HA
condensation and aromaticity occur in pedoenviroments temporarily water saturated. Within the
profiles, condensation and aromaticity of FA depend on horizons porosity as well as sheet flotation,
while for condensation and aromaticity of the HA, the greater porosity is, the temporary visit of the

water in the horizons is fundamental.
Keywords: humic substances, podzolization, pedoenviroments, Amazonian.

3.1. Introduction
In the Amazon forest, the Upper Rio Negro basin is prominent due to its primary pedological

formations consisting of podzols, oxisols and hydromorphic soils (DO NASCIMENTO et al., 2004;
FRITSCH et al., 2011).

59



The pedogenic process involved in podzol soil formation is known as podzolization; the

primary mechanism in the genesis of these soils is called acid complexolysis and occurs in acidic
environments with a pH between 3 and 5 (BUURMAN; JONGMANS, 2005; LUNDSTROM; VAN
BREEMEN; BAIN, 2000). Organic acids, formed by the decomposition of organic matter (OM)
accumulated in the soil surface. Podzolization indicates the presence of OM that favors the formation
of organo-metallic complexes composed of Fe and Al and the translocation and accumulation of part
of this organic matter in the deep horizons (Bh) (BUURMAN; JONGMANS, 2005; LUNDSTROM;
VAN BREEMEN; BAIN, 2000). In regions with high precipitation, such as the Rio Negro basin, the
acidic OM is mobilized through the clay-depleted soils (Acrisols) due to their high porosity which
transforms them into podzols (BRAVARD; RIGHI, 1990, 1991, DO NASCIMENTO et al., 2004,
2008; DUBROEUCQ; VOLKOFF, 1998; KLINGE, 1965; LUCAS et al., 1988).This OM s
transferred to the drainage nets and causes dark water coloration (BARDY et al., 2011).
The soil organic matter (SOM) is the result of a complex mixture of organic residues (animals and
plants) of different natures and in different stages of decomposition due to chemical and biological
degradation via microorganisms (PLAZA; D’ORAZIO; SENESI, 2005). Based on its degree of
decomposition, the organic matter can be classified as follows: a) litter b) non-humic substances, and
¢) humic substances (STEVENSON, 1994).

Humic substances (HS) are complex and heterogeneous mixtures of polydisperse materials
formed by chemical and biochemical reactions during the decay of plants and microbial moieties
(MUSCOLO; SIDARI; NARDI, 2013). The humic substances have different chemical and physical
characteristics according to their solubility: the humic acids (HA), fulvic acids (FA) and humine (Hu)
(STEVENSON, 1994). HS are important soil components because they affect the physical and
chemical soil properties (STEVENSON, 1994), improve soil fertility, and contribute to metal
bioavailability and transport (STEVENSON, 1994). HS may influence the soil sorption mechanism
of organic and inorganic gases present in the atmosphere in addition to contributing to the soil genesis
mechanisms (AZEVEDO; RODRIGUES DE; NOZAKI, 2008). Knowledge of the HS dynamics is
of scientific interest and may contribute to the understanding of soil development as well as the soil
cycle and carbon storage.

Several studies focus on understanding the dynamics of the transformation of Amazonian
Oxisols into Podzols (BRAVARD; RIGHI, 1990, 1991, DO NASCIMENTO et al., 2004, 2008;
DUBROEUCQ; VOLKOFF, 1998; KLINGE, 1965; LUCAS et al., 1988) Among them, the work
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done by Bravard and Righi (1990; 1991) on the FA and HA organic horizon fractions of an oxisol-
podzol system is particularly significant. They found biochemical differences in the HS between the
podzols and oxisols. The oxisol FA and HA are more aliphatic in the A1 horizons and have higher
percentages of nitrogen (BARDY et al., 2008) analyzed the SOM of a clay-depleted-laterite(oxisol)-
podzol system in the lower Negro River basin (Jau-AM) using micromorphological and spectroscopic
measurements of the organic matter in the soil clay fraction. These results showed that the primary
functional groups of SOM are the aliphatic, aromatic and oxygenated groups, and they highlighted
the differences between the organic horizons of the soil systems.

The spectroscopic techniques most often used are UV-Visible absorption spectroscopy (UV-
Vis) and Fourier Transform InfraRed spectroscopy (FTIR). UV-Vis identifies the m electron
transitions of conjugated double bonds, such as those present in humic substances, and it is a useful
technique for determining absorbance ratios that are related to the humification degree of aromatic
and aliphatic structures (CHEN; SENESI; SCHNITZER, 1977). FTIR is often used for OM and HS
characterization, wavenumber analysis between 4000 cm ! and 400 cm™! (STEVENSON, 1994) and
for the identification of functional groups occurring in the organic components.

Thus, the present study aims to characterize FA and HA extracted using UV-Vis and FTIR
spectroscopy from three podzolized soil profiles in the Upper Rio Negro basin under different states
of podzolization in the, trying to understand the FA and HA distribution rules in sequencing soil
throughout a hillside as well as horizons along with soil profiling. For such it will be conducted an
analysis of the results obtained from spectroscopic methods relating them with soil morphology,

texture, porosity, soil pH, total C, and groundwater dynamics among soil horizons.

3.2. Materials and methods

3.2.1.Environmental setting
The investigated site is located in the Upper Rio Negro basin at latitude 0° 14' S and longitude

67° 47" W in the municipality of Sdo Gabriel da Cachoeira - AM (Figure 3.1A). The climate is
typically equatorial with an average temperature of 26 °C and an annual average rainfall of 3000 mm
without a well-defined dry season (COSTA et al., 1977).

Even if difference in rainfall is relative small between dry and humid periods, this type of
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change interfers specially within the fluctuation dynamics of the groundwater throughout the year
(Figure 3.2) The geological substrate is composed of crystalline rocks with compositions varying
between monzogranite, syenogranite and monzonitic quartz (AGNOL; MACAMBIRA, 1992). A
selected soil sequence has profiles that belong to the podzolization system. This sequence is
approximately 75 m in length and located in a micro-basin with a primary stream containing colored
water. A detailed description of the basin was reported in the Chapter 2. Three soil profiles were
studied in this micro basin on a rectilinear-convex-concave hillslope from the high slope to the low
slope. Located on the high slope, a thick podzol named profile 1 (P1) (Figure 3.1B) has more than
150 cm thickness. It is followed by a hydromorphic podzol named profile 2 (P2) (Figure 3.1B) with
more than 97 cm thickness in the middle slope. Finally, a crytopodzol, in the sense of Duchaufour
(1997), located on the lower slope is named profile 3 (P3) (Figure 3.1B). A forest called Campinarana
covers the thick podzol and the hydromorphic podzol. The cryptopodzol is covered by a transition

between forested Campinarana and Terra Firme (SENA et al., 2017).
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Figura 3. 1: Area of study (A) and slope study (B).
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3.2.2. Soil study and soils samples
The soils were studied based on a structural analysis approach (BOULET et al., 1982) and

classified according to FAO (2006). In the field, soil samples were collected from three pits, one by
each profile, in November/December 2013. The samples were air dried in the laboratory, smashed,
sieved at 2 mm, milled to 150 mesh and subdivided into aliquots for HS extraction and elemental
analysis. In total, 18 soil samples were collected. The three profiles present the following successive
pedogenic horizons: All, Al12, E12, E1, E2, EBh and Bh for P1; A, AE, E1, E2 and Bh for P2 and
All, Al12, A/E, Bhs, Cgl, Cg2 and Cg3 for P3 (Figure 3.2). These soil horizon successions are typical
of podzol soils (LUNDSTROM; VAN BREEMEN; BAIN, 2000).
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3.2.3. Extraction and fractionation of Humic Substances
The procedure of extraction and fractionation of the humic substances was performed using

the principle of solubility difference established by the International Society of Humic Substances
(PERDUE; PERDUE, 2012). Air dried soil samples were weighed (4 g) and mixed with 40 mL of 1
mol/Lt HCI; the solution was stirred for one hour and then centrifuged at 1,500 rpm (g = 433 m.s™).
The supernatant was discarded and 40 mL of 1 mol/L™ NaOH was added to the solid, stirred for 4
hours and rested for 12 h. After the resting period, the solid was retired and the supernatant was
acidified with 6 mol/L" HCI until a pH = 1.0 was achieved (<1 mL), and an additional 12 h rest period
was applied. Subsequently, the solution was centrifuged at 10,000 rpm (g = 11,180 m.s™) to separate
the supernatant that contains FA and the precipitant that contains HA. The solid HA fraction was
dissolved with 0.1 mol/L™* NaOH and filtered using a polyethersulfone filter (Merck-Hydrophilic
Nylon Membrane Filter with 0.2 pm pore size) to remove the silica and clay remaining in the solution.
After filtration, the HA was transferred into a dialysis membrane (Sigma Aldrich avg. diam. 27 mm,
avg. flat width 43 mm, capacity ~ 175 mL / ft and weight cut-off = 14,000 D). Dialysis was performed
using deionized water until the water achieved a negative test for chloride ions (CI-). The supernatant
(FA) was first purified using a DAX-8 resin in sequence with an exchanging ion resin saturated with
H* ions (Amberlite). Finally, the HA and FA samples were sent to lyophilization (Thermo electron
Heto PowerDry LL 1500) and stored in glass flasks for analysis. At the end of the extraction and

purification procedure, 36 powder samples were obtained.

3.2.4. Particle size analysis and pH
Granulometric analysis was performed according to the pipette method modified by

(CAMARGO et al., 2009). The analysis determines the percentages of the coarse sand (2.00-0.20
mm), fine sand (0.020-0.05 mm), silt (0.05-0.002 mm) and clay (<0.002 mm) particles in the soil.
The pH of the soil samples were measured following the protocol proposed by EMBRAPA
(EMBRAPA, 1997): 10 mg of soil was added in a plastic beaker with 25 mL of deionized H.O, and

the pHH20 was recorded after 1 hour of standing.

3.2.5.Carbon Analysis
The determination of total soil organic carbon (TC) was performed using the dry combustion

technique because carbonate is absent in Upper Rio Negro soils. The measurement was taken directly

from the 18 dried and sieved soil samples and from the 36 extracted organic matter solid powder
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samples. The amount of TC was determined using gas chromatography after transformation into CO,
(Shimadzu TOC-5000A Analyzer) and reported in mass percent (%C).

3.2.6. Spectroscopic analyses
Absorbance measurements of the 36 HS samples were performed in a 1 cm quartz cuvette.

The FA and HA were dissolved in a 0.05 mol/L™* NaHCO3 solution at a 20 ppm matter concentration
and adjusted to a pH = 8.0. The UV-Vis absorbance was measured between 200 and 800 nm using a
Shimadzu UV-1800. Natural organic matter UV-Vis measurements exhibit spectra that decay
exponentially with wavelength (BIRDWELL; ENGEL, 2010a). The determined parameters are the
absorbance ratios E2/E3 (ratio absorbance at 250 and 365 nm) and E4/Es (ratio absorbance at 465 and
665 nm). E2/E3 ratio evaluates the aromaticity and molecular size of the humic substances (CHEN et
al., 2008; MCDONALD et al., 2004; PEURAVUORI; PIHLAJA, 1997). A low E2/Ej3 ratio reflects a
high average molecular weight, while E4/Es is inversely related to the degree of condensation
(STEVENSON,1994).

The FTIR spectra of the extracted SH were acquired in absorbance mode for only 32 samples
(2 FA and 2 HA samples were not measurable) using the Diamond Point Thermo Scientific 1S50-FT-
IR equipment. The results were determined in the range of 4,000 cm-* to 400 cm-* with a resolution
of 4 cm™. A baseline correction was performed, and the spectra area was normalized before the
relative peak intensity extraction. The functional group contribution to the spectra was taken as the
normalized intensity at the selected wavenumber.

According to the infrared correlation table, the broad peak 3,400 cm™ is assigned to the -OH
vibration of the alcoholic or phenolic groups. The band between 2,940 cm™ and 2,900 cm™ represents
the signature of the aliphatic -CH stretch of the methyl groups, which are related to single bonds
involving prétons (STEVENSON, 1994). The wavenumber between 1,720 cm™ and 1,660 cm™ are
associated with the C=0 bonds of carboxylic groups (-COOH stretch), usually long chain and oxygen
rich groups (BARDY et al., 2008; STEVENSON, 1994), that are present in fine humus in a weakly
acidified environment (4.3<pH <5.5). The peaks in the spectral range of 1,590 cm™ are due to the
aromatic vibrations of C=Ca, which are more stable chains that indicate the presence of humic and
fulvic acids in soil fractions (Stevenson, 1994); in podzols this band is associated with 3<pH <4.3
and organic matter that accumulates Fe* (Bardy et al., 2008; Olk et al., 2000; Stevenson and Goh,

1971). Peaks between 1,260 and 1,050 cm™ result from C-O stretch vibrations (ether and/or alcohol).
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Finally, the peak at 1,050 cm™ indicates the presence of C-O in the polysaccharide forms (BARDY
etal., 2008; OLK; BRUNETTI; SENESI, 2000; STEVENSON; GOH, 1971).

3.3.Results and discussion
3.3.1. Soils horizons characterization: morphology, texture; groundwater and pH

3.3.1.1.Morphology of soils

The morphology of the P1, P2 and P3 profiles is presented in Figure 2B. There are many
morphological similarities between the P1 and P2 profiles. The primary differences between them are
the horizon thicknesses, the presence of the AE horizon and the permanent groundwater at P2. In both
the thick podzol and the hydromorphic podzol, the Munsell color is 5YR with color values ranging
from dark gray to white for horizons A to E2. The color of EBh is black and Bh is dark reddish brown.
The organic matter corresponds to organic residues with recognizable structure in Allp; and Apz. In
horizons Allp: and Al2p1 and Ap, and AEpy, this organic matter forms pellets between the granules
and sand grains or covers the grains. Organic matter films on the sand grains disappear and the pellets
tend to disappear in the leaching horizons E1 and E2. Visually, in the horizons EBhp; and Bhpy, the
organic matter is distributed homogeneously in the form of film coating the sand grains or occupying
the porosity. The color value gradient and the organic matter distribution in the soil profiles reveal a
system of accumulation-dissolution-accumulation of organic matter. Two sets of horizons were
studied in the P3 profile: the solum and the granite alteration horizons. The color of the first horizon
is 5YR, and the second horizon is 2.5Y. The color value varies from very dark gray to gray in the
solum (Allps until A/Epz). The color of the Bhspz horizons is black. Organic matter residues with
recognizable pellet structures are predominately between the minerals in all the horizons, and they
decrease in A/E p3z and tend to disappear in Bhspz. In contrast, organic matter is dispersed throughout
the Bhs horizon; it covers the sand grains and occupies the porosity, which suggests dissolution and
mobility from the upper horizons and accumulation in this horizon. In comparison with the profiles
P1 and P2, the P3 has a larger accumulation of organic matter, which suggests that water remains in
the profile for a longer duration. The weathering horizons have a matrix 2.5Y and their color varies

from light yellowish (Cgles) to white (Cg3ps) and without organic matter accumulation.
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Figura 3. 2: Soil distribution in relation to the topography and characteristics of horizons
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3.3.1.2.Textural characterization of horizons

Texture distribution of soil profile horizons inside the texture triangle (Figure 3.3), as well as

the data collected from granulometric analysis (Table 1), reveal that there is a very sandy pole (sandy
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and loamy sand) at the top and middle of the slope (P1 and P2) and a less sandy pole (sandy loam to

sandy clay) at the lower slope (P3).

Figura 3. 3: The United States dept of agriculture (USDA) soil texture triangle with the percent of sand, clay and silt in
the samples
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In the Bh and Bhs horizons, the total sand ranges from 77.1 % (Bhsps) to 88.6 % (Bhpz). For
all the profiles, the coarse sand value is over 40.8 %, and the cryptopodzol has lower values. The silt
content is very low in all horizons except for Bhsps, Cglps, Cg2p3 and Cg3pz (Table 1). This amount
of coarse sand can cause these layers to have high porosity. The sum of fine sand and silt varies from
17.6 to 32.5 % in profiles P1 and P2 (Table 1). The highest percentage of clay in both profiles is
approximately 8.0 %, including the Bh horizons. The clay content increases from the surface to the
base of the P1 and P2 profiles. In the cryptopodzol (P3), the fine sand and silt sum varies from 8.4 to
30.2 % (Table 1), except for the A12p3 and AEps horizons. Additionally, the clay content has a low

value of 1.6 % for Al12p3 and AEp2, and in the other horizons the clay content varies from 6.25 %
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(Allps) to 34.1 % (Cg3es). There is an increase in clay content from the surface to the base in P3. In
comparison to the P1 and P2 profiles, the P3 profile is loamier (Figure 3.3, red points) based on the
percentages of fine sand + silt + clay (Table 1). Due to their size and properties, the silt can be an
impediment to the percolation of water through the horizons of the soils (CHANEY; SWIFT, 1984;
HARRIS; CHESTERS; ALLEN, 1966; HILLEL, 1980).The silt/coarse sand ratio (Silt/CoS) can
provide an approximate measure of porosity (Table 1). For P1 and P2, the Silt/CoS is variable, which
creates alternating permeable and less permeable horizons along the profile. For P3, from the surface
to the base, Silt/CoS and thus soil waterproofing increases. There is a decrease in the soil porosity
from the high and middle slope to the low slope.

3.3.1.3.Groundwater variation

The figure 3.2B shows the soil sequences with horizons and the groundwater top level in
December 2013. At that time, the soils are emerging from the driest period. The waters are therefore
beginning to rise. Consequently, the groundwater top varies between the profiles. For this reason,
groundwater was only observed in P2 and P3. In the former, the groundwater top is 55 cm deep (top
of the E2) and can oscillate to near surface (AE horizon) at the peak of the rainy season (November
to July). In P3, the groundwater was assessed at 33 cm deep, but it can outcrop at the soil surface.

The figure 3.2A shows the groundwater level in June 2010 on profiles located in the soil
sequences close and slightly parallel to the first one. During this period, the soils are exiting the wet
season, and the water level begins to decrease. At that time, the groundwater top is approximately at
100 cm in E2p; and at the top of horizon E2p, approximately at 67 cm, which indicates that the
groundwater retreat is faster in profile P1 compared to groundwater at December 2013, while P2 and
P3 are always flooded.

Field prospecting showed that on December 2013, the horizons Bh, Bhs, and Cgl of the P2
and P3 profiles were slightly humid and that the Cg3 horizon was completely dry. Thus, the
groundwater begins to decrease in June from the top of the Elp1 and AEp; horizons, disappearing
completely at the peak of the dry season at P1 and remaining at the E2p, base. Concurrently, in P3,
the groundwater decreases from the top of Al12p; to the top of the A/Eps horizon. In November, the
groundwater begins to rise to the top of the E1 horizon in the P1 and P2 profiles, and it reaches the
soil surface of P3 at the peak of the rainy season.
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This groundwater dynamic reaffirms the difference between the three profiles: the horizons in
P1 remain dry part of the year, while the groundwater is permanent in P2 and P3. Although the
groundwater is permanent in P2 and P3, all the P3 horizons above Bhs remain wet during most of the

year, which does not occur in P2.

3.3.1.4.Soils pH

Soil pH measurements refer to H* ions present in an aqueous soil extract. The soil samples
pPHH20 ranged from 5.18 to 3.02 (Table 3.1).

Tabela 3. 1: Textural Characteristics and pH of soil sequence

Horizon Deep Water | %CoS | %ThS | % Silt | % Clay | %Silt/ | % Silt+ [ %Clay+ | pHh.0
Name or not CoS Clay Silt+ThS
in the
horizon

Thick Podzol (P1)

All 0-3 D 79.1 16.2 2.1 2.55 0.03 4.65 20.85 3.02
Al2 3-30 EW 78.7 18.0 0.1 3.2 0.001 3.3 21.3 3.72
El 30-63 | EW/OW 70.0 26.6 11 2.2 0.02 3.3 29.9 4.14
E2 63-150 | EW/OW 68.1 28.7 1.6 1.6 0.02 3.2 31.9 4.66
EBh 120-150 | EW/OW 73.0 23.7 0.8 3.5 0.01 4.43 28.13 4.20
Bh 151+ EW 70.1 15.8 6.4 7.55 0.09 13.95 29.75 3.19

Hydromorphic podzol (P2)

A 0-3 D 71.4 234 3.4 1.75 0.05 5.15 28.55 3.18
AE 3-19 WT/OW 79.7 17.7 0.7 1.8 0.009 2.5 20.2 3.98
El 19-55 | WT/OW 71.7 25.7 2.9 0.2 0.04 3.1 28.8 4.61
E2 55-97 P 79.8 15.9 25 1.65 0.03 4.15 20.1 5.00
Bh 97+ EW 61.0 27.6 3.4 7.95 0.06 11.35 38.9 4.23

Cryptopodzol (P3)

All 0-3 WT 65.1 24.6 4.0 6.25 0.06 10.25 34.85 3.96

Al2 3-14 WT/OW 68.9 25.3 4.1 1.67 0.06 5.77 31.07 3.36
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AJE 14-33 P 66.6 27.1 51 1.2 0.08 6.3 334 4.26
Bhs 33-42 EW 56.9 20.2 8.4 145 0.2 22.9 43.1 3.60
Cogl 42-52 EW 61.2 153 12.0 11.45 0.2 23.45 38.2 4.23
Cg2 52-100 EW 59.0 8.2 10.3 22.4 0.2 32.7 40.9 4.94
Cg3 100+ D 40.8 7.3 17.8 34.1 0.4 51.9 59.2 5.18

EW: Eventually there is water on the horizon; OW: oscillation of groundwater on the horizon; WT: water
temporarily on the horizon; D: horizons dry; P: permanent water on the horizon;CoS: Coarse Sand; ThS:Thin
Sand.

For all the profiles, the measured pHH20 shows very high acidity and varies according to the
horizon sets: the pH does not exceed 4.00 in the Al11, A12 and A surface organic horizons or the Bh
and Bhs spodic horizons in the P1 and P3 profiles. The pH is 4.23 in the hydromorphic podzol Bhe..
In the leached horizons AE, E1, E2 and EBh, the pHu20 ranges from 4.14 to 5.00 as well as in the
Cglrs, Cg2ps and Cg3ps weathering horizons (Table 3.1). This distribution shows a positive
relationship between high acidity and the presence of organic matter in the organic surface horizons

and in the spodic horizons.

3.3.2.Carbon content of soils and humic substances

3.3.2.1.Soils organic carbon distribution along the profiles and MO structures.

The organic carbon percentages (%C) in the soil are shown in Figure 4 (dotted lines). The
carbon content in the profiles does not exceed 15 %, and the largest quantities are primarily in the
surface organic horizons A1l and A for all three profiles. From the A11 and A horizons, the carbon
content drastically decreases in all profiles, reaching 0.02 % in the E2p,, increasing again in the spodic
horizons (Bh and Bhs) of P1, P2 and P3, and reaching a maximum of 12.4 % in Bhs. In the weathering
horizons, the carbon percentage varies from 3.94 to 1.15 % and decreases from Cglps to Cg3ps.

In the surface horizons Al1, A12 and A, of the three profiles, the pellet structures are possibly
associated with the production of primary carbon due, to rapid organic matter, which tends to decrease
in the albic horizons with the solubilization of the organic carbon that is mobilized and later

accumulated in the deeper horizons Bh and Bhs. In these accumulation structures, illuvial organic
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matter is found occupying the porosity and the surface of the grain surfaces. On the other hand, the
accumulation of carbon corresponds to higher clay percentages in horizons the Bh and Bhs. In P3,
the %C is globally greater than in the P1 and P2 profiles; however, the decrease in Bhsps is
accompanied by an increase in the clay quantities and a decrease in the porosity, which can prevent
OM penetration. These horizons possibly function as a sieve assembly leading to the fractionation of
the OM and allowing only the smallest molecules to pass through.

Thus the carbon distribution associated to the way MO is distributed through the three profiles
(pellet, OM layers above the grains, OM filling the pores) reaffirms the existence of the accumulation-

dissolution-accumulation organic matter dynamic observed in the field.

Figura 3. 4: Distribution of C in soil (bar left scale) and C in humic substances (line, right scale)

A Podzol thick B Podzol Hydromorphic
2 43 \ 1 43 1
40 \ =4 > 40
. A 12 e 12
g 3 \ =~ =
3 30 3 103 23 10 =
:u WY . 1 s N £
2 20 ‘B 2% - 464 \ e
E ’ f $ .z o \ 6 =
£ 13 i X : i B 13 \ E
- = g i & Y s
10 J : i X 2 10 X )
I%._ N [P | sy o 2
A1l A2 E-‘ £2 : 0 ) T — X 0
. - a = A AE El E2 Bh

C Cryptopodzol

-
-

-
=3

L]
oo
e
-
-
o
do sads (%)

]
\ '

\
\
13 \ ' \
- \ ' -
= 10 \ ’ Seum
" - S \ ' 1<
’ Y -
> | et [ -

All A12 AE Bhs Cgl Cg2 Cg3

Y CHA 3% CFA === 96C soil

3.3.2.2.0rganic carbon of extracted FA and HA.

The extracted HS carbon contents are presented in Figure 4. For the three profiles, unexpected
values under 30 % carbon mass were determined for FA. The discrepancy between the carbon content
of FA and HA is likely due to a non-organic contamination during the extraction process because the

FA carbon content unexpectedly follows the same trend as the organic carbon in the horizons (Figure
72



3.4). Except for the P1 profile, no quantitative information was extracted from these data. However,
a higher FA carbon content is observed for the Allp; horizon (28.0 %C), decreasing until the E2p;
horizon (13.1 %C) and finally reaching 23.8 %C at the Bhp1 horizon (Figure 3.4A).

On the contrary, the HA carbon content in P1 and P2 does not depend on the soil carbon
content (Figures 3.4A and 3.4B). For HA, %C remains constant from Allp; (41.4 %) to Elp; (42.3
%), decreases to 26.1 % at E2p1, and finally increases again for EBhp1 (35.0 %) and Bhp: (40.9 %).
The same pattern was observed for the P2 profile, with higher values at Bhp> (45.0 %) and E1p2 (40.0
%) and lower values at E2p> (25.0 %). In the P3 profile, the carbon content values are low ranging
from 12.5 % for Allps to 0.2 % for A/Epz. Once again, these low values are likely due to mineral
contamination, and only qualitative information should be used. However, the horizons below the
Bhsps horizon followed a trend of decreasing percentages up to the base of the profile (Cglps 3.9 %,
Cg2p3 1.1 %, and Cg3pz 1.0 %).

These results are at the lower limit of the range variation expected for humic substances
extracted from soil (LEGROS, 2012). The average %C found in humic substances from podzols,
according to Legros, 2012, is 56 % for HA and 46 % for FA while Bravard and Righi (1990), indicated
that the %C of the humic substances in the podzols Amazonia soils range from 50 %C for HA and 43
%C for FA.

3.3.3.UV-visible spectroscopy: indices E2/Ez and E4/Es
The E2/Ez and E4/Es ratios for FA and HA are presented in figure 5. In this figure, the

relationship between the E2/E3 and E4/Es ratios initially defines 2 data sets that clearly separate HA
from FA. The first, to the right of the graph (group 3), represents HA for most of the samples in the
three profiles except for the horizons A11p: and Arz. The second set (groups 1, 2 and 4), to the left of
the graph, represents primarily FA for most of the samples in the three profiles except for the Cglps,

Cg2p3 and Cg3ps samples.

Figura 3. 5: E2/E3 and E4/EG ratios for the fulvic and humic acid extracts and their respective distribution among the
soil horizons and the group 1 (red, plain) 2 (red, dashed), 3 (black dashed) and 4 (black plain) representing zone of
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similar UV-Visible absorbance properties.
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organic matter with a smaller molecular size (E2/Ez).

Group 1, containing only FA (Figure 3.5, red line, plain style), is defined by highly aromatic
and highly condensed samples. This group contains the E horizons for the P1 and P2 profiles. These
horizons contain sandy texture, pH between 4.2 to 5.0, very low carbon content (0.005 to 0.4 % of C)

and they are eventually affected by groundwater fluctuation.

Group 2 (Figure 3.5, red line, dashed style) contains only FA samples from all the profiles.
These horizons have a sandy texture, except for Cgles, Cg2p3 and Cg3ps, variable pH (3.19 to 5.18),
low to medium carbon content (0.29 % C to 6.17 % C) and they are temporally affected by
groundwater fluctuation. It is defined as aromatic (E2/Es < 5) for group 1 with intermediary

condensing characteristics (E4/Es < 4).

Conversely, group 4 represents FA and HA (Figure 3.5, black line, plain style). In this group,

FA occurs only in the Cg2p3, Bhspz and Bhpz horizons. In the Cg2ps and Bhsps horizons, FA is less
aromatic compared to the FA of Bhp,, which has aromaticity values similar to the group 2 sample.
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FA in all these horizons are as condensed as the FA in group 2. The texture, pH and carbon content
do not have positive relationships with the aromaticity and condensation. The common characteristic

of the group is the eventual presence or absence of water in the horizons.

The Allp;, Allps and Apz horizons, have FA values with larger condensation variations in
relation to E4/Ee, and they are out of groups. The Apz horizon is less condensed and less aromatic,
while Allps is highly condensed and less aromatic. Thus, Allp; contains FA with intermediate
characteristics between Ap, and Allps. They are sandy horizons with a pH value of approximately 3
and a medium to high total soil carbon content. Except for the temporary water saturation of Allps,

Allp; and Ap; are dry for most of the year.

In general, FA has a high molecular weight structure with a range of aromaticity values
(groups 1 and 2). The FA from horizon E seems to be located in the high aromaticity zone (E2/Ez <2).
All present a homogeneity concerning the molecular condensation from the E4/Ee index. This
behavior in the analyzed soils may be due to larger chain structures being more resistant to the
environment since most of these layers are eventually to frequently water saturated. The leaching

mechanism could be responsible.

FA are more soluble than HA and so transported inside the soil profile when water reach their
layer. The only FA moieties that remain in the solid phase are the highly condensed, i.e., more
hydrophobic, moieties that are not transported by free water.This can explain why the remaining FA
present a low E4/Es index compared to HA. Canellas et al., 2001 found that FA tend to form intra-
and inter-molecular hydrogen bonds, and this behavior may be responsible for low E4/Es ratio values
by increasing the chemical bond condensation. The HA extracted from the studied soils show a large
variation of E4/Es index, i.e. condensation, and a fine band of aromaticity index. Only the superficial
horizons such as Ap, escaped this tendency with a lower degree of condensation, because this pedo-
environment of surface receives fresh organic matter permanently. In these horizons, including Allp;

and Allpz, this behavior is determined based on the low aromaticity.

In group 3, from right to left (Figure 3.5), the horizons of the 3 profiles form groups of HA
that have condensation indexes (E2/Ez) very close to each other. Except for the A/Epz and Elp;
horizons, the horizons in the P1 profile have an E4/E¢ index above 8 and those of P2 and P3 are
between 5.8 and 8. The Allp; and AEp2 horizons have an E4/Eg index of less than 5 and 4.5. Mostly

independent on the texture, carbon content or pH, group 3 seems to depend on water table oscillation
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as well as the water presence, either permanent or not, along the 3 profiles horizons.Thus, the P1
profile has higher indexes and therefore has less condensed HA with medium aromaticity compared
to P2. The podzolized horizons of P3 have indexes similar to P1, which are therefore situated in
extremes with respect to the presence of water in the profile. For P2, the HA condensation is low, and
the aromaticity is also low. The related horizons are under temporary to permanent water action
(Figure 2). The horizons Cglps, Cg2ps and Cg3ps (group 4) have high condensation with aromaticity
slightly similar to P1, and these horizons are may or may not be water saturated during the year.
However, these horizons have the highest clay content of the 3 profiles. The presence of clay possibly
protects HA from humification through the formation of clay-organic complexes, which may explain
the higher condensation and poor aromaticity. Stevenson (1994), states that humus can resist soil
decomposition due to physical protection through clay-mineral interactions that form clay-metal-

organic or clay-organic complexes; the latter is formed via hydrogen bonds.

In previous studies near Manaus Bravard and Righi (1991), the E4/Es ratio was measured for
surface and Bh horizons with HA values of 5.5 and 5.0 and FA values of 7.0 and 6.5, respectively. In
Chen et al., (1977), the measured E4/Ee ratio for podzol extracted humic and fulvic acids was
approximately 7.0 and 8.0, respectively. For extracted HA from Orthic Podzol in Germany, the value
ranged from 5.1 to 10.2 similar to Mafra et al. (2007). This study determined FA values in the thick
podzol of 4.0 to 2.0 for the A1l and Bh horizons, respectively, and 5.0 and 8.0 for humic acid. If the
HA values are consistent with previous studies, we observed a discrepancy for the extracted FA. The
E/E3 ratio was used principally on aquatic organic matter studies. Peuravuori and Pihlaja (1997)
found for HS in natural waters values between 3.9 to 4.3 for HA and 3.7 to 3.1. Guo and Jon Chorover
(2003), measured the dissolved organic matter of EUA soils with higher values between 6.1 and 10.3.
Considering that these studies were performed for aquatic HS, the average HS value of the soils
studied was approximately the same (0.75-11) without considering the differences between the

fractions.

In general, terms, the UV-Vis results showed that, in this study, the extracted FA have a high
condensation degree and higher aromaticity index and that HA have a lower condensation degree and

a variable aromaticity index.

3.3.3.1.Distribution of condensation and aromaticity characteristics along the profiles
The clear difference between FA and HA for aromaticity and condensation, discussed in the
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previous item, readily visualized according to their distributions of the groups in the figure 5. On one
hand it shows clearly the difference between the two fraction (FA and HA), but on another hand it is
less clear to understand evolution of condensation and aromaticity along the profiles. For this, the
figure 3.6, shows the trend variation along the profiles. For the FA the condensation and aromaticity
tend in decreasing from thick podzol to cryptopodzol (considering only the podzolized horizons of
P3). In the Cg layers the condensation is greater than aromaticity in all the profile. The tendency of
HA is the increase of condensation and aromaticity from P1 to P2, and a decrease from P2 to P3
(considering only the podzolized horizons of P3), the horizons Cglps, Cg2p3 and Cg3pz have the
highest condensation and the lowest aromaticity of all the profiles. The main difference between the
three profiles are the transition from thick podzol, of sandy texture, to cryptopodzol moderately
clayey, and, at the same time the passage from pedoenvironments drier to constantly wet during the

most part of the year, in the same direction, except for Cglpes, Cg2p3 and Cg3pa.

For the FA the condensation and aromaticity seems to be dissociated from the texture in the
profiles P1, P2 and in the podzolized horizons of P3. In the Cg layers the clayey texture and the drier
environment are determinant for the increase condensation degree both FA to HA, because it protects
the molecules to the humification (STEVENSON, 1994), also explaining why the lower aromaticity
of FA and HA of the Cgles, Cg2ps and Cg3ps. For the FA in the podzolization environment with more
sandy texture the absence or eventual either temporary presence of water, has an important role to
play for condensation and aromaticity degree. The HA, with the characteristics less condensed and
more aromatic, it is separated from the texture in P1, P2 and in the podzolized horizons of P3, but it
is associated to temporary presence of water related to the oscillation groundwater level. Thus, in the
scale of the soil sequence, the condensation and aromaticity of the FA develops more intensely in the
dry environments of the podzolization horizons. While for HA, in the scale of the soil sequence,
condensation and aromaticity is more intense in a temporarily humid environment, the podzolization

pedoenvironments (Figure 3.6).
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Figura 3. 6: Distribution to (E»/Es)/(E4/Esg) ratio in soils profiles in Fulvic acid (A) and humic acid (B)
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The FA and HA condensation and aromaticity distribution between the soil horizons is more
complex vertically, as shown in figure 3.6. The relationship between the E2/E3 ratio, E4/EG6 ratio and

the Silt/ Cos ratio (texture) are presented in figure 3.7.

Figura 3. 7: The behavior of E,/Ej ratio, E4/Eg ratio and the Silt/ Cos in FA and HA different profiles and soils horizons
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Dry environments are decisive for the lower E2/Es and E4/Es ratios of FA in podzolization
environments on the sequence soil scale. The P1 profile is generally more condensed and aromatic
than the other profiles; it has dry horizons for most of the year (July to November). In June, the
groundwater in P1 begins to lower and November begins to ascend. This zone of oscillating
groundwater level for E1p1, E2p1 and EBhpy provides singular characteristics to the horizons: more
leached relatively with high pH values and porosity, and the last characteristic is variable between
the horizons (Table 1- Silt/CoS ratio). Figures 3.6 and 3.7 show that the E1lp1, E2p1 and EBhp1 horizons
have more condensed and aromatic FA, except EBhp1, which is less aromatic than the first two
horizons. This indicates that the molecular size may be higher in E1lp1 and E2p; and slightly lower in
EBh p1. The Allp; and Al2p; horizons receive fresh organic matter from litter and has an average
condensation and aromaticity degree, while Bhp: has slightly higher condensation and aromaticity
compared to the last two (Figures 3.5 and 3.6); this indicates that the molecular size in E1p; and E2p;.
Allp; and Al2p; have medium to high porosity while Bh is more impermeable due to higher Silt/CoS
(Table 3.1). The condensation and aromaticity of FA begins to rise in the zone of oscillating
groundwater. In the dry and low porosity environment, the Bhp; aromaticity and condensation degree
decrease. The horizons that receive a fresh OM supply tend to have lower condensation and

aromaticity relative to the others.

Profile 2 is less porous overall (Table 3.1), and it is more humid than P1 most of the year
because the water is temporarily in the above Bhpz horizons. Thus, the AEp; and E2p> horizons have
more aromatic and condensed FA in the profile, while the Bhpz horizons are slightly more humid and

less porous than in profile 1. Additionally, FA is slightly less condensed compared to E2p, and less
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aromatic than the Ap. horizon. The surface horizon is an exception; it is more aromatic than
condensed, and it is the drier profile. As observed in the P1 profile, there is a relationship between
condensation and aromaticity with lower porosity (Elp2 and E2p2), indicating that the condensation
depends on the groundwater fluctuation, and the aromaticity depends only on the porosity and dryness
of the environment (Figure 3.7).

For groups 2 and 4 in figure 3.5, the horizons that belong to profile 3 are individualized
relative to their behavior. This profile has less condensed and less aromatic HS, and it is more humid
and less porous when compared to the other profiles, except for the Bhsps, Cglps, Cg2pz and Cg3p3
horizons. Additionally, the Clay/Silt content in P3 is high in the Bhspz and Cgps layers, and the lower
porosity is confirmed by the high Silt/CoS ratio (Table 1). The Silt/CoS ratio shows that the porosity
in Bhspz and Cg2ps is similar while for Cg3ps it decreases drastically, making these horizons dry most
of the time or permanently dry in the case of Cg3ps (Figure 3.7). This porosity decrease is also
observed from A/Eps to Bhsps, but these horizons are water flooded all the time. Between the surface
horizons and A/Eps, the porosity increases constantly (Figure 3.7). Hence, it is believed that both the
Cglps and Cg3ps horizons and to a lesser extent the Bhsps horizon, constitute texture obstacles. The
Allpz surface horizon has lower aromaticity and higher condensation, possibly due to the
contribution of fresh MO. In Al12p3, the behavior is the opposite; the condensation is lower and the
aromaticity is higher due to the lower porosity. In the zone of groundwater oscillation for A/Eps, the
porosity is smaller which causes the high aromatization and condensation of the FA via solubility
selection. In the Bhsps, although the horizon is less porous, it retains moisture because it is above
Coles (12 % silt and 11.45 % clay), which leads to less aromatization and condensation of FA. This
distribution of FA aromaticity and condensation depicted in figure 7 indicates that the lower porosity
in the groundwater oscillation zone positively influences the higher condensation and aromaticity of
the FA in the P3 profile. However, it is a secondary role in the aromatization and condensation of FA
in high humid environments. In dry environments, their role is important, leading to a high aromatic
degree for FA.

The HA distribution along the profiles is different compared to FA (Figure 3.6). Due to the
high aromaticity, the HA in all the horizons of the P1 profile has a homogeneous distribution, but
there are few differences according to the porosity in the profile. In the horizons with higher porosity
(Al2p; and EBhps), the aromaticity is slightly lower than in the other horizons, and both horizons
remain dry or eventually have water (Figure 3.7). Although the aromaticity in P2 is generally higher,
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the aromaticity distribution of HA is similar to P1. In all the horizons of the three profiles, except in
the Cgles, Cg2p3 and Cg3ps horizons, HA is more aromatic and less aromatic in the low porosity
horizons independent of water saturation, indicating that low porosity retains larger aromatic
particles, while the smaller particles that are slightly less aromatic can migrate through the smaller
pores and are distributed to the subsequence horizons according to size.

In the horizons with the Cg layer, the aromaticity is approximately the same. The small
increase in humidity for Cg2ps due to the textural obstacle in Cg3pz does not significantly influence
the aromaticity variation. The Cglps and Cg3ps horizons are drier and have lower porosity compared
to Cg2p3, and the aromaticity decreases relative to horizons above Bhsps. This indicates that the
molecules that can pass through the Bhps are very small HA molecules, which were fractionated by
porosity.

The condensation degree of HA is lower in all the profiles and appears to not only depend on
porosity. In P1, P2 and the podzolization horizons of P3, one can note that the high condensation in
HA depends more on the humid pedoenvironment and is independent of the porosity, although in the
profiles there are small porosity variations: in the P1 and P2 profiles, HA is more condensed in the
environment with less porosity, both in the dry pedoenvironment (Al1,1) and intermittent water such
as E2p1, Bhpz and Allps. More condensation occurs in environments with higher porosity and
intermittent water (AEp2) or permanent water E2p, (Figure 3.7). Except for the horizons Allp; and
Allps and Bhpy, the other horizons have groundwater oscillation levels that may explain the high
condensation degree. Due to the upper leaching in this zone, the particles that are less condensed and
smaller can be mobilized when the groundwater declines and accumulates in the subsequent horizons

that have lower porosity.

Concurrently with the aromaticity decreases in the Cg horizon layers, the HA condensation
degree in the same layers increased significantly in Cglps, and they sharply decreased in Cg2p3 and
Cg3rs accompanying the reduction of humidity and porosity. In this way, HA particles are mobilized
from Bhps that are more condensed and larger than those accumulating in Cglpes; the smaller particles
are fractionated between Cg2p3 and Cg3ps. The values of the condensation indexes are very close in

the last two horizons and have greater resistance to humification.

3.3.4. Infrared Spectroscopy in humic substances
The analyzed spectra acquired for the HS were typical of those found for soil organic matter
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(BARDY etal., 2008; OLK; BRUNETT]I; SENESI, 2000; STEVENSON; GOH, 1971) (Figure 3.8).
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Figura 3. 8: FTIR spectrum of profile 1 humic acid samples and band of interest
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Figures 9A, 9B, 9C, 9D, 9E and 9F show the normalised intensity contribution of the

selected functional groups among the soil horizons, for the 3 profiles P1; P2 and P3 for HA
and FA (Figure 3.9).

Figura 3. 9: A, B, C, D, E and F: Distribution of wavelength intensity, selected in soil profiles and horizons
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The highest normalized absorbance for HA corresponds to the polysaccharide group (1,050
cm™) in all horizons of all the profiles, except for the E2p1 horizon. Figure 3.9 shows the inverse
distribution of the polysaccharide function intensities in the two humic fractions, and that this
functional group is present in all horizons of the three soils. Hergert and Kurth (1953) and Zech et al.
(1997) showed a loss of polysaccharides and phenolic components during the humification process,
and the modification of lignin structures with an enrichment in recalcitrant non-ligninic aromatic
structures. However, the lignin FTIR spectra do have high contributions to the (C=Car) and
(ether/alcohol) bands (HERGERT; KURTH, 1953; ZECH et al., 1997). Although the intensity of the
1250 cm band is as high as that of the polysaccharide group, the band at 1,590 cm™ is relatively
lower for HA, whereas the FA bands at 1,050 cm™ and 1,250 cm™ are lower and the band at 1,590
cm! (C=Cp) is higher. This inverse configuration between FA and HA confirms the different
behaviors of the two humic fractions and shows the transformative dynamic, in accordance with the
apparent weak condensation measured for HA using the UV-Vis index, whereas for FA this

configuration reveals the consistency with the condensation measured using the UV-Vis index.
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The 1,250 cm'! (stretch C-O, ether/alcohol) HA wavenumber has the second highest
value of all the profile patterns. In profile 2, this band has the lowest intensity (ABS<0.1) in all
horizons. For FA, normalized absorbance are lower than for HA in this functional group. Among all
the profiles, the highest value (ABS=0.19) of this function for FA is in the horizon Apz, while the
lowest intensity is approximately ABS=0.05 and occurs in the Elp1, E1p, and Cg3ps horizons. For
groundwater presence in the profiles, the hydromorphic podzol remains drier than P3, indicating that
the constant presence of water in the profiles does not interfere with the distribution of the functional
group ether/alcohol. However, considering that FA and HA have different behaviors, P2 has the
lowest intensities for both FA and HA, except for FA in the Ap horizon. Concurrently, P1 and P2
have the lowest Silt/Cos of the three profiles, except for the horizons E2p1, Bhp1, Ap2 and Bhp,. The
Silt/CoS ratio is also low in A/Eps. However, the dynamic of groundwater variation in the dry and
humid period showed that the horizons up to Bhp: in profile 1 remain wetter during the year.
According to these singularities, the distribution of the ether/alcohol function in the profiles is directly
related to the water level variation in the periods of elevation and lowering of the water table level,
juxtaposed to the efficiency of water percolation (Silt/CoS) in all three profiles. As a consequence,
HS containing such a functional group can be solubilized and mobilized from the most porous and
permeable horizons in the groundwater zone and are immobilized in the less porous horizons, slightly
richer in fine matter, silt and clay, which are supplying metals to be complexed. In fact, ether/alcohols,
esters, diketones and aldehydes are recognized to be very soluble, have high mobility and are able to
form organometallic complexes with Fe(I1) or Al(I11) (HOLM; O’CONNOR, 1971).

The third highest absorbance is represented by wavenumber 1,590 cm™ (C=Ca,) in all the profile
horizons with the HA extract. The horizons Bhp: (ABS = 0.27) and Bhpz (ABS = 0.26) have a higher
intensity and it is possibly associated with the organic matter resulting from the illuvial accumulation
as shown by the thin layer of organic matter coating the quartz grains and occupying the porosity.
The A/Epz horizon has a lower intensity (ABS = 0.1), the most leached horizon of the profile, and
Cglprs and Cg2ps are less permeable. Conversely, the absorbance values of (C=Ca) for FA are higher
compared to HA. The highest absorbance (ABS = 0.31) occurs in the A12p; horizon, where organic
matter forms pellets. The lower intensity is in Bhp2. These data and the analysis of the histograms
(Fig. 9) compared to the textural data and the groundwater dynamics indicate that the larger intensities
of this functional group are not necessarily associated with the horizons that have higher silt + clay
content and to the permanence or not of the water in the horizons. The greatest sand content, and
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especially the coarse sand and the lower Silt/CoS ratio (Table 3.1), is associated with high porosity
in the soil horizons. It is observed that there is a positive relationship between the porosity and the
values of the intensities obtained for the aromatic functional group, both FA and HA, except for FA
in profile 2. Comparing this tendency with the E»/Ez ratio results (Figure 3.5), the more porous
horizons retain the larger particles of both FA and HA. Thus, it is possible to suggest that HS
containing aromatic groups can be distributed in the profiles according to the higher or lower porosity
of the horizons, promoting fractionation of the two HS fractions, which is in agreement with results
obtained by Bardy et al. (2008). In this study of Amazonian Podzols (BARDY et al., 2008),
determined that this function may be in OM as coarse granules (polymorphic-pellets) filling the pores,
or it may be in the Bh horizon as a result of either in situ humification in this horizon or by illuvial
accumulation since low molecular weight OM can migrate and accumulate in less porous horizons,

such as Bh.

The peak intensity represented by the carboxylic group (C=0) (1720 cm™2-1660 cm™) has an
absorbance of 0.26 in Bhey, followed by 0.25 in Bhpo. P1 and P2 profiles have greater intensities
whereas the P3 absorbance is lower. In the latter, the highest absorbance is 0.2 in Bhsps followed by
Allps (ABS = 0.19), while A/Epz and Cg2p3 have the lowest values (ABS = 0.1). FA in profile P1
has the highest intensities, and A12p; has the higher absorbance (ABS = 0.31). The lowest intensities
are in the P2 profile, with the smallest in the Bhp2 horizon. Therefore, FA has the highest intensities
of carboxylic group compared to HA. The distribution of this functional group along the profile is
approximately the same as the aromatic group, and seems to have a positive relationship with
porosity. However, such a relationship is not very clear since OM, rich in carboxylic function, may
be more soluble than the aliphatic and aromatic groups. Additionally, it is likely mobilized more
easily to lower horizons in the profiles, in which the hydrogen of the OH group can be substituted by
a metal ion available in the fine matter to form carboxylate. The latter can accumulate in the horizons
due to chelation forming complexes with aluminum (Bardy et al., 2008) due to the great affinity of

this functional group with this cation (Elkins and Nelson, 2002).

The intensities of aliphatic group (2,940 cm™— 2,900 cm™) are low for both HA and FA. For HA,
the highest absorbance of the aliphatic group is approximately 0.05 in the horizons Allpi, Al2ps,
EBhp1, Apo, AEp,, Elpz, A12p2, A/Ep3, Cglpes, and Cg2ps, While the smallest (ABS = 0.01) is in A2p3
and Cg3ps. For FA, the greater intensities are in P1 with ABS = 0.11 for E2p1, while the smaller are

in Elpy, Cgles, Cg2pr3 and Cg3ps. According to Bardy et al. (2008) in the studies of Amazonian
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Podzols, the OM has a polymorphic structure, containing residues and dominantly OM with aliphatic
functions juxtaposed to the quartz grains. Bardy’s study indicates that this OM with aliphatic
functions derives from accumulated residues and poorly palatable roots and leaf constituents.
Moreover, the aliphatic functional group seems independent of the presence of water. Bravard &
Righi, (1991), argue that the low clay content of podzol profiles increases the ability of compounds
with low molecular weight to be removed from the surface horizons. Additionally, large molecules
and plant debris can be retained in the surface horizon of the podocytes. Thus, it is proposed that the
organic matter with aliphatic functions can migrate more easily in the studied profiles due to the
higher porosity of the coarse sand. Migration stops at the clay horizons where they remain, which

leads to an increase of the aliphatic FTIR band contribution.

The configuration of the normalized intensity distribution of the functional groups, shown in
figure 9, revealed few differences in the distribution of the functional groups for either HA or for FA.
However, the profile 2, for both SH, is the most different, possibly related to the low amount of C
extracted for FA, which may affect the FTIR response. Comparing the figures 3.9 and 7, it can be
seen that the lower E2/E3 index does not necessarily correspond to the higher intensity, for example,
for the band at 1,590 cm -1, in the same way, as higher condensation (E4/E6 low) does not correspond
to the lowest intensity of the band 3,440-3,100 cm 1.

The analysis performed by profile, was able to interpret that the little difference in the
intensities distribution of the functional groups for HA and FA, expressed in figure 3.9.Which could
possibly arises from the fact that the intensities for each functional group refers to the quantity, and
less to the singularity expressed due to the higher solubility of FA in comparison to HA. That is, the
differences in the horizons distribution of functional groups possibly follows the greater or less
solubility of SH, together with the characteristics of the functional groups compared to the

pedoenviroments of soils horizons.

3.3.5.Statistical considerations
The figure 3.10 present the results from the Principal Component Analysis (PCA) to the

profile soil horizons, according to the distribution of HA and FA with the FTIR normalized intensity,
UV-Vis ratio and Silt/CoS ratio. The most representative PCA axes CP1 and CP2 explained the

variance of 54.4% as shown in the figure 3.10A.
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The first quadrant (left quadrant north (N) has functional groups with wavenumber ranges of
2,940 — 2,900 cm? (-CH aliphatic) and 3,440-3,100 cm™ (-OH), and these vectors distance
themselves from the central axis of the two dimensions. The left quadrant south (S) has the functional
groups with wavenumbers of 1,590 cm™ (C=C aromatic); 1,250 cm* (C-O ether/alcohol);1,050 cm™
(C-O polysaccharide) and 1720 - 1660 cm™ (C=0 carboxylic) associated with the E4/E ratio, the last
distances from the central axis. In the left quadrant S are the functional groups in the bands 1590 cm
1(C = C - aromatic); 1,250 cm™ (C-O-ether / alcohol); 1,050 cm™ (C-O-polysaccharide) and 1720-
1660 cm * (C = O-carboxylic) and E4/Es, in which vectors also distance themselves from the central
axis. The S right quadrant group is composed of the high E2/Ez and Silt/CoS ratios.

The functional groups (-CH aliphatic) and (-OH) have no direct relationship with the
aromaticity (E2/E3) and horizon porosities, while they have an inverse relationship with the functional
groups formed by (C=C aromatic), (C-O ether/alcohol), (C-O polysaccharide), (C=0 carboxylic) and
the condensation index, in the left quadrant S In turn, the latter functional groups maintains a positive

relationship with the aromaticity (E2/Es) and porosity of the horizons.

Figura 3. 10: Principal component analysis loadings for PC1 and PC2 of the functional groups characteristics
distribution of E2/E3 and E4/E6 ratio and porosity characteristics (Silt/CoS ratio) (A) and the points projection on PCA
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On the data projection, five groups have a good delimitation according to their similarities
(Figure 10B). Out of these groups, 5 soil horizons remain; four are FA (Elp1, A/Ep3, Cg2p3 and Cg3ps)
and one is HA (Cg3p3). Two horizons are close to the groups: E1lpi-FA close to group A and A/Eps-
FA, close to group D. Cg3p3-AF is not too far from groups D and E. Cg2ps-AF is in the extreme SE
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of the right south (S) quadrant, while Cg3ps-HA is in the left quadrant S, not too far from groups A
and B.

Group A contains FA and HA. Most samples are HA, and these samples are located around
the center of the two-dimensional projection extending from the left quadrant South (S) and the left
quadrant North to the West direction (W). The horizons with FA are diffuse inside group A. Group
B has only HA and is located in the S of the left quadrant near group A and extends to the left quadrant.
Group C is situated at the North left quadrant and contains only FA. The groups D and E are the
furthest from the central axis and extend in the eastern direction of the quadrant. Similarities seem to
exist between some horizons that occupy the same group and between some AF-horizons with HA
horizons that cluster in group A.

The figure 3.10B reflects the original variable influences of the main components on the
group’s delimitation. The greatest influence on groups A, B and C, for both HA and FA, is exerted

by the functional groups and by the condensation (E4/Ee) and aromaticity (E2/Ez) indication.

The HA of group A can be divided in three subgroups with the following behavior: one upper
subgroup (N left) gathering Allp1, Ar2, E1lp2, and A/Eps, which is directly related to an intensity of
functional groups (-CH) and (-OH) and negatively correlated to the variables from left quadrant S.
The second subgroup (left S) has only one horizon (A12p3). It is influenced by the functional group
and E4/Es index from left quadrante S and secondarily by the E2/Ez index and porosity (SiltCos). The
third subgroup is located in the left S near the axis origin. It is formed by Cglpz, Cg2ps, E1lp: and E2p;
and they are under E4/Ee index, intensity of functional groups (C=C aromatic, C-O ether/alcohol, C-
O polysaccharide and C=0 carboxylic), E2/E3 index and porosity influence. In this subgroup are the
horizons whose HA has greater condensation and aromaticity; this ACP analysis refers to

interpretations made from UV-Vis results.

In group B (Al2p1, EBhpy, Bhpr and Allpz), left S, only HA is present with a large influence
of E4/Es ratio and intensity of the functional groups (C=C aromatic), (C-O ether/alcohol), (C-O
polysaccharide) and (C=0 carboxylic) and secondarily by the variable from right quadrant S.

FA present in group A has different behavior, according to their positions in the quadrant.
Horizons A12p; and Ap, form a subgroup that is slightly influenced by the variables (-CH - aliphatic);
(-OH) and the functional groups and E4/Es index of the left quadrant S; in fact they are horizons with
low condensation (high E4/Es index) and with high intensity (-OH) and (-CH), slightly high. The
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horizons Bhsps and Cglps are close to the origin axis and, unlike the two previous horizons, have high
condensation (low E4/Es index) and high aromaticity (low E2/Es index), having low (-OH) and low
aliphatic intensities, as well as high intensities of the functional groups (C = C - aromatic); (C-O-
ether/alcohol); (C-O-polysaccharide); (C = O-carboxylic acid). The horizons Alp, close to the origin
axis, are in the right quadrant S, and correlate directly with the aromatization index (E2/E3) as well as
with the porosity (Silt/Cos), and less strongly with the variables of the left quadrant S. In fact, this
horizon presents high porosity and the FA is condensed and aromatic.

For FA the absorbance of (-OH) and (-CH) have a positive relationship with the horizons
present in group C (E2p1; Al2p3). The Bhp: and Allps horizons, although present in group A, are
close to group C. All the samples have a high condensation degree (lower E4/Eg) and intensity
moderate intensity of (-OH) and (-CH aliphatic) thus constituting an apparent contradiction.

The groups D and E, and the horizons distributed sparingly in the right quadrant N and S all
representing FA, have aromaticity (E2/Ez) and porosity as the major influence on them. In fact, the
horizons of group D and the ones in Elp1, Ars, Cg3 p3 closer to the vectors E2/Ez and Silt/Cos, are
very aromatic, but have small or large porosity, this fact proves for E1p1 and Aps, and for the horizons
of the group D that porosity plays a secondary role in flavoring in occasional or temporarily water-
soaked environments, and for Cg3ps, Which is very close to the two vectors, that poorly porous
pedoenviroments lead to an increased aromatization in dry environments as seen by UV-Vis results.
The horizons of group E, and the horizon Cg2ps, further away from the two vectors E»/Ez and Silt/Cos
and the vectors for the variables of the left quadrant N and S, are in possibly humid pedoenviroments,
are little aromatic and have both large and small porosity, being influenced by the variables
considered in the PCA.

The analysis on the main components highlighted the importance of functional group
intensities on the delineation of the groups described above, as well as emphasized the direct
relationship between the E4/Ees index and the left quadrant functional groups. The horizon
distributions in two dimensions indicate that FA and HA are different and it emphasizes the UV-Vis
results. In fact, the HA are agglomerate within the groups, and the horizons are close to each other
due to the large similarity between the HA fractions. This behavior does not occur for FA, which are

widespread, showing FA fraction variability.
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The horizon distributions in two dimensions indicate that FA and HA are different and it
emphasizes the UV-Vis results. In fact, the HA are agglomerate within the groups, and os horizontes

are close to each other due to the large similarity between as fracdes de HA.

This behavior does not occur for FA which are widespread, showing the FA fractions
variability. By UV-Vis analyzes FA is more condensed and aromatic than HA. The ACP, howeuver,
points out that the FA of most horizons (10 horizons) is aliphatic and hydrophilic in character and it
has a negative correlation with the E4Es and EzEs3 indices. Six (6) horizons have FA that shows a
positive correlation with the E4Es and EEs indexes and with the porosity, as they present
predominantly aromatic and carboxylic character and secondarily character determined by ether-
alcohol and polysaccharide functions. From this, and in addition to the interpretations obtained with
UV-Vis and FTIR, it is possible to evaluate that regarding distribution of the most aromatic and
carboxylic FA in the horizons of the soil profiles, the greater porosity is fundamental in order that
these FA fractions migrate and are immobilized to subsequent horizons, less porous, and with

availability of metals such as Al.

The PCA shows that HA is primarily determined by the polysaccharide, ether-alcohol and
aromatic functions (11 horizons), and secondarily by the aliphatic and OH functions (5 horizons), as
well as the 11 horizons have a positive correlation with E4Es, indexes such as E2Ez and with porosity.
Due to that, along with interpretations obtained from the UV-Vis and FTIR data, the porosity and
sheet flotation in the horizons is determinant for the distribution of the HAs containing
polysaccharide, ether-alcohol and aromatic functions. Possibly the sheet level fluctuation as well as
the availability of metals, such as Fe, in the horizons, is determinant, and more important, for HA

distribution with predominance of ether and alcohol functions.

3.4. Conclusions

The methods used proved to be efficient in reaching work objectives as well as the statistical
treatment allowed to refine interpretations. In this way, it was possible to characterize the two humic
fractions, and to show the difference in behavior between the both, also to identify soil characteristics
that determine distribution rules of the FA and HA, either in the soil sequence on the slope or in the

horizons of the soil profiles.
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For both HA and FA the average % C for the humic substances is lower than the limit of the
expected soil. The FA is more condensed and aromatic than HA. The first one has 10 horizons
containing FA with hydrophilic and aliphatic character, and 6 horizons with character defined by the
aromatic and carboxylic functions. The second one has 11 horizons with character defined by the
polysaccharide, and ether-alcohol functions and 5 horizons with aliphatic and hydrophilic character.
These characteristics reveal a strong difference between FA and HA, and define, along with the
characteristics of the pedo-environments, the behavioral difference of both HS. Soil morphology,
texture, porosity (Silt/Cos), the presence or not of water in the horizons of soil profiles, and the
fluctuation of the soil bed in the soil are the main characteristics of the soils that interfere in the
behavior of the two humic fractions throughout the year.

Such pedological characteristics also define the FA and HA distribution rules in the sequence
of soils on the slope, and in the horizons of soil profiles. The morphology, texture, and the presence
or absence of water in these profiles react to the distribution of both humic slope fractions, while the
porosity and the flotation of the sheet in the horizons interfere in the distribution of FA and HA in the
horizons of the soil profiles.

In order to the FA the condensation and aromaticity to decrease from thick Podzol to the
cryptopodzol of the slope base, following the increase of water presence in the profiles during the
year, without considering Cg horizons that have high condensation and aromaticity, due to the lower
humidity of the horizons due to low porosity. The aromaticity and condensation of AH increases from
Thick Podzol to Hydromorphic Podzol, and then decreases to Crytopodzol. This configuration
depends on the temporary presence of water in the Hydromorphic Podzol. Cg horizons that have high
condensation and low aromaticity, coupled with the greater presence of clay that inhibits the

humification of HA are excluded to this rule.

In the profiles the distribution rules of FA are: 1) Low porosity leads to greater condensation
in the leaf beating zone, or in dry environment possibly saturated by water, 2) while low porous and
dry pedoenviroments lead to a decrease in condensation, so this process depends on the increase of
sheet flotation; 3) Low porosity in the horizons of the sheet oscillation zone positively influences the
aromaticity in the pedoenvironments, often humid or dry with eventual visit of the water; 4) Porosity

plays a secondary role in flavoring and condensation in very water-soaked environments.
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As for the HA, the horizon aromaticity of the soil profiles is related to the most porous
envoriments and it is independent of the sheet water oscillation. However in the temporarily more
humid environments, the aromaticity of the HA is higher, and in the dry and clayey environments it
is lower. The higher HA condensation is independent of the porosity, regarding oscillation sheet zone;

but it depends on greater porosity in horizons with permanent water.
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Capitulo 4. Constante de Estabilidade condicional (K) e constante da capacidade de
complexacéo (CC) para Cu?* e AI** em amostras de acidos falvicos e htimicos de solos
podzolizados da bacia do Alto Rio Negro-AM, Brasil

Resumo: As substancias humicas (SH) possuem a habilidade de formar complexos estaveis com 0s
ions metalicos nos meios naturais devido a presenca dos grupos funcionais, principalmente os
carboxilicos e fendlicos. Dai a importancia das SH nos solos podzolizados. Por outro lado as SH tem
propriedades fluorescentes quando excitadas por radiacdo eletromagnética; alguns metais tém a
propriedade de diminuir ou de aumentar a fluorescéncia. Neste estudo o objetivo é identificar as
componentes fluorescentes, presentes nas substancias humicas de amostras dos solos podzdis na
Bacia do Alto Rio Negro-AM, avaliar as capacidades e constantes de complexacdo destes
componentes com os metais Cu?* e AI** e comparar com os grupos funcionais obtidos com a FTIR
os resultados de complexacdo. A medida da fluorescéncia das SH sem complexacdo e com
complexacéo pelos metais em diferentes concentragdes (0 a 105.9 mg/L), foi realizada utilizando um
fluorimetro modelo Hitachi. A determinacdo das constantes de estabilidade condicional (K) e
capacidade de complexagao (CC) foi realizada de acordo com o modelo proposto por Ryan and Weber
(1982) e os espectros 3D (EEM) das amostras foram tratados com o modelo estatistico do
CP/PARAFAC. Com os resultados dos espectros de fluorescéncia aliados a analise CP/PARAFAC
determinou-se a presenca de dois componentes presentes para cada amostra de acido fulvico e acido
himico. A K variou de logK = 3.66 a 5.00 e a CC variou de 3, 83.10"%° mol.mgc™ a 1, 06.10 mol.
mgct. A comparacdo dos resultados demonstrou diferenca da forca de ligagdo para os metais e
diferenca da capacidade de complexacdo para AF e AH e que alguns grupos funcionais podem ser

envolvidos nas propriedades de complexacédo das SH dos solos podzolizados.

Palavras-chave: acido humico, acido fulvico, podzéis, fluorescéncia quenching, Amazénia.
4.1. Introducéo

Os solos podzolizados estdo presentes em aproximadamente 485 milhdes de hectares no
mundo e foram descritos tanto em regides boreais ou frias do globo (LUNDSTROM; VAN
BREEMEN; BAIN, 2000) como em regides tropicais (BRAVARD; RIGHI, 1990; CHAUVEL,
LUCAS; BOULET, 1987b; DO NASCIMENTO et al., 2004; DUBROEUCQ; VOLKOFF, 1998;
LUCAS et al.,, 1988).Com morfologia singular tais solos refletem a acdo dos processos da

podzolizacdo no qual as substancias humicas (SH) dissolvidas e acidas sdo agentes principais do
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intemperismo mineral; da complexacdo e mobilizacdo de complexos organo-metalicos,
predominantemente com Fe e Al, e da precipitacdo de matéria inorganica pouco cristalina (fases de
Fe, Al e Si) (LUNDSTROM; VAN BREEMEN; BAIN, 2000).

As SH contém uma variedade de grupos funcionais organicos tais como: carboxilicos
(COOH), fenolicos (OH), thiols (SH), aminas (NH.), entre outros. A presenca destes grupos
funcionais garante as SH as propriedades de interagir com ions metélicos (COBLE, 2007; GUO et
al., 2015; SENESI, 1990), esta interacdo pode afetar diretamente diversas fun¢des nos solos como
por exemplo, aforma, distribuicdo, biotoxicidade, migracéo e transformacéo dos materiais organicos
e minerais (YAMASHITA; JAFFE, 2008).

A presenca dos grupos funcionais imprime nas SH propriedades fluorescentes, que refere-se
a capacidade Optica de emitir luz quando exposta a radiacdes (COBLE, 2007). O fenémeno de
fluorescéncia é provavel em sistemas moleculares que contém &tomos com pares solitarios de
elétrons, tais como: C = O, aromaticos, fendlicos, quinonas e, sistemas alifaticos conjugados
insaturados rigidos, presentes nas SH (PLAZA; D’ORAZIO; SENESI, 2005; SENESI, 1990).

Devido a tais caracteristicas a fluorescéncia tornou-se uma técnica comumente utilizada nos
estudos que envolvem o interesse nas propriedades estruturais e nas funcbes quimicas das
SH(PLAZA; D’ORAZIO; SENESI, 2005; SENESI, 1990). Durante a fluorescéncia as moléculas sao
excitadas por uma radiacdo eletromagnética em um determinado comprimento de onda, e ao
retornarem ao estado fundamental ocorre a emissdo de um foton (Lakowicz, 1999). Estas diferencas

vibracionais entre excitacao e emissdo fornece informacdes sobre as SH.

A fluorescéncia pode ser obtida utilizando o0 modelo que envolve a coleta de maltiplos espectros
de emissdo em uma gama de excitacdo que estdo ligados a uma matriz (COBLE, 2007; SENESI,

1990); este tipo de fluorescéncia é conhecido como fluorescéncia de emisséo e excitacdo (EEM).

A fluorescéncia EEM é uma ferramenta que favorece a identificacdo dos aspectos qualitativos no
nivel molecular e quanto as interacdes das SH com ions metélicos (BAYER et al., 2002), esta tltima
baseada nas analises de fluorescéncia quenching (MOUNIER et al., 2011; SMITH; BELL;
KRAMER, 2002).
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Normalmente, a fluorescéncia quenthing é aplicada para definir as constantes de estabilidade
condicional (K) e a capacidade de ligacdo utilizando o modelo matematico de Ryan e Weber. O
modelo assume uma relagéo linear entre a concentracdo de metal complexado com a MO e a mudanca
na intensidade de fluorescéncia (CABANISS; SHUMAN, 1990). Dessa maneira, permite o calculo
dos parametros para um sitio padrao, individual no modelo de fluorescéncia quenching (CABANISS;
SHUMAN, 1990; ESTEVES DA SILVA; TAVARES; TAULER, 2006). Sitios de ligacdo causadores
da fluorescéncia quenthing ou sitios de ligacdo fluorescentes sdo creditados como formadores de
complexos 1:1 entre a matéria organica e os cations metélicos, como por exemplo do tipo Cu*3(GUO
et al., 2015).

Porém, apos a aplicacdo da fluorescéncia EEM uma grande quantidade de resultados é obtida o
que dificulta a identificacdo dos picos e as quantificagdes podem ser imprecisas e subjetivas (COBLE,
2007), técnicas de analise multivariadas sdo aplicadas, como a CP/PARAFAC sdo aplicadas para

melhorar a informacao.

O uso da modelagem CP/PARAFAC permite a decomposic¢ao dos componentes fluorescentes
da fluorescéncia EEM, que representam grupos funcionais que fluorescem na MO (LUCIANI et al.,
2008; MOUNIER et al., 2011).Portanto a combinagcdo EEM CP/PARAFAC pode ser utilizada para a
caracterizacdo quantitativa da matéria organica fluorescente (MOF) o que facilita a identificacdo e
quantificacdo de sinais subjacentes, denominados componentes (MURPHY et al., 2010), e também
pode oferecer resultados quantitativos para caracterizar as propriedades de ligagdo da MO com os
ions metalicos (GUO et al., 2015; MOUNIER et al., 2011; PLAZA; D’ORAZIO; SENESI, 2005).

Estudos vém utilizando a técnica de fluorescéncia EEM tanto para a caracterizacdo das
componentes fluorescentes das SH (&cidos fulvicos e humicos) (HUNT; OHNO, 2007; SIERRA et
al., 2005), como voltados para a associacdo com metais através da determinacdo das constantes de
complexacédo baseados em Ryan e Weber (1982) (ELKINS; NELSON, 2001; LU; ALLEN, 2002;
MERDY et al., 2009; MOUNIER et al., 2011; SMITH; BELL; KRAMER, 2002).

Elkins and Nelson (2001), desenvolveram estudo em &cidos falvicos (AF) fluviais o
qual permitiu associar a mudanga do comportamento da fluorescéncia com a adicdo de AI®* tal
estudo associou a afinidade dos grupos funcionais fenolicos e -OH stretch com a complexagdo do

metal APP*. Lu and Allen (2002) em estudos com matérias organicas dissolvidas sugeriram que o
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Cu?* é preferencialmente ligado aos grupos funcionais carboxilicos, principalmente em altas
concentracfes do metal. No entanto poucos trabalhos associando a intera¢do das SH com os metais
foram realizados em amostras de solos de ambientes tropicais. Mounier et al. (2010), apresentou um
estudo de complexacdo na matéria organica dissolvida (MOD) nas aguas de um igarapé na regido do
Alto Rio Negro-AM, e do comportamento da fluorescéncia quenching frente a adicdo de Cu?* e

identificou as constantes de fluorescéncia para a matéria organica dissolvida (MOD).

Este trabalho tem como objetivo o estudo da capacidade de complexagdo das substancias
himicas ( acidos fulvicos e humicos) de amostras de solos podzois na Bacia do Alto Rio Negro,
atraves da identificacdo das componentes fluorescentes das SHs, da avaliacdo das capacidades e
constantes de complexacéo destas substincias com os metais Cu?* e AI¥*, e da comparagdo com 0s
grupos funcionais obtidos com a fluorescéncia de Infravermelho com transformada de Fourier (FTIR)
que foi o objeto de estudo do capitulo 3. O Cu?* foi escolhido devido aos modelos apresentados em
muitos estudos de fluorescéncia e o AI** devido a sua participacio geoquimica nos ambientes de solos

acidos.

4.2 Materiais e Métodos
4.2.1. Area de estudo e coleta de amostras

O sitio de estudo encontra-se localizado no municipio de Sdo Gabriel da Cachoeira, Alto Rio
Negro, Amazonas (latitude 0° 14" S e longitude 66° 47°W). O clima da regido ¢ tipicamente quente
e Umido classificado como tipo Af (tropical chuvoso de floresta), com temperatura média anual de
25 ° C e precipitacdo em torno de 3000 mm (W. Képpen — Geiger, 1846-1940). O relevo é constituido
por planaltos de baixa altitude que exibem homogeneidade altimétrica (interflGvios tabulares e colinas
de altura entre 80 e 100 m ) (FRANCO; MOREIRA; BARBOSA, 1977).

A transeccdo de solos possui trés perfis e encontra-se em uma vertente retilineo-convexo-
cdncava de aproximadamente 75 m de comprimento, em uma microbacia cujo principal igarapé

possui dguas pretas. A descricdo precisa do sitio de estudo pode ser encontrada no capitulo 3.

Os solo foram caracterizados em trincheiras abertas e classificados de acordo com a FAO
(2006). No total foram coletadas 18 amostras de solos que se distribuem: no perfil 1 (P1) classificado
como Podzol bem drenado, com a presenca dos horizontes: Al11l, Al2, E1, E2, EBh e Bh. O perfil 2
(P2), Podzol hidromorfico, com os horizontes: A, A/E, E1, E2 e Bh e o terceiro perfil (P3)

denominado de Criptopodzol (no sentido de DUCHAUFOUR,1997), com sequéncia de sete
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horizontes: A11, Al12, A/E, Bhs, Cgl, Cg2 e Cg3. O perfil 1 esta localizado na alta vertente enquanto
o perfil 2 e 0 3 estdo localizados na média e baixa vertente. Os perfis de solo possuem diferentes
caracteristicas texturais. Nos perfis P1 e P2 todos os horizontes possuem textura arenosa com 0
mineral de quartzo prevalecendo de maneira residual, no P3 a textura varia de arenosa nos horizontes
All, Al2 e AJE, areia franca nos horizontes Bhs e Cgl e franco arenosa nos horizontes Cg2 e Cg.
As condices de variacdo do nivel do lencol freatico ndo s&o as mesmas durante o0 ano na regido, por
essa razao durante o periodo de coleta das amostras de solo (hovembro/dezembro 2013) o topo do
lencol fredtico ndo foi prospectado no P1; no P2 estava a 55 cm e no perfil 3 foi encontrado a 33 cm
(descrigdo completa da dinamica do lencol no capitulo 3).

4.2.2. Extracéo das Substancias humicas

Apos a coleta, as amostras de solo foram secas ao ar, passadas na peneira de 2 mm, moidas e
seguiram para o procedimento de fracionamento e purificagdo das substancias himicas realizado a
partir do principio de diferenca de solubilidade recomendado pela Sociedade Internacional de
Substancia Himicas (PERDUE; PERDUE, 2012).

Quatro gramas (4 g) de solos foram misturadas a 1 mol L* HCI com uma relagio
liquido/sdlido (L/S) = 10 e centrifugada a 433 ms™ para separar o sobrenadante do precipitado. Na
sequéncia, o sobrenadante foi neutralizado utilizando NaOH 1 mol.L?; logo apds o residuo foi
removido do sobrenadante por centrifugacéo (11180 ms2). O sobrenadante foi redissolvido com HCI
6 mol L e encaminhado novamente para a centrifugagdo (11180 ms?), o sobrenadante é o &cido
falvico (FA) e o precipitado o &cido himico (HA). O HA foi redissolvido com NaOH 0,1 mol L e
seguiu para purificacdo em filtro de polietersulfona, com o objetivo de remover a silica e a argila
ainda presentes na solugdo. Apds a filtracdo, o HA foi transferido para a membrana de celulose para
dialise. A dialise foi realizada com agua deionizada até que a agua apresentasse teste negativo para
ions cloreto (CI). O FA foi purificado em resina de adsorcdo, primeiro na resina DAX-8 e na
sequéncia, com a resina saturada com ions H*. Todas as extragdes foram encaminhadas para a
liofilizacdo e na sequéncia para a analise de fluorescéncia.

Ao final do processo de extracdo 36 amostras de SH foram obtidas (18 de AF e 18 de AH).

4.2.3 Andlise do quenching de fluorescéncia e modelo PARAFAC
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Quando a fluorescéncia espectroscopica é aplicada torna-se importante compreender que a
intensidade de fluorescéncia é proporcional a concentracdo do fluoréforo em solucdes muito diluidas
(absorbancia muito baixa) em relacdo a lei de Beer Lambert. Para concentra¢des suficientemente
baixas (absorbancia a 250 nm < 0.1) a luz incidente € ligeiramente e linearmente atenuada ao longo
do caminho 6tico. J& em concentragOes altas, uma parte significativa da luz incidente é absorvida
antes de chegar ao ponto onde a fluorescéncia é observada, assim a luz absorvida nao é linear com
quantidade de cromoforo, este efeito € conhecido como efeito de filtro interno (Inner Filter Effect)
(LUCIANI; REDON; MOUNIER, 2013). Com o objetivo de diminuir tal efeito 5 dilui¢Bes (50; 25;
12,5; 6,25 e 3,13 mg.L™) foram preparadas com agua Milli-Q e aplicadas as amostras antes do
experimento de quenching de fluorescéncias (MILORI et al., 2002; MOUNIER; BRAUCHER,;
BENAIM, 1999). Ao final do teste, a faixa de diluicio de 10 mg.L™ foi determinada por corresponder
a zona de linearidade da resposta de fluorescéncia que foi utilizada no estudo.

O estudo da capacidade de complexacio dos AF e AH com os fons metélicos de Cu 2* e AI¥*
foi realizado utilizando um esquema de diferentes concentraces (0 até 105,9 mg.L ™) em 16 cubetas
de quartzo de 1 cm (Tabela 4.1 e Figura 4.1); os extratos de AF e AH foram dissolvidos na
concentragéo de 10,0 mg/L com uma solugio tampao de acetato de sodio (0,001 mol.L %), o pH variou
entre 5,0 e 6,0 depois das adi¢gdes dos metais. As solucdes de metais utilizadas foram CuSO4.5H,0
(0,01 mol.L%) e Alx(SO3).18H,0 (0,01 mol.L™Y).
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Tabela 4. 1:Tabela da grandeza de adicdo dos metais utilizado no estudo de fluorescéncia quenthing, tal experimento foi
realizado para Cu 2* e AP,

CUBETAS | Volume | Volume | Volume | Volume | Volume | Volume | Concentragéo
amostra | Tampdo | Solucdo | Solucdo | Solucdo adgua | final da solucéo
(1] (uL) Metal 1 | Metal2 | Metal 3 (uL) (mg L-1)
(ML)* | (L™ | (L)
Branco 480 1000 0 0 0 1520 -
Amostra 1 480 1000 25 0 0 1495 0,00026
Amostra 2 480 1000 50 0 0 1470 0,00053
Amostra 3 480 1000 100 0 0 1420 0,00106
Amostra 4 480 1000 250 0 0 1270 0,00265
Amostra 5 480 1000 500 0 0 1020 0,00530
Amostra 6 480 1000 0 25 0 1495 0,02648
Amostra 7 480 1000 0 50 0 1470 0,05296
Amostra 8 480 1000 0 100 0 1420 0,10591
Amostra 9 480 1000 0 250 0 1270 0,26478
Amostra 10 480 1000 0 500 0 1020 0,52955
Amostra 11 480 1000 0 1000 0 520 1,05910
Amostra 12 480 1000 0 0 100 1420 10,59100
Amostra 13 480 1000 0 0 200 1320 21,18200
Amostra 14 480 1000 0 0 600 920 63,54600
Amostra 15 480 1000 0 0 1000 520 105,91000

*Solugéo Metal 1 (Concentragéo de 5x10+ mol /L); **Solucao Metal 2 (Concentragao de 5x10<); ***Solucdo Metal 3 (Concentragéo de 5x10< mol/L)
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Figura 4. 1:Comportamento da intensidade de fluorescéncia das SH no decorrer do experimento de fluorescéncia
quenching
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Todas as medidas de EEM no experimento de quenthing de fluorescéncia foram obtidas com
um Hitachi F4500 spectrofluoremeter, com faixa de aquisicdo de excitacdo entre 200-510 nm, e
emissao 240-700 nm, velocidade de 2.400 nm.min+ e 10 nm de abertura de excitacéo tanto como de
emissdo. A difusdo de luz fisica Rayleigh e Raman foi numericamente removida pelo método
proposto por (ZEPP; SHELDON; MORAN, 2004).

A andlise estatistica das EEM CP/PARAFAC foi realizada por meio do Software MATLAB
R2013a, através da extensdo “progmeef”, desenvolvida por R. Redon do laboratério PROTEE. O
algoritmo do software € baseado no trabalho de Bro (1997). O nimero de componentes foi escolhido
usando a Andlise da Consisténcia do tenso Ntcleo — CORCONDIA - (do inglés, CORe, CONsistency,
DIAgnostic-). A CORCONDIA consiste na estimativa da qualidade do modelo em capturar
informac0es trilineares; caso a consisténcia seja baixa (<60%) a utilizagdo do modelo é invalida. (Bro,
Kiers,2003). Segundo Bro (1997) o nimero de componentes que melhor se ajustam ao modelo devera
resultar em CORCONDIA superior a 60%.
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4.2.3.1 Determinacao da Constante de Estabilidade Condicional e Capacidade de Complexacao

A determinagdo dos parametros de complexacdo (constante de estabilidade condicional e
Capacidade de Complexagdo) foi realizada através da aplicacdo de dois modelos simples e
independentes de interacdo entre o sitio de complexacdo e o0 metal, baseado no principio de Ryan and
Weber (1982), um modelo de ligagdo um metal/um ligante (1:1) e um modelo com um metal/dois

ligantes (1:2). Estes modelos sdo regidos pelas seguintes equacdes quimicas:
Li+M < ML1 (1)

Onde L, é o sitio de complexacdo livre, MLy 0 complexo metalico e M o metal livre M=Cu

ou Al. Estes equacdes sdo controladas pelas constantes termodindmicas de equilibrio:
Modelo 1:1:
Ky = [ML4] / [L1] [M] (2)
CLi = [ML1]+[L4] (3)
Mo = [ML4] + [M] (4)
O modelo 1:2 também foi testado, ele considera dois sitios de complexacdo independentes:
Li+M < ML: e Lo+M < ML; (5)

Onde L: e L sdo os sitios de complexacéo livre; ML e ML, 0os complexos metélicos com 0s
sitios L1 e Lo, respectivamente e M=Cu ou Al. O equilibrio termodindmico entre os dois sitios é

controlado pelas seguintes equagdes:
Ki=[MLi]/[Li] [M] e Kz = [ML2] / [L2] [M] (6)
CL1 = [ML1]+[L4] e CLz = [ML2]+[L2] (7)
Mo = [ML1] + [ML3] + [M] (8)

Onde CL; e CL, sdo os numeros totais de sitios disponiveis para complexacdo da amostra.
Considerando que L1, Lo, ML: e ML, tem rendimento quantico de fluorescéncia individual @1, ®o,

®dnmr1 and dmi2 respectivamente. Com estes parametros € possivel calcular teoricamente a resposta
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de fluorescéncia IF1.1=f(L1, K1, Mo) and IF1.2=f(L1, L2, K1, K2, Mo) e 0 BIAS para otimizar as funcoes
seguintes :

BIAS::1=3[(IFi-IF11(CL1,K1,Moi)/IFi]? (9)
BIAS:.»=X[(IFi-1F1:2(CL1,CL2,K1,K2,Mqi)/IFi]? (10)

Onde IF; e Mo; sdo as contribuigdes do componente e a concentragéo total de metal adicionado
“1” no experimento de quenching. O ajuste de cada experimento de quenthing foi realizado utilizando
um algoritmo de simplex com constrintas positivas pelos parametros, com a fun¢do modificada
“fminsearch” de Matlab. Os dois modelos foram escolhidos porque sdo simples e rapidos para
investigar as propriedades de complexacdo da matéria organica. Para isso, foi comparado os BIAS
dos dois modelos para todos os experimentos de quenthing dos AH e AF, para as componentes C1 e
c2.

4.2.3.2.Determinacgdo do modelo de andlise

Para cada um dos modelos de complexacdo citados foi determinado os parametros de
complexacdo com o valor do BIAS, definido como a soma das distancias entre o valor experimental
e 0 valor do modelo de cada experimento de fluorescéncia quenthing. Os valores obtidos para o BIAS
do modelo 1:1 e do modelo 1:2 s&o apresentadas na figura 4.2.

Figura 4. 2: BIAS do modelo 1:1 e 1:2 para a componente 1 com metal Cu?* (A), componente 2 com metal Cu?* (B),
componente 1 com metal APF* (C) e componente 2 com o metal AI** (D)
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Para as otimizacGes realizadas com o metal Cu?* os resultados do BIAS se distribuem tanto
abaixo como acima da linha de controle (definida pelo modelo 1:1), pelo componente 1 (C1), e abaixo
pela componente 2 (C2). No caso dos resultados com o AI** a maioria das amostras encontram-se
abaixo desta linha, tanto por C1 como para C2. Dessa maneira, para fins de interpretacdo dos
resultados foi selecionado 0 emprego apenas do modelo 1:1.

4.3. Resultados e Discussao

3.1. Componentes fluorescentes dos AF e AH extraidos dos solos

A aplicacdo do modelo EEM-CP/PARAFAC nas amostras de AF e AH permitiu identificar 2
componentes fluorescentes para cada amostra de SH em cada um dos testes com metais (Cu?* e AI*),
totalizando 144 componentes (72 para o metal Cu?* e 72 para AI**). No conjunto total das
componentes sete fluor6foros sdo comuns tanto aos AF como aos AH e estdo sintetizado na figura
4.3.

Os valores CORCONDIA dos modelos dos experimentos de quenching variaram entre
99.9901 até 63.1926.
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Figura 4. 3: Espectros das 7 componentes obtidas apds o tratamento PARAFAC.

Componente A Compenente B Componente (

ne e

C -»mp-onrnh‘ D Componente E Coponente F

Componente G

Estutando a fluorescéncia da MO dissolvida Ohno et al. (2007), encontraram trés espectros de

emissdo e excitacdo através do tratamento EEM/CP-PARAFAC entre eles um com picos maximos
em ex/em = 339/ 470 nm e outro com picos maximo em ex/em = <240/ 465 nm, ambos sdo muito
semelhantes as componentes F e C, respectivamente encontradas neste estudo. Sierra et al. (2005),
descreveu fluoréforos com excitagdo e emissdo maximas em ex/em = 260/ 460nm e ex/em = 310/
440 nm nos AF, semelhantes as componentes A e B, respectivamente, e nos AH intensidade maxima
de excitacdo e emissdo em ex/em = 265/ 400 nm que se assemelha as maximas encontradas para a

componente E, deste trabalho.

A figura 4.4 apresenta a distribui¢do das 7 componentes nos perfis de solos e nos horizontes.
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Figura 4. 4: Distribui¢do das componentes entre os horizontes dos solos e 0s metais.C1: componente PARAFAC 1 e
C2: Componente PARAFAC 2

Profile P1 P2 | | P3

Horizon All|A12|E1|E2[EBhBh| A |AE|E1|E2 |Bh|AE|Al1|A12|Bhs|Cgl |Cg2 [ Cg3
C1-Cu AlAJAJA[A|JAlA B AlA|B|C
C2-Cu B | B B|B|B B|[B|[B B AF
Cl-Al B A|B|A|B B B|B|[B|A|A[A]|B
C2-Al B|A|B|B B B

Cil-Cu

C2-Cu D D D D|D D | D D | D AH
Cl-Al A

C2-Al D D D|D|D D D | D

A distribuicdo das componentes para AF revela predominio dos fluoréforos com
comprimentos de onda de excitacdo e/ou emissé@o mais baixos (componentes A, B e C), exceto para
0s horizontes Allps e Al2p3, que apresentaram os fluordforos das componentes E e F, que possuem
comprimento de onda excitacdo e emissdo mais altos. Os AH apresentaram fluor6foros com
comprimentos de excitacdo e/ou emissdo mais longos (componentes D, E, F e G), exceto no Bhpy,
que possui a componente A. Segundo Senesi et al. (1991) este comportamento pode estar associado
com SH de alto peso molecular e maior presenca de sistemas com anéis aromaticos, mais tipicos dos
AH, devido a esta estrutura. A diferenca dos comprimentos de onda de excitagdo-emissao denota a

clara diferenca entre o comportamento dos fluoréforos de AF e AH quanto a complexacao.

A distribuicdo das componentes entre os horizontes dos solos mostra que nos AF a
componente A prevalece no P1 em todos os horizontes, e esta relacionada ao metal Cu?* na
componente 1 (C1). Esta componente prevalece, também, no Bhs, Cgl e Cg2 do P3 tanto com o metal
Cu?* como com o AI** em C1; as componentes B e C distribuem-se em todos os horizontes dos trés
perfis para AF, e podem estar tanto em C1 como em C2. Nos AH a componente G prevalece em
todos os horizontes dos solos tanto para 0 metal Cu?* como para o metal AI** em C1, exceto no
horizonte Bhp,. As componentes D, E e F predominam nos horizontes de todos os perfis, para AH em
C2, tanto para Cu®* como para AI** (Figura 4.4).

Aparentemente ndo parece haver uma regra para a distribuicdo dos fluoréforos nos horizontes
dos perfis de solo. A nitida diferenca entre os AF e AH esta ressaltada. Algumas diferencas podem

ser apontadas pelo aparecimento de diferentes fluoréforos em relagdo ao metal Cu?* ou AIP*; isso
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pode ocorrer devido as diferentes ligagdes entre os grupos funcionais presentes nas SH e os ions
metélicos (ELKINS; NELSON, 2001), que evidenciam assim, tipos de fluorescéncia diferentes.

4.3.2. Estudo das constantes de complexacéo
4.3.2.1. Estudo da constante de estabilidade condicional (K) para Cu?* e AI3*

O parametro de ligacdo K significa a constante de estabilidade condicional (CHEN et al.,
2003; SMITH; BELL; KRAMER, 2002), e € relacionada com a forca de ligacdo dos sitios
complexantes disponiveis no sistema; para cada ligante existe uma constante de estabilidade (SMITH;
BELL; KRAMER, 2002).

Os valores de logKcy no metal Cu?* obtidos para a C1 da EEM/CP-PARAFAC dos AF
variaram de 1,29 a 5,19 e de 2,8 até 5,82 para a C2. Para os AH a C1 variou de 3,66 a 4,95 e a C2
variou de 2,56 a 5,33 (Figura 4.5).

Figura 4. 5:Distribuicio dos valores da constante K para as componentes 1 e 2 nos AF e AH com adigio de Cu? e sua
distribuicdo em grupos

Cl_Cu{log K)
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A distribuicdo dos logKcy nos AF e AH apresentaram variagdes entre os perfis e 0s horizontes
dos solos, tal distribuicdo permitiu uma divisdo em quatro grupos (Figura 4.5): primeiro grupo
(G1) apresentou amostras de AF que estdo acima da linha de relagéo 1:1, ou seja, possuem para a C2
altos valores de logKcy, € um grupo formado principalmente por horizontes de superficie dos trés
perfis (Allp1,Al2p1 € Al2p3) exceto devido a presenca do horizonte Cg3ps3, 0 segundo grupo (G2)
apresenta os valores proximos a linha de relagdo 1:1, ou seja os valores da C1 e da C2 proximos, é
formado principalmente por amostras de AF tanto de horizontes de superficie como de horizontes de
profundidade, neste grupo encontram-se apenas duas amostras de AH (Elp2,A12p3); 0 terceiro grupo
(G3) apresentou valores abaixo da linha da relagdo 1:1, os valores da C1 sdo maiores que os valores
da C2, é composto por amostras AF de subsuperficie (EBhp1, Bhp1, Bhsps, Cgles € Cg3ps) € a amostra
de AH E2p;. O quarto grupo (G4), também apresentou valores proximos a linha 1:1, a diferenga para
0 grupo dois e que os valores de C1 e C2 sdo maiores, além disso no grupo estdo presentes o maior

namero de amostras de AH de horizontes variados, exceto pela presenca do horizonte Cg2pz de AF.

Observando a distribuicdo dos valores da constante logKcy dos horizontes dos solos nota-se
que o AH apresentou maior homogeneizacgdo; a maior parte das amostras sao encontradas no grupo
4, para 0 AF a variacdo dos valores de logKcy foi maior, e as amostras estdo distribuidas entre os
quatro grupos. A diferenca dos valores obtidos entre os AF e AH demonstra que as moléculas de AF
apresentam uma variedade maior de sitios de complexacdo que os AH. Possivelmente os AF ndo
possuem 0s mesmoa sitios de complexacdo de Cu*? que para os AH e possuem ainda, sitios
disponiveis para complexagdo, j& com os AH o comportamento foi diferente e mais homogéneo, o
que pode significar que os sitios de complexacdo disponiveis para ligagio com Cu?* foram

preenchidos, isso explica a maior parte das amostras estarem préxima a linha de modelagem.

Estudo anteriormente realizado para a determinacdo da fluorescéncia quenching da MO de
solos franceses com textura arenosa, Merdy et al. (2009), encontrou valores de logKcy que variaram
entre 2.2 a 3.0 com a adi¢cdo do metal Cu?* e Mounier et al. (2011), nas MOD da microbacia deste
estudo, encontrou valores de logKcy entre 2.8 e 3.9. Os valores da constante de logKcy s@o em média
semelhantes aos dos solos podzolizados estudados, demonstrando que a forca de ligacdo das matéria

organicas possuem valores médios.
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A figura 6 apresenta o estudo da constante logkai com a adicdo do AI®*. As constantes
variaram no AF de 0.77a4.81 naCl e de 0.81 a 6.41 na C2, para os AH os valores variaram de 3.66
a4.96 na C1 e na C2 de 4.00 até 5.00 (Figura 4.6).

Figura 4. 6:Distribuigio dos valores da constante K para as componentes 1 e 2 nos AF e AH com adicéo de AIPF* com seus
respectivos grupos

KCLAl 11-XKC2 Al L)

Os AF e AH com o metal AI** também apresentaram uma subdivisdo em grupos, o primeiro
(G1) com os valores que estdo acima da linha do modelo 1:1, a C2 apresentou valores maiores que a
C1, formado por amostras de AF dos horizontes eluviais (E1p1, E2p1 € Elpy), 0 grupo 2 (G2) com os
valores préximos a linha do modelo 1:1, com valores da C1 e da C2, proximos, composto por todas
as amostras de AH analisadas e pela amostras de AF dos horizontes A12p3, Cglpes e Cg2p3, € 0 terceiro
grupo (G3) com os valores abaixo da linha, ou seja valores da C1 maiores que os valores da C2, que
é formado por AF de horizontes tanto de superficie como de subsuperficie (EBhp1, AEp1, Bhp1, Bhpy,
Bhsps, Allpz, Ap2 € Cg3ps).
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A tendéncia dos valores de logKai permitiu identificar uma clara divisdo com relacéo a forca
de ligacdo dos AF dos horizontes eluviais dos perfis P1 e P2 (G1) dos demais AF que estdo presentes
no G2 e G3. Os AH mais uma vez apresentaram valores homogéneos, para todas as amostras presentes
no G2, significando que os sitio de complexacdo dos AH sdo semelhantes entre os perfis e 0s
horizontes dos solos estudados para o metal AI**; ja para os AF existem diferencas nas forca de

ligacdo entre os sitios disponiveis nos horizontes dos solos e 0s metais.

Estudos da fluorescéncia quenching com o metal AI**, Ryan et al, 1996 (apud KELLY M.
ELKINS; NELSON, 2002) dos podzois apresentou valores de logKaiem torno de 5.79, em pH 4, os
valores de padrdes oferecidos pela IHSS enumerou que logK. de amostras com pH entre 4 e 5 variam
de 4.67 a 6.45. As amostras de AH analisadas neste trabalho apresentaram resultados que estdo dentro
da faixa daqueles encontrados na bibliografia; no caso dos AF algumas amostras apresentaram valores
fracos de logK.. Mais uma vez, os AF apresentaram uma grande variabilidade de tipo de forca de

ligacdo do que para AH.

Entre os metais a tendéncia de logK nédo foi a mesma entre os AF e AH e entre os metais. De
maneira geral, os valores obtidos para 0 Cu?* sdo levemente maiores que os de Al®*, possivelmente
porque os sitios de complexagdo das amostras disponiveis para a ligagdo com o metal Al** ja foram
ocupados do que os sitios disponiveis para o Cu?*, tal comportamento pode ocorrer devido as
diferencas de ligacdo entre os metais e 0s grupos funcionais das SH que sdo responsaveis pela
complexacdo destes metais; o Cu?* possui uma tendéncia de realizar ligacbes com 0s grupos
funcionais carboxilicos (LU; ALLEN, 2002) e o AI** tem uma tendéncia de complexagdo com grupos
fendlicos (ELKINS; NELSON, 2001), apesar da afinidade com o grupo funcional carboxilico, no
entanto esta diferenca de comportamento responde pelos diferentes valores de logK entre os metais e
também entre as SH, ja que para os AF os valores foram mais heterogéneos do que para os AH para

ambos os metais, demonstrando uma variedade de comportamento dos sitios de ligacdo dos AF.

4.3.2.2. Estudo da Capacidade de Complexacéo para Cu?* e AI®*

A capacidade de complexacdo (CC) indica a capacidade do sistema em formar complexo em
relacdo a quantidade de carbono (C) das SH (RYAN ’; WEBER, 1982; YAMASHITA; JAFFE,
2008). Neste estudo a determinacdo da CC foi realizada com relacdo a massa de carbono obtida para
as substancias humicas:
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CCi=(CL1,c1+ CLic2) / (mHS; * %Cj)

Onde CC; ¢ a capacidade de complexagdo da amostra “i” em mol of M per mg of C (M = Cu ou Al),
CL1, c1 € CLi,c2 0s nimeros de sitios de complexacdo da amostra calculado respectivamente pela
componente CP/PARAFAC, C:1 e Cz; mHS ¢é a massa de substancia humica (AF ou AH) na amostra
(10 mg.L™! neste trabalho) e %C;i a percentagem de carbono em massa na substancia hiimica analisada.
Os valores obtidos para a constante tanto para o Cu*2 como para o Al*® podem ser observados na

figura 4.7.

Figura 4. 7:Distribuicdo da capacidade de complexagio (CC) nos AF e AH com o0s metais Cu®* e APF*
JEO6
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Os valores das constantes CCc, dos AF variaram de 3.83.10"° a 9.43.10% molcy. MgC* e
para AI** de 4.63.10° a 1.06.10"% molcu. MgC™ e nos AH os valores variaram de 1.71.10°2° molcy.
MgC™ até 4.2.10° molcy. MgC™ para Cu*? e de 9.97.10"° molcy. MgCaté 2.78.10% molcu. MgC

Lpara Al*S,

A distribuicdo dos valores ocorre em dois grupos bem definidos: o grupo 1 (G1) composto
principalmente por amostras de AH e algumas amostras de AF (Allp1, E1p1, E2p1, Bhpi, E2p2 € Cg2ps)

com valores de capacidade de complexacio baixos tanto para o metal Cu?* como para o Al**. O grupo
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2 (G2) possui valores da constante de médio a alto e é composto principalmente pelos AF e algumas
amostras de AH do perfil 3 (Allps, A/Eps, Bhsps, Cglps, Cg2ps € CQg3pa).

Os valores de CC para Cu?*, normalizados (considerando 50% de C), em éareas fluviais ¢é de
1.74.10° molcy.mgc? (GRIMM et al., 1991) e para AP* é 4,83.10% mola .mgc? (ELKINS;
NELSON, 2001) em SH de areas fluviais. Nos solos a média dos valores sio entre e 2.57.10° e
1.75.10° molc, .mgc? (MERDY et al., 2009) e 5,60.10° molcy .mgc? (PLAZA; D’ORAZIO;
SENESI, 2005), exceto para estes ultimos os valores encontrados no estudo estdo na mesma faixa dos

valores encontrados na literatura.

No entanto, ndo é possivel afirmar a existéncia de diferengas entre os sitios de complexagao
do Cu?* e do AI** porque os valores de CC s&o proximos e correlacionados, porém os valores indicam
uma clara divisdo das amostras presentes nos grupos. Possivelmente as amostras presentes no G2
possuem maior eficiéncia com relagdo a capacidade de complexacdo do que as amostras do G1. O
grupo G2 é composto principalmente por AF, indicando que com relacdo a capacidade de
complexacdo os AF possuam maior capacidade, isso pode ocorrer devido a sua superficie especifica
maior quando comparada a dos AH, o que lhes confere a maior capacidade de realizar trocas

catidnicas.

4. 3.3. Espectroscopia de Fluorescéncias

A figura 4.8 apresenta a distribuicdo das intensidade dos grupos funcionais, estiramento -OH
(3,440 - 3,100 cm™?) -CH alifatico (2,940 - 2,900 cm™) C=0 carboxilicos (1,720 - 1,660 cm™), C=C
aromaticos (1,590 cm™); grupos fenolicos (C-O) (1,250 cm™) e C-O polissacarideos (1,050 cm™).

Figura 4. 8: A, B, C, D, E and F, distribuicdo da intensidade do comprimento de onda dos grupos funcionais nos AF e
AH dos horizontes dos trés perfis de solo estudados
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Existem semelhancas e diferengas com relagéo a distribuicdo dos grupos funcionais nos perfis
e nos horizontes dos solo (descricdo completa no capitulo 3), porém €é possivel verificar uma

distribuicdo em ordem de importancia entre os AF e 0s AH.

Nos AF os grupos funcionais que possuem maior intensidade sdo os grupos funcionais
carboxilicos, seguidos dos grupos aromaticos e na sequéncia pelo grupo fendlico. Nos AH a ordem
de importancia é dos grupos funcionais polissacarideos, seguidos pelos grupos fendlicos e grupos

aromaticos.

Com essa ordem de importancia é possivel confirmar diferenca na distribuicdo de grupos
funcionais para AH e AF. Esta diferenca possivelmente vai refletir nas forca de ligacao entre a SH e
o metal (logK) e na sua capacidade de complexacdo (CC), que estdo correlacionadas, portanto, com

a distribui¢do dos grupos funcionais.
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4. 3.4 Relagéo das Constante de Estabilidade e Capacidade de Complexacéo dos AH e AF em relagéo
com 0s metais e grupos funcionais.

Para compreender como as propriedades espectroscopicas das SH estdo correlacionadas com
as propriedades de complexacdo, foram realizadas anélises estatistica das componentes principais
(ACP) utilizando os dados de espectroscopia UV-Vis (E2/Ez e E4/Es), e 0s grupos funcionais do FTIR

(capitulo 3) com as constantes logK e CC.

As Figuras 9 e 10 apresentam a analise ACP projetada nos primeiro (pcl) e segundo (pc2)
eixos (Figura 9), e a ACP projetada no segundo (pc2) e terceiro (pc3) eixos, respectivamente (Figura
10). O grafico A representa os vetores que estdo abaixo da projecdo dos pontos de acordo com a
distribuicéo dos valores das constantes K e CC (tanto por Cu (II) como para Al (111)) em relagédo com

a intensidade do FTIR e as relag¢Ges obtidas no UV-Visivel.

A ACP mais representativa dos eixos pcl e pc2 explica a variancia de 49,01% (Figura 9A).
Existem quatro quadrantes de distribuicdo das componentes CC e K. A distribuicdo das componentes
CC e K indicam correlacédo fraca entre elas (quadrante superior direito) e correlacdo oposta com as
percentagens dos grupos funcionais C=0 carboxilico (COOH), C=C aromético (C=Ca), C-O
éter/alcool (C-Oa) e polissacarideos (C-Opl) (quadrante inferior esquerdo) e com o valor de E4/Es. A
outra correlacdo oposta é entre os grupos funcionais -CH alifatico (CH) e -OH (superior esquerdo)

com a relagdo E2/E3. As constantes possuem uma correlagcdo oposta com os grupos funcionais.

Figura 4. 9:Analise das componentes principais para pcl e pc2 das constantes K, CC, distribui¢do dos grupos
funcionais e das relagbes E2/E3 e E4/E6 . As letras A, B, C, D, E, F e G indicam as componentes CP-PARAFAC
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Os AF na APC (Figura 4.9B) apresenta distribuicdo que estende-se do meio para a direita, no
sentido dos quadrantes que indicam o aumento das constantes K e CC (pontos verde e preto), tanto
para 0 metal Cu?* como para o metal AI** poucos AH encontram-se neste sentido. Oposto a este
primeiro conjunto de amostras, no sentido da esquerda, estdo os AH (em vermelho e azul), também
para ambos os metais. Algumas amostras de AF estdo presentes no eixo central e outras encontram-

se distantes deste eixo no sentido da esquerda.
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A projecédo (Figura 4.9B) indicou que os AH possuem maior importancia com relagdo aos
grupos funcionais, por isso as amostras seguiram esta tendéncia. Para os AF a maior importancia foi

com relacdo as constantes logK e CC, indicando que estas constantes aumentam nos AF.

A segunda projecdo (figura 4.10A) representa a variancia de 33,58% dos eixos pc2 e pc3.
Observa-se que os grupos funcionais (C-Car) e (COOH) (superior esquerdo) com o logK (inferior
direito) ndo sdo correlacionaveis. O mesmo acontece com grupos funcionais C-Oaj C-Cpol € 0 indice
E4/Ee (inferior esquerdo) com a constante CC. Nesta projecao é possivel observar que as constantes
logK e CC sdo em parte, ndo correlacionadas com os grupos funcionais. Entretanto, observa-se
correlacdo positiva entre CC e COOH, C-Car € 0 indice E2/Es, e correlagdo negativa com CH; OH e
logK. Por outro lado, existe correlagéo positiva entre CH; OH e logK e COal, C-Cpol e E4/Es. Estes
ualtimos correlacionam negativamente com COOH, C-Car € 0 indice E2/Es.

Figura 4. 10:Andlise das componentes principais para PC3 e PC2 das constantes logK , CL e da distribuicdo dos
grupos funcionais e das relacbes E2/E3 e E4/E6

S
A
| B
- E2.E3 CL
2
n
R o
pet >
= 2 xen
o
[&]
X.C.3p& CAl
w0 E 4E 6 K
S
<
; T T T T
-1.0 0.5 0.0 05 1.0
c2: 1859 %

116



€3: 1399 %

i
4
~ H " | .
g% H 5
s ok & S ®
SR N s :*
3 A
. | e
G350 0w :&'a.i".'
e
.

1399
Bt
« 7o

" ALFA = ALHA = CuFA = CuHA

2: 1853 %

Na distribuicdo da ACP é possivel verificar que as componentes dos dois metais pouco se

diferenciam em ambas as projecdes (Figuras 4.9 e 4.10).

A partir das analises estatisticas e dos experimentos espectroscopicos foi possivel verificar
que os AH apresentaram melhor correlacdo com os grupos funcionais, uma vez que a analise ACP
indicou distribuicdo de AH que acompanha a dos grupos funcionais, mostrando afinidade tanto de
Cu?* como AI** com os grupos CH; OH; COai, C-Cpal, com logK e com E4/Eg. Disto decorre que a
forga de complexagdo é maior dos grupos CH; OH; COAI, C-Cpol, com os metais. Entretanto, para
parte das amostra a CC tem papel secundario, denotando maior disponibilidade de sitios para
complexacdo. Os AF, tanto para Cu?* como para AI**, sequiram a distribuicio de CC e COOH, C-
CAr e o indice E2/Es, e CH; OH e logK. A distribuicdo mostra que a forca da ligacdo para parte dos
grupos funcionais (COOH, C-Car) € menor, mas que a CC desempenha papel importante, revelando

menor disponibilidade de sitios para complexacao.

Os AH possuem maior peso molecular, por isso a maior disponibilidade de sitios para
complexacdo. Significando gue a quantidade de metais usada no experimento ndo foi suficiente para
saturar todos os sitios para complexacao. Nos AF o comportamento ndo € 0 mesmo uma vez que estes
possuem um peso molecular menor, significando que a quantidade doe metais usada no experimento

foi suficiente para saturar os sitios disponiveis para complexacéo.
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4. 4. Conclusao

Os experimentos de quenching de fluorescéncia, por meio da analise das constantes de
estabilidade condicional e da capacidade de complexacéo, das substancias himicas extraidas de solos
podzolizados da bacia do Rio Negro, podem contribuir para o entendimento do papel da matéria
organica nos pedo-ambientes. O estudo ressaltou a diferenca dos fluoréfaros existentes nos AF e AH,
e revelou valores das constantes logK variando de 3,66 a 5,00, e CC variaram de 3, 83.10*° mol.mgc
a1, 06.10% mol.mgc?. Os resultados refletem, também, significativa correlagio entre a

complexacéo e os grupos funcionais.

Dois comportamento podem ser indicados com base nas constantes analisadas:

A constante logK indicou diferencas entre a forca de ligagio das SH com os metais Cu?* e
AIP*, para o primeiro as constantes foram em média maiores, indicando que como o maior nimero de
grupos funcionais das MO tem maior forca de ligagdo com o Al®*, onde a forca de ligacio foi menor.
Isso pode ocorrer porque os sitios disponiveis para tais ligacdes ja foram ocupados com o metal. Para
o Cu?" comportamento da constante foi mais variavel no caso das amostras analisadas, isso significa
que ainda existam sitios de ligacdo disponiveis em alguns horizontes dos solos. As diferengas entre
0s AF e AH neste caso, foi que os AF possuem valores muito mais variados da constante que os AH,

para ambos 0s metais.

A Capacidade de Complexagdo (CC) possui uma diferenca clara entre os AF e AH. Os AF
possuem valores levemente maiores que 0os AH, o que indica maior capacidade de complexacdo para

a primeira fracdo. Os metais analisados (Cu?* e AI**) ndo indicaram grandes diferencas.

As analises permitiram indentificar diferentes participacdes dos AF e AH com relacdo a
complexacdo dos metais no sistema podzolizado analisado, os AF sdo possivelmente as fracGes mais

ativas ou reativas e estédo contribuindo mais para as reag0es que ocorrem neste sistema ambiental.
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Considerac0es Finais

Os solos estudados na micro-bacia correspondem a uma segunda geracdo de podzois que esta
superimpondo sobre gleisolos. Tal processo de superimposicao e a subsequente instalacdo da rede de
drenagem atual é fortemente responsavel pela evolucdo da pedo-paisagem da micro-bacia. A
instalacdo e incisdo da rede de drenagem na superficie do baixo plateau amazdénico modifica 0s
relevos e melhora as condic¢des de drenagem dos solos mais profundos (Thick Podzol) localizados
nas zonas de topo de colinas ou em remanescentes do plateau, e expde nas encostas 0s saprolitos
hidromérficos que sdo superimpostos pela podzolizacdo dando origem aos podzois hidromorficos e

criptopodzdis, como os encontrados na micro-bacia estudada.

Embora a evolugéo da pedo-paisagem ndo tenha relacéo direta com as SH presentes nos solos
da micro-bacia, a sequéncia e as caracteristicas dos solos, que se configuraram a partir desta evolucao
respondem pelo tipo de distribuicdo das SH na sequéncia de solos estudados. A diferenca textural dos
solos de montante a jusante da encosta, as caracteristicas de porosidade e variacao do lencol durante
0 ano, nos solos, estabeleceram a regra de distribuicdo de AF e AH tanto na sequéncia dos perfis na

encosta, quanto nos horizontes, para cada perfil de solo.

Assim é que a condensacao e aromaticidade do AF tende a decrescer no sentido da jusante da
encosta, partindo de um polo mais arenoso para um polo menos arenoso e de um ambiente mais seco
para um ambiente constantemente encharcado de dgua. Foge a esta distribuicdo os horizontes pouco
porosos e menos Umidos a secos, da base do perfil P3 (Cgl; Cg2 e Cg3), que localizam-se na jusante
da encosta, e que apresentaram altas condensacao e aromaticidade. Depreende-se disto que o AF
torna-se mais condensado e mais aromatico em pedo-ambientes menos Umidos. Para 0 AH a
condensacdo e aromaticidade aumentam do topo para a parte mediana da encosta, decrescendo,
posteriormente no sentido da base da encosta. Os AH nos horizontes Cgl; Cg2 e Cg3 fogem a esta
distribuicdo; sdo mais condensados e menos aromaticos. Disto decorre que para o AH altos indices
de condensacao e aromaticidade sdo fortemente influenciados por pedo-ambientes temporariamente
umidos como os do P2 localizado na meia encosta. As analises UV-Vis ddo conta que nestes pedo-

ambientes, representados pelos trés perfis o AF é mais condensado e mais aromatico do que o AH.

As caracteristicas que determinam a distribuicdo das duas fracBes humicas na encosta,
acrescenta-se a porosidade, a presenca ou ndo de agua nos horizontes dos perfis de solos e a flutuagéo

119



do nivel do lencol nos horizontes para explicar a distribuicdo de FA e HA nos horizontes de cada

perfil de solo. Desta maneira, para o AF acredita-se que:

1) porosidade baixa leva a maior condensacdo na zona de batimento do lencol ou em ambiente seco

eventualmente visitado pela agua;

2) pedoambientes pouco porosos e secos levam a diminui¢cdo da condensacdo, portanto esta depende

da flutuacéo do lengol para aumentar;

3) orosidade baixa nos horizontes da zona de oscilacdo do lencol influi positivamente a aromaticidade

nos pedo-ambientes frequentemente imidos ou secos com visita eventual da agua;

4) porosidade desempenha papel secundario para a aromatizacéo e condensacao nos ambientes muito
encharcados de agua.

Para o HA os resultados e interpretacdes revelaram que:

1. A aromaticidade nos horizontes dos perfis dos solos relaciona-se aos meios mais porosos e
independe da oscilacdo da agua do lencol,

2. Nos meios temporariamente mais Umidos a aromaticidade é maior;

3. Nos ambientes secos e argilosos aromaticidade é menor

4. Maior condensacdo independe da porosidade, na zona de oscilagdo do lencol, mas depende

de maior porosidade em horizontes com agua permanente.

Os AF estudados sdo mais condensados e aromaticos do que os HA. Entretanto os AF tém,
principalmente, carater hidrofilico e alifatico, e secundariamente o carater é dado pela presenca das
funcbes aromatica e carboxilica. O AH por sua vez é possui carater definido pelas funcGes
polisacaridio e ether-alcool, mas, secundariamente, seu carater € também alifético e hidrofilico.

O carater imposto pelos grupos funcionais ajudam a entender a capacidade de complexacdo dos
AF e AH com os metais Cu*? e Al*3, obtidas com o experimento realizado.Os AH apesar de serem
melhor co- relacionados com os grupos funcionais que complexam o0s metais possuem maior
disponibilidade de ligacdes, esta disponibilidade provoca sua menor participacdo no caracter da
complexacdo, ao contrario, os AF, que sdo moléculas de menor pesso molecular e mais soltveis,

apresentaram maior tendéncia a complexacao.
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Acredita-se que embora a evolugdo da pedo-paisagem ndo tenha relacdo direta com as
caracteristicas das substancias himicas e sim com a matéria organica total, nos horizontes dos solo
foi verificada diferencas geoquimicas entre os acidos fulvicos e acidos himicos e estad diferencas
acompanham os processos de alteragdo dos solos podzolizados e contribuem para o transporte da
matéria organica em profundidade. Acredita-se que os acidos himicos possuem tanto cadeias de
carbono aromaticas como com cadeias de carbono alifaticas na sua composicdo e ambas permanecem
por mais tempo nos solos e precipitam-se em profundidade, nos acidos fulvicos as cadeias de carbono
permanecem nos solos estdo relacionados mais a aromaticidade, uma vez que esta substancias séo
mais solUveis em meio &cido e possuem maior contribui¢do na alimentagdo das aguas de drenagem.

Conseguentemente a existéncias de cadeias de carbono influenciam na complexagdo dos metais
0 que permite levantar a hipotese de que os acidos fulvicos, principalmente, dos solos hidromorficos,
que possuem um papel fundamental no desenvolvimento do meio &cido, e permitem assim, no avango
da podzolizagdo e também o acimulo do C em profundidade.

Portanto, é possivel verficar que existe um equilibrio no sistema ambiental apresentado e que as
matérias organicas, bem como o0s outros elementos do sistema, possuem participacdo nas
transformacOes pedo-ambientais e estas transformacGes sO continuardo ocorrendo atraves da

preservacdo ambiental deste ambiente.
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Anexos

Perfil Solo Profundidade | Horizonte Cor Areia Argila Silte Areia Areia Textura C (%)
grossa fina grossa+ .
Munssell (%) (%) (%) Areia Fina (fracdo total)
(%) (%)

Podzol bem 0-3 A 5YR4/1 79,9 2,5 2,1 15,5 95,3 Arenosa 14,58
drenado

Podzol bem 3-30 AE 5YR5/1 79,0 3,2 0,20 17,6 96,6 Arenosa 1,11
drenado

Podzol bem 30-63 El 5YR7/1 72,5 2,2 1,2 24,1 96,7 Arenosa 0,40
drenado

1

Podzol bem 63-150 E2 5YRS8/1 66,6 1,2 51 27,1 93,7 Arenosa 0,19
drenado

Podzol bem 120-150 EBh 10YRS8/1 73,0 35 0,9 22,6 95,6 arenosa 14
drenado

Podzol bem 150+ Bh 5YR2.5/2 70,2 7,5 6,5 15,8 86,0 Areia- 6,7
drenado Franca

Podzol 0-3 A 5YR4/1 715 1,7 3,5 23,3 94,8 arenosa 9,87
Hidromorfico
Podzol 3-19 AE 5YR5/2 79,7 1,8 0,8 17,6 97,4 Arenosa 0,77
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Hidromorfico

Podzol 19-55 El 5YR6/1 71,2 0,2 2,9 25,7 96,9 Arenosa 0,05
Hidromorfico

Podzol 55-97 E2 White page 65,7 1,65 2,6 30,1 95,8 Arenosa 0,02
Hidromorfico N 8.5/

Podzol 97+ Bh 5YR3/2 61,1 7,9 3,5 27,5 88,6 Arenosa 2,6
Hidromérfico
Criptopodzol 0-3 A 5YR3/1 65,1 6,3 4,0 24,6 89,7 Arenosa 12,51
Criptopodzol 3-14 Bh3 5YR5/1 69,0 4,1 1,7 25,2 94,2 Arenosa 0,97
Criptopodzol 14-33 Bh2 5YR6/1 68,1 1,6 1,7 28,6 96,7 Arenosa 0,29
Criptopodzol 33-43 Bhs 5YR2.5/1 56,9 14,6 8,4 20,1 77,0 Areia franca 12,40
Criptopodzol 43-52 Cgl 2.5YR6//4 61,3 11,5 12,0 15,2 76,5 Areia franca 3,94

4

Criptopodzol 52-80 Cg2 2.5y7/4 59,0 22,4 10,4 8,2 67,2 Franco arenosa 2,19
Criptopodzol 100+ Cg3 2.5y8/2 40,8 34,1 17,9 7,2 48,0 Franco argilo arenosa 1,15

130




131



