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RESUMO

O estudo pioneiro da composicao isotdpica do Fe nas fases particuladas e dissolvidas
das 4guas do rio Amazonas reporta grande fracionamento isotopico entre as diferentes
fracdes no rio Negro e nenhum fracionamento no rio Solimbes. Embora as distintas
composicdes isotdpicas tenham sido relacionadas as caracteristicas quimicas das aguas e a
natureza dos solos, os resultados sdo parciais e ndo possibilitam a total compreensédo da
sistemética do fracionamento isotépico do Fe na escala da bacia Amazbnica. Para
determinar, com melhor precisdo, os principais processos biogeoquimicos responsaveis pelas
diferentes composi¢des isotopicas anteriormente observadas, este trabalho teve como
objetivo avaliar a influéncia da especiacdo do Fe na composi¢ao isotopica deste elemento em
aguas com caracteristicas quimicas contrastantes da bacia Amazbnica. Primeiramente, foi
avaliado o fracionamento isotopico causado pelo processo de adsorcao do Fe na superficie
celular de bactérias fitoplanctbnicas em experimentos laboratoriais, uma vez que este
processo jamais foi investigado e pode ter influencia significativa no fracionamento isotépico
do Fe em aguas com elevada produtividade primaria. Em seguida, foi avaliado o efeito do
armazenamento e filtracdo de amostras na composicéo isotdpica do Fe dissolvido, necessario
a definicdo dos métodos de amostragem, armazenamento e filtracao utilizados neste projeto.
Com base nestas informacgdes preliminares foi determinada a composigéo isotopica da fragao
dissolvida, coloidal e particulada dos diferentes tipos de aguas encontradas na bacia
Amagzonica, associando as razdes *'Fe/**Fe encontradas aos processos pedogenéticos e de
intemperismo mineral. Por fim, foram avaliados os principais mecanismos geoquimicos que
envolvem a perda do Fe na zona de mistura dos rios Negro e Solimdes. As razbes dos
isétopos de Fe foram determinadas utilizando um Thermo Finnigan Neptune MC-ICP-MS
(Multicollector — Inductively Coupled Plasma — Mass Spectrometer) de alta resolucao.

O projeto demonstrou, pela primeira vez, que o processo de adsorcdo do Fe na
superficie celular do fitoplancton pode causar variacdes significativas nas razbes °'Fe/*'Fe
através da adsorcao preferencial de is6topos pesados de Fe. O fator de fracionamento
(A*"Fecerso) fOi de ~2.5%0 para solugdes iniciais contendo espécies de Fe** e de ~1.0%o para
solucdes iniciais contento espécies de Fe**. A acumulacéo preferencial de isétopos pesados
na superficie celular foi associada, principalmente, aos diferentes tipos de ligacdes
encontradas no Fe coordenado a 4gua e no Fe complexado aos ligantes organicos presentes
na parede celular do fitoplancton. O Fe adsorvido apresenta ligacdes tipo Fe-O-C,
consideradas mais curtas e rigidas, quando comparadas com as ligacdes tipo O-Fe-O
encontrada nos aquocomplexos de Fe. Estes resultados demonstraram claramente que o
mecanismo de adsorcdo do Fe na superficie celular do fitoplancton pode causar o
fracionamento isotdpico deste elemento em ambientes naturais, principalmente, em rios com
elevada produtividade primaria como, por exemplo, 0s rios de aguas brancas e as regides de
varzeas e lagos encontrados na planicie de inundacdo Amazonica.

Também foi demonstrado que a estocagem de amostras de 4gua bruta pode causar
variacbes na composicao isotdpica do Fe dissolvido, principalmente, nas aguas com elevadas
concentragcdes de matéria organica armazenadas a temperatura ambiente. A comparacao
entre diferentes procedimentos de armazenamento demonstram que as amostras devem ser
mantidas congeladas, sempre que néo for possivel filtrd-las no campo imediatamente apés a
coleta, para minimizar alteracdes isotopicas na fracdo dissolvida. Os resultados também
demonstraram que os dados isotdpicos sdo menos susceptiveis a variacao entre os diferentes
procedimentos de armazenamento quando comparados as suas concentracoes nas fracdes
dissolvidas.



Os valores &°'Fe das diferentes fracdes da agua forneceram informacdes precisas
sobre as fontes e os processos biogeoquimicos que ocorrem nos solos a montante e
provaram ser um indicador confiavel dos mecanismos que envolvem a perda e a transferéncia
de Fe na zona de mistura do rio Negro e Solimbes. A fracdo dissolvida e coloidal das aguas
acidas, ricas em Fe complexado as substancias himicas apresentaram Fe enriquecido em
is6topos pesados para amostras coletadas nas aguas altas de 2009 e aguas baixas de 2010.
Este processo estd associado aos mecanismos de oxidacdo e complexacdo do Fe na
interface entre os Podzols e as redes fluviais. A fragdo particulada apresentou composicao
isotopica leve relacionada a exportacdo continua de residuos vegetais e matéria organica
associada as particulas minerais dos horizontes dos Podzols com caracteristicas redutoras.
Na seca excepcional de 2010, as aguas ricas em particulas minerais do rio Solimdes
apresentaram fracdes dissolvidas e coloidais com composicao isotépica de Fe leve, atribuida
a cinética de dissolucao de oxihidroxidos de Fe e ao fracionamento causado pelos processos
de adsorcéo e especiagcdo. Por outro lado, nas aguas altas de 2009 a composi¢cao isotdpica
da frac@o dissolvida foi semelhante a média da crosta terrestre, evidenciando um intenso
processo de intemperismo mecanico e o transporte de oxihidréxidos de Fe coloidais. Para
ambos os periodos hidrolégicos, as fragBes particuladas das aguas do rio Solimdes
apresentaram valores 8°'Fe préximos aos da média da crosta continental, atribuidas ao forte
desgaste mecénico na Cordilheira dos Andes e nos solos a montante. As distintas assinaturas
isotépicas do Fe observadas nos periodos de aguas altas de 2009 e baixas de 2010 podem
trazer informacdes sobre a influéncia de varriagbes climaticas sazonais e interanuais nos
processos de intemperismo do Fe em uma bacia de escala continental como a bacia
Amazonica.

Os resultados apresentados também demonstraram que o Fe dissolvido e coloidal na
zona de mistura dos rios Solimdes e Negro tem carater ndo conservativo. Os valores §°'Fe,
juntamente com as espécies paramagnéticas, mostraram-se bons indicadores dos processos
envolvendo os mecanismos de perda do Fe na zona de mistura do rio Negro e Solim&es. A
perda massiva deste elemento esta relacionada, principalmente, a evolugcdo das condiges
fisico-quimicas (pH e forga i6nica) durante a mistura dos rios que influencia a estabilidade dos
complexos organometalicos e dos oxihidroxidos de Fe. Os principais processos que controlam
a transferéncia do Fe na zona de mistura observados através dos resultados obtidos sao (a)
dissociacdo dos complexos de Fe®*-matéria organica e a subsequente formacdo de
oxihidroxidos de Fe* e radicais livres semiquinonas e (b) desestabilizacéo dos oxihidroxidos
de Fe e coloides humicos contendo Fe complexado. Os processos de mistura ndo causaram
variagdo significante na composi¢do isotopica do Fe total nas aguas do inicio do rio
Amazonas. Esses dados demonstram que um rio intertropical que drena latossolos em sua
maior extens&o ira exportar aos oceanos aguas com valores 5°'Fe proximos aos da crosta
terrestre, uma vez que as regides estuarinas ndo causam fracionamento isotépico significativo
durante a confluencia dos rios e com o oceano.



RESUME

Une étude pionniére de la composition isotopique du Fe dissous et particulaire du
bassin de I'Amazone a montré un grand fractionnement isotopique entre ces différentes
fractions dans les eaux du fleuve Negro et le fractionnement négligeable dans les eaux de la
riviere Solimdes. Bien que ces compositions isotopiques distinctes aient été attribuées a des
caractéristigues chimiques de I'eau et de la nature des sols différentes, ces résultats restent
préliminaires et ne permettent pas pour autant une compréhension précise de la systématique
du fractionnement isotopique du fer a I'échelle du bassin de I'Amazone. Pour mieux
comprendre les principaux processus biogéochimiques responsables des différentes
compositions isotopiques observées, ce travail vise a évaluer l'influence de la spéciation du Fe
et de sa composition isotopique dans les eaux ayant des caractéristiques chimiques
contrastées. En premier lieu, le fractionnement isotopique causé par I'adsorption du Fe sur la
surface cellulaire des bactéries planctoniques a été étudiée pour la premiére fois par des
expériences en systeme fermé, car ce processus peut avoir une influence significative sur le
fractionnement isotopique du Fe dans les eaux a forte productivité primaire. Ensuite, les effets
du stockage des échantillons d'eau et de filtration sur la composition isotopique du Fe dissous
ont été évaluées, car il était impératif de définir des méthodes d'échantillonnage, de stockage
et de filtration utilisables dans ce projet. Sur la base de ces informations, la composition
isotopique du Fe dissous, colloidal et particulaire des différents types d'eau du bassin de
I'Amazone a été étudiée, en tenant compte des processus pédogénétiques et d'altération des
minéraux. Enfin, les principaux processus géochimiques qui impliquent la perte Fe dans la
zone de mélange des rivieres Negro et Solimbes ont été étudiés. Les rapports isotopiques du
Fe ont été déterminés en utilisant un MC-ICP-MS (multicollecteur - plasma a couplage inductif
- spectrométre de masse) a haute résolution de masse.

Cette étude montre pour la premiere fois que le Fe adsorbé sur les parois des cellules
de phytoplancton présente une accumulation préférentielle des isotopes lourds. Le
fractionnement isotopique observée (A°'Feceisouion) €tait d'environ 2,5%o. pour les solutions
initiales contenant des espéces aqueuses Fe**, et ~1,0%0 pour les solutions initiales contenant
des espéces aqueuses de Fe*. L'accumulation préférentielle en isotopes lourds du Fe
adsorbé sur les parois des cellules est due a des liaisons Fe-O-C, connues pour étre plus
rigide et plus courtes que les liaisons O-Fe-O qui se trouvent dans la solution aqueuse. Ces
résultats montrent que le mécanisme d'adsorption du Fe sur la surface des cellules de
phytoplancton peut causer un fractionnement isotopique significatif dans les milieux naturels,
en particulier dans les rivieres a forte productivité primaire, comme la riviere d'eaux blanches,
les plaines inondables et les lacs rencontrés en Amazonie.

Ce travail montre également que le stockage des échantillons d'eau a température
ambiante peut causer des variations de la composition isotopique du Fe dissous, en patrticulier
dans les eaux a forte concentration de matiéres organiques. La comparaison entre des
procédures de stockage différentes montre que les échantillons doivent étre conservés
congelés, quand il n'est pas possible de les filtrer sur le terrain, immédiatement apres la
collecte pour minimiser les artefacts isotopiques. Les résultats montrent également que les
rapports isotopiques du fer sont moins sensibles aux variations entre les différentes
procédures de stockage par rapport a leur concentration dans les fractions dissoutes.

La composition isotopique du Fe des différentes fractions de taille des pores a fourni
des informations précises sur les sources et les processus biogéochimiques se produisant
dans les sols des zones sources et s'est avéré étre un bon indicateur des mécanismes
impliquant la perte de Fe et son transfert dans la zone de mélange entre le Solimoes et le



Negro. Les eaux acides et riches en fer complexé a la matiére organique de la riviere Negro
montrent des fractions dissoutes et colloidales enrichies en isotopes lourds du fer sur des
échantillons prélevés en période de hautes eaux (2009) et de basses eaux (2010). Ce
comportement est associé a l'oxydation du Fe et & des mécanismes de complexation a
l'interface entre les podzols gorgés d'eau et les réseaux alimentant les rivieres. Les fractions
particulaires ont donné des compositions isotopiques légeéres liées a I'exportation continue de
débris végétaux et de matiére organique associée a des particules minérales provenant de la
réduction des horizons de podzols. Lors de la période de basse eaux de 2010, les particules
minérales de la riviere Solimdes se sont partiellement dissoutes et les fractions colloidales ont
une composition isotopique légére attribuée a la cinétigue de dissolution des minéraux
ferriferes et a la spéciation des eaux de la riviere. Inversement, en période de hautes eaux de
2009, la composition isotopique du Fe dissous était semblable a la moyenne de la croQte
terrestre continentale, ce qui suggére des processus d'érosion mécaniques extrémes et le
transport d'oxyhydroxydes de Fe colloidaux. Pour les deux saisons hydrologiques, les
fractions particulaires ont donné des valeurs de &°'Fe proches de celle de la crolte
continentale, inhérents a une forte érosion mécanique dans la Cordillére des Andes et les sols
des hautes terres. Les signatures isotopiques distinctes de Fe observés pendant les hautes
eaux de 2009 et de basses eaux de 2010 suggeérent que les isotopes du Fe peuvent fournir
des informations sur l'influence des variations climatiques saisonniéres et interannuelles sur
des processus d'érosion dans un bassin intertropical d'échelle continentale comme
I'Amazonie.

Les données montrent également que le comportement du Fe dissout et colloidal dans
la zone de mélange des eaux chimiquement contrastés des rivieres Negro et Solimdes est
non-conservative en accord avec de précédentes études. La composition isotopique du fer et
des espéces paramagnétiques se sont avérés étre de bons indicateurs des mécanismes
impliquant le Fe lors de mélange d'eaux de rivieres contrastées. La perte massive du Fe est
principalement associée a I'évolution de la composition physique et chimique de l'eau (i.e., le
pH et la force ionique) lors du mélange, qui influe sur la stabilité des complexes organo-Fe** et
d'oxyhydroxydes de Fe*'. La présente étude décrit deux processus majeurs qui contrélent la
perte et le transfert de Fe, a savoir: (a) la dissociation des complexes organo-Fe et la
formation subséquente d'un solide d'oxyhydroxydes de Fe® et des radicaux libres
semiquinone, et (b) la déstabilisation et la floculation d'oxyhydroxydes de Fe**et colloides
humiques contenant du Fe. Les procédés de mélange ne causent pas de variation significative
de la composition isotopique du Fe total des eaux qui proviennent du fleuve Amazone. Cette
découverte suggeére qu'une riviere intertropicale qui draine majoritairement des sols
ferralitiques délivrera aux océans une eau ayant une valeurs de &°'Fe proche la valeur de la
cro(te continentale, étant donné que d'autre études ont montré que les régions estuariennes
produisaient également des variations négligeables sur la composition isotopique du fer des
eaux totales. Une telle conclusion est d'intérét pour les études visant a l'influence des grands
fleuves tropicaux sur le cycle géochimique du fer dans les océans. La composition des
isotopes Fe des eaux de riviere transporte principalement la signature des principales sources
et des processus biogéochimiques se produisant dans les sols, il peut aussi étre un outil
prometteur pour étudier les effets de la modification de ['utilisation des terres et des
changements climatiques sur l'altération continentale.



ABSTRACT

A previous study of the dissolved and particulate Fe isotopic composition from the
Amazon Basin reports large isotopic fractionation between these different fractions in the
Negro River waters and negligible fractionation in the Solimdes River waters. Although distinct
isotopic compositions have been related to the chemical features of water and the nature of
soils, these results do not provided a full understanding of Fe isotopic fractionation systematics
on the scale of the Amazon basin. To better understand the main biogeochemical processes
responsible for the different isotopic compositions mentioned above, this work aimed to
evaluate the influence of Fe speciation on its isotopic composition in waters with contrasted
chemical features. First, the isotopic fractionation caused by Fe adsorption on phytoplanktonic
bacteria cell surface was investigated through closed system experiments, since this process
has not been explored until now and can have significant influence on Fe isotopic fractionation
in waters with high primary productivity. Then, the effects of water sample storage and filtration
on dissolved Fe isotopic composition was evaluated, since it is imperative to define the
sampling, storage and filtration methods to be used in this project. Based on this preliminary
information, the dissolved, colloidal and particulate Fe isotopic composition of the different
water types of the Amazon basin was investigated, and linked with pedogenetic processes and
mineral weathering. Finally, the main geochemical processes that involve Fe loss in the Negro
and Solimbes Rivers mixing zone was investigated. Iron isotope ratios were determined using
a Thermo Finnigan Neptune MC-ICP-MS (Multicollector - Inductively Coupled Plasma - Mass
Spectrometer) with medium or high resolution entry collectors slits, according to the Fe
concentration of the samples and the sensitivity of the equipment.

The present study shows, for the first time, that Fe adsorption on the phytoplankton cell
walls can cause significant isotopic fractionation with preferential accumulation of heavy
isotopes on the solid interface. The observed Fe isotopic fractionation (A°'Fecei-soution) WaS
~2.5%o for initial solutions containing aqueous Fe** species, and ~ 1.0 %o for initial solutions
containing aqueous Fe*' species. The preferential accumulation of heavy Fe isotopes was
mainly linked with the different types of Fe bonds found on the Fe aquocomplexes compared
with Fe coordinated with the organic ligands on the phytoplankton cell surface. The Fe
adsorbed on the cell walls has Fe-O-C bonds, known to be stiffer and shorter when compared
with O-Fe-O bonds found on the Fe aguocomplexes. These results shows that the mechanism
of Fe adsorption on the phytoplankton cell surface can cause significant isotopic fractionation
in natural environments, especially in rivers with high primary productivity, such as the white
river waters, floodplains and lakes encountered in the Amazon trough.

This work also shows that bulk water sample storage can cause variations in the
dissolved Fe isotopic composition, especially in waters with high concentrations of organic
matter stored at room temperature. The comparison between different storage procedures
demonstrates that the samples must be kept frozen, whenever it is not possible to filter them in
the field immediately after collection to minimize isotopic artifacts. The results also show that
the isotopic data are less susceptible to variation among different storage procedures when
compared to their concentrations in the dissolved fractions.

The Fe isotopic composition of the different pore-sized fractions provided precise
information about the sources and biogeochemical processes occurring in the upland soils and
proved to be good proxies of the mechanisms involving Fe loss and transfer in the mixing
zone. The acidic and organo-Fe-rich waters of the Negro River displayed dissolved and
colloidal fractions enriched in heavy isotopes on samples collected in the 2009 high waters
and the 2010 low waters. This behavior is associated with Fe oxidation and complexation



mechanisms at the interface between waterlogged podzols and river networks. The particulate
fractions vyielded light isotopic compositions linked with the continuous exportation of
isotopically light plant debris and organic matter associated with mineral particles from the
reduced horizons of podzols. In the exceptional drought of 2010, the mineral particulate-rich
waters of the Solimdes River had dissolved and colloidal fractions with light isotopic
composition attributed to the dissolution kinetic of Fe-bearing minerals and to the speciation
and adsorption fractionation in the river waters. Conversely, in the high waters of 2009 the
dissolved Fe isotopic composition was similar to the continental earth crust mean, suggesting
extreme mechanical weathering processes and the transport of colloidal Fe oxyhydroxides.
For both hydrological seasons, the particulate fractions yielded §°'Fe values close to that of
the continental crust, inherent to strong mechanical weathering in the Andean Cordillera and
upland soils. The distinct Fe isotopic signatures observed during the high waters of 2009 and
low waters of 2010 suggests that Fe isotopes can provide information about the influence of
seasonal and interannual climate variation on weathering processes in a intertropical basin
with a continental scale as the Amazon.

The data also demonstrate that the dissolved and colloidal Fe behavior in the mixing
zone of the chemically contrasted waters from Negro and Solimdes Rivers is non-
conservative. Iron isotopic composition and paramagnetic species proved to be good proxies
of the mechanisms involving Fe during rivers mixture. Massive Fe loss is associated mainly
with the evolution of the water physical and chemical composition (i.e., pH and ionic strength)
during mixing, which influences organo-Fe** and Fe®*'-oxyhydroxides stability. The present
study described two major processes that control Fe loss and transfer, i.e.: (a) dissociation of
organo-Fe complexes and the subsequent formation of solid Fe®*'-oxyhydroxides and
semiquinone free radicals; and (b) destabilization and flocculation of Fe*"-oxyhydroxides and
humic colloids containing bound Fe. The mixing processes do not cause significant variation of
the total Fe isotopic composition of the waters that originate the Amazon River. This finding
suggests that an intertropical river that drains mostly ferralitic-type soils will deliver to oceans
water with §°'Fe values close to the Earth's continental crust mean, considering that estuarine
regions also produces negligible variations on the overall isotopic composition. Such a
conclusion is of interest for studies aiming at the influences of major tropical rivers on the iron
geochemical cycling in oceans. Considering that the Fe isotopes composition carries the
records of the main sources and biogeochemical processes in soils, it can also be a promising
tool to investigate the effects of land use modification and climate changes on continental
weathering.



1 - INTRODUCAO

1.1 RELANCIA DO FERRO AOS CICLOS GLOBAIS

O ferro (Fe) é o quarto elemento de maior abundancia na crosta terrestre (Taylor et al.,
1983; Wedepohl, 1995) e exerce um papel-chave em diversos processos biogeoquimicos
globais (Cornell e Schwertmann, 1996; Lovley, 1997; Nealson e Saffarini, 1994; Thamdruo,
2000). E um elemento maior nos latossolos que cobrem um ter¢o da crosta terrestre e sio
drenados pela metade das aguas continentais (Tardy, 1997). E amplamente distribuido na
natureza e € um dos elementos mais importantes nos sistemas ambientais por ser utilizado
por, praticamente, todos os organismos vivos (Langmuir, 1996; Crichton, 2001). Sua eficicia
nesses sistemas depende de suas propriedades quimicas como valéncia, solubilidade e grau
de formacéo de complexos.

Biologicamente, as propriedades de oxi-reducéo do Fe o tornaram ideal para catalisar
reacOes de transferéncia de elétrons que, no curso da evolucdo da Terra, tém sido exploradas
pelos microrganismos para a fotossintese, fungcdo respiratoria e fixacdo de nitrogénio
(Ehrenreich e Widel, 1994; Awramik et al., 1983, Konhauser et al., 2002, Morel et al., 2008).
Em muitos sistemas aquaticos, o Fe é considerado um nutriente limitante para a produtividade
priméaria (Nightingale et al., 1996, Martin et al., 1994), devido sua baixa solubilidade em agua
de pH circumneutro. A importancia do Fe na produtividade primaria foi evidenciada em
regibes do oceano com elevadas concentracdes de nutrientes, porém, baixa clorofila,
conhecidas como High Nutrient Low Chlorophyl regions (HNLC) através do enriquecimento
artificial de Fe nos oceanos Antartico, Pacifico Equatorial e Pacifico Sub-Artico (Martin e
Fitzwater, 1988; Martin, 1990, Martin et al. 1990; Martin et al. 1994; Coale et al. 1996;
Hutchins e Bruland 1998; Boyd et al. 2000; Boyd et al. 2004; Coale et al. 2004). Entres estes
se destaca o estudo desenvolvido por Martin et al. (1994) que conduziram um experimento
em larga escala de enriquecimento de Fe ao sul das llhas Galapagos, no oceano Pacifico
Equatorial. Como resultado os autores detectaram um aumento da produtividade primaria
com um fator de 2 a 4 vezes no fragmento de oceano fertilizado com Fe. Dessa forma, o Fe
também desempenha um papel importante no ciclo do carbono global, uma vez que as
comunidades fitoplancténicas sdo responsaveis pela fixagdo de até metade do didxido de

carbono do mundo (Field et al., 1998).



As concentracdes médias de Fe dissolvido em aguas continentais e marinhas mostram
claramente uma maior solubilidade em aguas doces do que em aguas salinas. Enquanto a
concentragao do Fe dissolvido no oceano aberto geralmente varia entre 0.56 ng/L e 56 ng/L
(Wu et al., 2001; Johnson et al., 1997; Lacan et al., 2008), as aguas continentais apresentam
concentracbes médias de 66 pg/L (Gaillardet et al. 2003). As baixas concentragdes de Fe
dissolvido no oceano podem ter explicacdo nos processos de mistura entre rios de quimicas
contrastantes durante seu transporte nos continentes (Aucour et al., 2002) e, principalmente,
nas areas de mistura estuarinas (Eckert e Sholkovitz, 1976; Sholkovitz, 1976, 1978; Boyle et
al., 1977; Mayer, 1982; Hunter, 1990). Nas &guas continentais, o Fe dissolvido esta
normalmente presente na forma de oxihidroxidos de Fe®, estabilizado na fase coloidal por
acidos humicos de elevado peso molecular. Com o aumento da salinidade nos estuarios e,
consequentemente, com o0 aumento das forgcas ibnicas, a fase coloidal torna-se
eletrostaticamente e quimicamente desestabilizada, resultando na coagulacdo e floculacdo
destes coldides. Assim, o Fe é transferido da fracdo coloidal/dissolvida reativa para a
particulada, podendo incorporar, subsequentemente, os sedimentos de fundo (Haese, 2006).
O comportamento ndo conservativo deste elemento nos estuarios pode causar a perda de até
90% do Fe que seria transportado aos oceanos em sua forma dissolvida/coloidal (Boyle et al.,
1974; Holliday e Liss, 1976; Sholokovitz, 1976; Boyle et al., 1977).

Os rios sado considerados como uma das principais fontes de Fe no oceano,
juntamente com os aportes edlicos, glacias, hidrotermais e a agua intersticial da plataforma
continental (Poulton e Raiswell 2002; Wells et al., 1995; Elderfield and Schultz, 1996; Elrod et
al., 2004; Jickells et al., 2005; Bennett et al., 2008). Entre os rios do mundo, o Amazonas
ocupa o primeiro lugar em termos de area de drenagem (5,96 x10° km?) e descarga de agua
(206 000 m?/s) (Callede et al., 2010), o que corresponde a, aproximadamente, 17% do
escoamento superficial de aguas continentais mundiais ao oceano. Uma grande bacia
hidrogréafica como esta representa uma unidade natural que permite investigar 0s processos
de intemperismo, erosao e transporte de metais em uma escala continental, pois engloba uma
ampla variabilidade de unidades geoldgicas, geomorfologicas, pedoldgicas e fitofisionémicas
(Lewis et al, 1995 e Quesada et al., 2011). Dessa forma, diversos estudos foram realizados
para quantificar os fluxos de sedimentos suspensos, metais e compostos orgéanicos

transportados ao longo da bacia Amazonica (e.g., Meade, 1985; Richey et al., 1986; Devol et



al., 1995; Gaillardet et al.,, 1997; Aucour et al., 2003; Benedetti et al., 2003; Seyler e
Boaventura, 2003). Apesar de véarias décadas de pesquisa nesse contexto, algumas questdes
importantes relativas ao ciclo do Fe em superficies continentais ainda necessitam melhor
compreensdo. Por exemplo, o papel dos produtos da decomposicdo da matéria organica na
transferéncia de Fe dos solos para as redes de drenagem (do Nascimento et al., 2004; do
Nascimento et al., 2008; Fritsch et al., 2009), os processos envolvendo o comportamento ndo
conservativo de metais e substancias organicas durante a mistura de rios com caracteristicas
quimicas distintas (Aucour et al., 2003; Moreira-turcq et al., 2003; McKnight 1992) e a
importancia do fitoplancton no transporte e deposicdo de metais em rios e lagos (Konhauser
et al., 1993).

Diante do exposto fica nitido que os mecanismos de transferéncia do Fe do continente
ao oceano desempenham um papel significativo no clima global, através da acéo direta sobre
a producdo priméaria e, indireta sobre o ciclo do carbono. Diversos projetos foram elaborados
com o intuito de incluir o elemento Fe em modelos relacionados ao CO, atmosférico e as
mudancas climéticas (e.g., Lefevre e Watson, 1999; Parekh et al., 2004). Entretanto, para se
introduzir este metal em modelos globais ainda faz-se necessario entender e quantificar os
processos que controlam o transporte do Fe nos continentes e a sua transferéncia ao oceano,

que, ainda, nao foram suficientemente esclarecidos.

1.2 ISOTOPOS DE FERRO APLICADOS A INDENTIFICACAO DE PROCESSOS
BIOGEOQUIMICOS

Nos ultimos anos, estudos experimentais mostraram que 0s sistemas de isGtopos
estaveis podem fornecer informacdes precisas sobre 0s processos biogeoquimicos
envolvendo metais e provaram ser bons indicadores das fontes e dos ciclos do Fe em
ambientes naturais. Gragas aos recentes desenvolvimentos na area de espectrometria de
massa com fonte plasma, principalmente, o advento do Espectrémetro de Massa com Plasma
Indutivamente Acoplado e Multi-Coletores (MC-ICP-MS), foi possivel melhorar de forma muito
significativa a precisdo das medicdes das razbes isotépicas e resolver as possiveis
interferéncias isobaricas. O Fe tem quatro is6topos estaveis (*‘Fe, *°Fe, *’Fe, e *°Fe),
conhecidos por fracionar durante processos abibticos e bidticos em ambientes de baixa

temperatura (e.g., Bullen et al., 2001; Anbar, 2004; Beard et al 2010). Entre estes, podemos



destacar, por exemplo, o fracionamento isotépico do Fe causado por sua adsor¢cdo em 6xidos
e hidroxidos (Crosby et al., 2005;. Teutsch et al., 2005), complexagcdo com substancias
organicas (Dideriksen et al., 2008), mudancas de estados de oxi-reducdo causadas por
processos bidticos e abidticos (e.g., Johnson et al., 2002; Crosby et al., 2005). Outros estudos
se concentraram no desenvolvimento de modelos tedricos baseados em teorias quanticas e
de espectroscopia vibracional com objetivo de inferir a direcio e a magnitude do
fracionamento isotopico (Polyakov, 1997; Criss, 1999; Polyakov e Mineev, 2001; Schauble et
al., 2001; Anbar, 2005; Polyakov et al., 2007; Blanchard et al., 2009). De maneira geral, estes
estudos concluiram gue os isétopos de Fe mais pesados tendem a serem concentrados nas
espécies que apresentarem ligagbes mais rigidas, com elevado estado de oxidagcédo e
ligacdes coordenadas com carater covalente.

Dentro do contexto de uma bacia hidrogréfica, diversos trabalhos foram realizados
para definir, ndo somente as composi¢fes isotopicas de compartimentos ambientais (e.g.,
solos, rios, vegetacdo e rochas), como também o0s mecanismos responsaveis pelo
fracionamento isotépico do Fe nestes sistemas. Alguns processos pedogenéticos foram
relatados como o principal fator responsavel pela alteracdo da composicao isotopica do Fe no
solo. Como exemplo, a dissolugdo de oxihidréxidos de Fe frente as mudancgas redox e as
interagbes com quelatos derivados da matéria orgénica. As amostras que apresentaram
assinaturas isotépicas mais leves foram atribuidas a horizontes ricos em compostos
organicos, como os encontrados em podzols (von Blanckenburg, 2000; Fantle e DePaolo,
2004; Emmanuel et al. 2005; Wiederhold et al., 2007). Diferentemente do que foi observado
em solos hidromoérficos ricos em matéria organica, os solos lateriticos ndo apresentaram
variacdo isotépica quando comparada com a média da crosta terrestre, apesar do longo
periodo de intemperismo (Poitrasson et al., 2008).

Tendo em vista que a composi¢cdo quimica dos corpos hidricos € determinada,
principalmente, pelos processos de intemperismo e erosdo dos solos e rochas a montante,
espera-se que as analises isotopicas das 4guas continentais possam carregar informacgoes
sobre as fontes e processos biogeoquimicos que ocorrem nestas regides. Estudos recentes
tém determinado assinaturas isotépicas de rios em diferences locais do mundo e, em muitos
casos, associado a variabilidade isotopica com a natureza dos solos e 0s processos de
intemperismo especificos de cada regido (Fantle e DePaolo, 2004; Bergquist e Boyle, 2006;
Poitrasson et al, 2008; Escoube et al, 2009, Ilina et al. 2013). Muitos destes estudos também
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demonstraram que a composicao isotépica do Fe na 4gua pode variar de acordo com a fracao
analisada, ou seja, dissolvida, coloidal e particulada, demonstrando que, em muitos casos, a
avaliacdo de mais de uma fracdo pode trazer informacdes mais completas sobre as fontes e
0s mecanismos de intemperismo e erosdo dos solos a montante (Ingri et al., 2006; llina et al.,

2013).

1.3 FRACIONAMENTO ISOTOPICO DO FERRO NAS AGUAS DA BACIA AMAZONICA

O estudo preliminar da composicdo isotopica do Fe nas fases particuladas e
dissolvidas do rio Amazonas reporta grande fracionamento isotépico entre as diferentes
fracbes no rio Negro, porém, nenhum fracionamento no rio Solimdes (Bergquist e Boyle,
2006). Isto indica assinaturas isotopicas contrastantes e variaveis conforme a quimica das
aguas do rio e a natureza dos solos e da vegetacdo drenadas pelos diversos afluentes do
Amazonas. Entretanto, os resultados sdo parciais para que se possa ter uma total
compreensdo da sistematica do fracionamento isotépico do Fe na escala da bacia
Amazobnica. Para solucionar este problema faz-se necessario dar continuidade aos estudos,
de uma forma mais abrangente, dos mecanismos que controlam o fracionamento isotpico do
Fe nas 4aguas, solos, sedimentos e demais compartimentos ambientais da bacia. Embora os
trabalhos de dos Santos Pinheiro et al. (2013) tenham detalhado sistematicamente a
assinatura isotopica espacial do Fe na fracdo particulada da bacia Amazbnica, ainda é
necessario investigar os processos responsaveis pelo fracionamento isotopico nas interfaces
agua-solo como, por exemplo, a especiacdo do Fe nas diferentes fragcbes da agua, o papel
dos microrganimos na adsorcdo e assimilacdo de metais, os efeitos da decomposicédo da
matéria organica na formacdo de complexos organometalicos e o transporte dos metais ao
longo da bacia, principalmente, na conservatividade do Fe coloidal/dissolvido em regides de
mistura de aguas com composicfes quimicas distintas.

Tendo em vista que os mecanismos de oxi-reducdo e de complexacdo do Fe com
ligantes orgénicos sdo considerados os principais responsaveis pelo fracionamento isotépico
do Fe em ambientes de baixa temperatura (Schauble et al., 2001) é de se esperar que 0s rios
de diferentes composi¢cdes quimicas tenham composicbes isotépicas contrastantes
associadas, principalmente, aos diferentes processos de intemperismo e transferéncia do Fe

nos solos (e.g., latossolos vs podssolos). Apds a exportacdo deste elemento para as aguas



superficiais, o transporte a jusante e a continua confluéncia entre rios com quimicas distintas
podem causar o subsequente fracionamento isotdpico proveniente dos processos de mistura.
Estudos anteriores demonstraram que 0s processos geoquimicos oriundos da confluéncia de
rios com caracteristicas quimicas distintas podem causar a transferéncia de metais e matéria
organica entre as fracdes da agua, assim como, a perda destes elementos durante a mistura
(Aucour et al.,, 2003; Moreira-Turg et al. 2003). Estudos experimentais e de campo
demonstram que a mistura entre rios e 0 oceano ndo causam fracionamento isotdpico
(Bergquist e Boyle, 2006; de Jong et al. 1997; Escoube et al. 2009), entretanto, a influéncia
dos processos de mistura de rios quimicamente contrastantes ainda é desconhecida. Outro
importante fator responsavel pelo controle da mobilidade dos metais nas aguas sdo o0s
microrganismos presentes nos diversos compartimentos dos sistemas aquaticos devido as
suas capacidades de adsorver e assimilar Fe (Yee et al., 2004). Konhauser et al. (1993)
demostraram que bactérias epifiticas e episdmicas séo capazes de adsorver e,
subsequentemente, precipitar Fe em rios com elevadas concentragbes de ions livres
dissolvidos como o Solimdes, sendo assim, um proeminente compartimento capaz de atuar

na mobilidade, disperséao, transporte e fracionamento isotopico do Fe .

1.4 OBJETIVOS

Para determinar, com melhor precisdo, o0s principais processos biogeoquimicos
responsaveis pelas diferentes composi¢cdes encontradas nas aguas da bacia Amazonica, este
trabalho teve como objetivo avaliar a influéncia da especiacdo do Fe em sua composicéo
isotOpica nas aguas com caracteristicas quimicas contrastantes da bacia Amazobnica.
Primeiramente, foi avaliado o fracionamento isotopico causado pelo processo de adsorcao do
Fe na superficie celular de bactérias fitoplancténicas em experimentos em sistemas fechados,
uma vez que este processo nao foi investigado até entdo e pode ter influencia significativa no
fracionamento isot6pico do Fe em aguas com elevada produtividade primaria. Em seguida, foi
avaliado o efeito do armazenamento e filtracdo de amostras na composi¢éo isotdpica do Fe
dissolvido, necessario a definicho dos métodos de amostragem, armazenamento e filtracdo
utilizados neste projeto. Com base nestas informacgdes preliminares foi determinada a
composicao isotopica da fracdo dissolvida, coloidal e particulada dos diferentes tipos de

adguas encontradas na bacia Amazobnica (ricas em particulas minerais, ricas em matéria



organica e com elevada produtividade primaria) associando as assinaturas isotopicas
encontradas aos processos pedogenéticos e de intemperismo mineral. Por fim, foram
determinados 0s principais processos geoquimicos que envolvem a perda do Fe na zona de
mistura dos rios Negro e Solimdes e seus efeitos ha composicao isotopica do Fe no inicio do
rio Amazonas.

Para reportar e discutir os resultados, o projeto foi divido em cinco partes. A primeira
parte consiste na Introdugéo (este capitulo), seguida de sete capitulos. O segundo capitulo
descreve o0s principais processos biogeoquimicos abordados no presente trabalho (e.g.,
processos de oxi-reducdo, adsorgdo, complexacao e dissolucdo) e os principais mecanismos
de fracionamento isotopico do Fe em ambientes superficiais, servindo como referencial
tedrico que embasara as discussdes nos capitulos seguintes. O terceiro capitulo consiste na
descricdo da area de estudo (i.e., a bacia Amazénca), onde serdo descritos 0s principais
aspectos fisiogréaficos da bacia Amazonica (localizagdo, geomorfologia, clima, geologia,
pedologia e hidroquimica). O quarto capitulo descreve os pontos de amostragem e detalha a
metodologia de coleta e filtracdo de amostras, assim como 0os métodos espectroscopicos e
isotopicos utilizados no presente trabalho. O quinto capitulo investigou o efeito isotépico
durante a interacdo do Fe aquoso com a superficie celular de bactérias fitoplancténicas (i.e.,
Gloeocapsa sp., Synehococcus sp., e Planthothrix sp), realizado em seis experimentos
independentes, utilizando duas valéncias de Fe distintas (Fe** e Fe*"). Procurou-se testar a
hipétese de que, a semelhanca de outros metais, a adsor¢cao do Fe na superficie celular do
fitoplancton pode causar fracionamento isotopico significativo com a adsorcao preferencial de
is6topos mais pesados, em relagdo a fase soélida. O sexto capitulo avaliou a influencia dos
processos de armazenamento de amostra na concentragdo e assinatura isotépica do Fe nas
aguas com caracteristicas quimicas distintas e reporta, com um carater preliminar, a
composicao isotopica do Fe nos diferentes tipos de agua da bacia Amazobnica (i.e., Negro,
Jau, Amazonas, Madeira, Solimdes e Lago Janauacd). O sétimo capitulo investigou a
natureza, distribuicdo e composicao isotopica do Fe em diferentes fracdes da dgua dos rios
Negro e Solimbes, a fim de caracterizar os principais processos de intemperismo e 0s
mecanismos de transporte que controlam a transferéncia de Fe dos solos as aguas a jusante
da bacia. Uma énfase especial foi colocada sobre a zona de mistura dos rios Negro e

Solimdes visando melhorar a compreensdo do processo ndo conservativo do Fe durante a



mistura destes rios. Por fim, o oitavo capitulo apresenta as principais conclusdes levantadas

dos dados obtidos e discutidos neste projeto.
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2 - REFERENCIAL TEORICO

2.1 PRINCIPAIS PROCESSOS BIOGEOQUIMICOS DO FERRO

2.1.1 Reac0Oes de oxidacao e reducao

Nos ambientes de superficie o Fe esta presente em dois estados de oxidagéo distintos
de acordo com sua valéncia: ferro férrico oxidado (Fe®*") e ferro ferroso reduzido (Fe®").
Quando exposta a superficie oxidante a crosta terrestre, composta por rochas igneas e
metamorficas de alta temperatura, entra em desequilibrio relacionado aos estados redox e,
através dos processos de intemperismo, o Fe?* é oxidado podendo formar 6xidos e hidroxidos
de Fe* insollveis (Stumm e Sulzberg, 1992). De acordo com o pH, Eh e as reacdes de oxi-
reducdo, pode ocorrer a dissolugdo ou precipitacdo de minerais de Fe, além da adsorgéo ou
dessorgdo e co-precipitacdo ou liberagdo de diversos compostos adsorvidos na superficies
dos minerais, como, por exemplo, os metais tracos (Hem, 1977; Haese, 2006).

Os diagramas de Eh-pH sdo amplamente utilizados na geoquimica por fornecerem
importantes informacdes relacionadas a distribuicdo de espécies de diferentes elementos e
minerais em diferentes sistemas. Tais diagramas séo limitados, tendo em vista que assumem
processos em equilibrio que, em alguns casos ndo ocorrem em processos naturais,
principalmente, em ambientes de baixa temperatura (Lindberg e Runnells 1984). Entretanto,
séo extremamente Uteis para a geoquimica na determinacdo da paragénese mineral, servindo
como base para melhorar a compreensdo do comportamento de metais em diversos
sistemas. Baas Becking et al. (1960) plotaram dados de aguas naturais em funcdo do pH e
Eh, ilustrado na Figura 1, que demonstra duas regides de Eh-pH no espaco. A primeira destas
€ a regido entre espécies redutoras e oxidantes de enxofre. Os limites entre estas regides
separam as condi¢des quimicamente redutoras das mediamente oxidantes. A Figura 1 mostra
a relacdo entre as fases de um sistema simples Fe-O-H, assumindo o Fe(OH); como fase
estavel para a precipitacdo de Fe**. Este diagrama é caracterizado por um enorme campo de
Fe(OH); e Fe?* e, em uma condicdo redutora de pH basico, por um campo de Fe(OH),
(Brookings, 1988). Devido as razdes termodinamicas, as concentracdes de Fe livre dissolvido
sdo extremamente baixas em ambientes oxidantes de pH neutro.

A reacdo do Fe?* com oxigénio é rapida e, segundo Millero et al. (1987), é

inversamente proporcional a concentracdo de prétons H® na solucdo, demonstrando a
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importancia do pH. Ou seja, quanto mais baixo o pH da solu¢cédo, menor € a taxa de oxidacao
do Fe. Sendo assim, em uma solucdo de ferro ferroso com um baixo pH, a reacdo de
oxidacao é tao lenta que, sob o ar atmosférico, pode demorar semanas. Em condi¢des de pH
neutro a reacéo de oxidacéo do Fe®" é tdo rapida que se a 4gua permanecer aerada, em 10
minutos ou menos, o Fe sera totalmente removido da solu¢do na forma de oxihidréxidos. A
cinética dessas reacdes € descrita de acordo com Equacao 1 descrita a seguir (Millero et al.,

1987; Singer e Stumm, 1970; Stumm e Lee, 1961):
-d[Fe?*]/dt = k [Fe**] [0,] [OHT? (Eq.1)
onde, k = logko, — 3.29 X %% + 152 x I, logko = 21.56 - 1545/T, | é a forca ibnica e T € a

temperatura em graus Kelvin. Através desta equacgdo, pode-se observar que a taxa de

oxidag&o acelera com o aumento da concentracdo de Fe?*, O, e pH.

L2 T T 1 1.2 \ T ¥ T -
WATER SYSTEM Fe -O-H

1.0 ) 25°C, 1 bar 1o} H‘N_ 25°C, 1 bar

=0.6 |-

-0.8

Figura 1 — Diagrama de Eh-pH da agua demonstrando diversas caracteristicas do meio (esquerda,
apos Baas Becking et al., 1960). Diagrama Eh-pH de parte do sistema Fe-O-H assumindo Fe(OH)3
como a fase estavel do Fe(lll) (direita, Brookings, 1988).

As fases de Fe precipitadas de soluc6es sdo denominadas de oxihidréxidos de Fe. Do
ponto de vista da interpretacdo mineralogica (e.g., difracdo de raio-X, infravermelho e
espectroscopia Mdssbauer) o precipitado de Fe pode ser completamente amorfo, na forma de

gel férrico, ou fracamente cristalizado, como por exemplo os hidretos de Fe (hidréxido de Fe**

13



amorfo). Os 6xidos de Fe mais abundantes sao a goethita (a-FeOOH) e hematita (a-Fe203)
e, geralmente, seu comportamento e ocorréncia estdo associados. Em propor¢cdes menos
abundantes destacam-se a lepidocrocita (y-FeOOH), e magnetita (Fe**Fe,**0y).

Em regibes com significativo aporte de matéria orgénica proveniente da vegetacao,
como, por exemplo, os solos organicos, diversas reacdes entre a matéria organica, o
oxigénio, o dioxido de carbono e o Fe podem causar a reducédo do Fe estabilizado na forma
de oxihidréxidos ou complexado com a matéria organica (Lovley, 1997; Chen et al., 2003;
Ronden; 2003). Os mecanismos de oxidacdo da matéria organica podem ser realizados
através de processos quimicos e biolégicos. As Equacdes 2 e 3 demonstram 0s processos de
oxidacdo dos oxihidroxidos de Fe. A matéria organica, neste caso, representada na forma de
carboidrato (CH,0), interage com o oxigénio, produzindo diéxido de carbono (CO,) e agua
(H,0). Em seguida, os oxihidroxidos de Fe estabilizados nos solos na forma Fe(OH); sdo
reduzidos através da oxidagdo da matéria organica, liberando o Fe em sua forma reduzida
(Fe?", bicarbonato (HCOj3) e agua (H,0). Esse processo é responsavel pela transformacéo

do Fe sdlido estabilizado Fe(OH); em Fe ferroso, que apresenta grande mobilidade.

CH,O + O, —» CO;, + H,O (Eq2)
CH,0 + 7CO, + 4Fe(OH); — 4Fe?* + 8HCO3 + 3H,0 (Eq. 3)

Os processos de oxidacdo da matéria organica citados acima contribuem com a
formacdo de um ambiente tipicamente andxico. Em tais condi¢cdes, um mecanismo
considerado de extrema importancia geoquimica na mobilidade do Fe em solos, sedimentos
aquéticos e demais ambientes subsuperficiais € a redugéo dissimilatoria do Fe (Lovley, 2004).
Neste processo 0s microrganismos oxidam compostos orgénicos (e.g., processo
fermentacéo) através da transferéncia de elétrons ao ferro férrico externo, reduzindo-o a sua
forma ferrosa, sem que ocorra sua assimilacdo, porém com a geracdo de energia para o
organismo. Entre as diversas formas de Fe capazes reduzir por tais processos destacam-se a
hematita, os 6xidos de Fe amorfos ou fracamente cristalizados e o Fe complexado a ligantes
organicos. A Figura 2 demonstra o processo onde a matéria organica é oxidada e o Fe age
como receptor de elétrons. Primeiramente, a matéria organica é hidrolisada em componentes

menores como agucares, aminodcidos, &cidos graxos, e compostos aromaticos através da
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atividade de enzimas hidroliticas que sdo produzidas por uma grande variedade de
microrganismos. Subsequentemente, estes produtos intermediarios podem ser utilizados para
a reducdo dissimilatéria do Fe férrico (Lovley, 1991). De maneira geral, a reducédo
dissimilatéria do Fe mediada por microrganismos pode ser expressa pela Equacdo 4

(Rainswell e Canfield, 2012).

4Fe(OH); + CH,O + 8H* — 4Fe®" + 11H,0 + CO, (Eq.4)
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Figura 2 — Modelo de oxidacdo de matéria organica complexada com Fe* servindo de receptor de
elétron com exemplos de organismos capazes de catalisar as varias reacdes (Lovley, 1991).

2.1.2 Adsorcéo e complexacéo

7

O processo de adsorcdo € um fendmeno de superficie onde ocorre a adesdo de
atomos, ions ou moléculas na camada externa de um sdlido. Difere-se da absor¢éo, definida
como a permeacao de uma solucdo no interior de um sélido. A natureza das ligacdes
depende das espécies envolvidas e, geralmente, ocorre através da adsorc¢ao fisica (e.g., van
der Walls forces), adsor¢édo quimica (complexacdo e quelacdo) e atragfes eletrostéticas. Nos
ambientes de superficie, os principais solidos responsaveis pela adsor¢cdo de cations, anions
e moléculas organicas sdo os oxihidroxidos de Fe e Mn, os argilominerais e a superficie
celular de microrganismos. Entre os mecanismos de adsorcdo, a complexacdo e a quelacao

se destacam, pois geram substancias mais estaveis em comparagdo com 0S processos
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fisicos e eletrostaticos e sdo os principais processos que controlam a mobilidade e dispersdo
de metais em sistemas ambientais.

A complexacdo ocorre quando um ion metalico ou uma substéncia se combina com
um grupo doador de par de elétrons (ligante monodentado). O composto resultante é
chamado de complexo ou composto de coordenacdo (Figura 3). Em outras palavras,
complexo é o produto de uma reacgdo entre um &cido de Lewis e uma base de Lewis. A base
de Lewis possui um par de elétrons disponivel que é doado para o 4cido de Lewis (Lee et al.,
1999). No produto resultante, o par de elétrons fica compartilhado por ambas as espécies
quimicas. Quando um cétion metalico se liga a uma substancia que possui dois ou mais
grupos doadores de pares de elétrons (ligantes polidentados), de maneira a formar uma ou
mais estruturas em anel de esfera interna, o composto resultante é chamado de quelato e a
substancia doadora de elétrons é denominada de agente quelante. Nos complexos de esfera
externa, o metal € adsorvido apenas por atragdo eletrostatica, mantendo-se solvatado as
moléculas de agua, [M(H.O)s]"". Como essa interacdo é relativamente fraca, o metal

complexado pode ser facilmente trocado por outros cétions nao especificos (Tipping, 2002).

Figura 3 — Exemplos da geometria de diferentes complexos de Fe (a.) aquocomplexo de Fe. (Hill e
Schauble, 2008) e (b) Fe complexado a exsudato biolégico, i.e, sider6foros (Domagal-Goldman et al.,
2009). Descricdo: marrom/laranja =Fe; vermelho = O; branco = H; e azul= N.

A adsorcdo de cations e anions nas superficies dos oxidos de Fe é causada pela

hidroxilacdo da superficie do mineral (S-OH) (Stumm, 1992). Dependendo do pH do
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ambiente, a protonacéo ou deprotonacdo da superficie do solido ir4 ocorrer. Dessa forma, a
carga e o potencial da superficie irdo variar de acordo com a concentracdo de ions H' na
solucdo. Uma carga excessivamente positiva ou negativa na superficie do sélido sera
balanceada por uma quantidade equivalente de anions ou céations adsorvidos. Em pH baixo,
ocorrera a adsorcao preferencial de anions organicos e inorganicos (e.g., H,PO, e oxalato),
enquanto em pH elevado ocorrerd a adsorcao de cétions. (Stumm e Morgan 1996). Como os
oxihidroxidos de Fe tém alta afinidade na adsorcao de cétions e anions em condi¢cfes naturais
eles tém grande influéncia na mobilidade de metais tracos, fosfatos e acidos organicos em
ambientes superficiais.

A adsorcdo pode influenciar também a acumulagdo de metais na superficie de
microrganismos devido as propriedades da parede celular, como a carga e a orientacdo dos
grupos funcionais que a compdem, além das caracteristicas fisico-quimicas da solugdo em
que se encontra (e.g., Konhauser et al., 1993; Yee et al., 2004). Microrganismos possuem
alguns grupos funcionais na superficie celular que sofrem deprotonacdo sob condi¢des
normais de crescimento. Como resultado, podem sequestrar uma ampla variedade de metais.
Os grupos funcionais de maior interesse para as bactérias fitoplancténicas sao os carboxilicos
associados aos acidos urénicos em alginatos, pois apresentam espagamento apropriado para
ligar e neutralizar metais multivalentes.

Uma das principais caracteristicas de diversos grupos funcionais organicos € sua
propriedade anfotérica, ou seja, eles podem tanto ligar-se a ou liberar-se de prétons da
solucdo dependendo do pH (Ledin, 1997). Com a queda do pH de uma determinada solugéo,
os grupos funcionais tornam-se protonados, perdendo a capacidade de ligar-se a metais. Ao
contrario, em solugdo com o pH aproximadamente neutro, os grupos funcionais sé&o
deprotonados dando inicio as interacfes eletrostaticas, demonstrando que metais e prétons
competem pelos mesmos sitios da superficie celular (Ledin, 2000). O processo de
deprotonacdo, que descreve o comportamento de varios grupos funcionais associados as
paredes celulares dos microrganismos (e.g., hidroxila, carboxila, sulfudrila e fosfatos), leva a
formac&o de um anion organico, ou ligante, através da liberacdo de H" em solucéo (Kotrba et
al., 2011).

As forgas ibnicas séo eletrostaticas e ocorrem no inicio da atracdo entre metais e 0s
ligantes orgéanicos. Subsequentemente, as ligacdes covalentes ocorrem devido o
compartilhamento de elétrons em torno da ligacdo entre céation e ligante orgéanico. Os
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principais fatores que influenciam as ligacfes entre metais e células sdo o potencial ibnico, o
espacamente entre ligantes, o tipo de ligante e formacédo de ligagcbes covalentes (Stone,
1997). De maneira geral, a maioria dos cétions monovalentes e divalentes permanecem
desidratados ou formam aquoanions, sendo que a afinidade de um cation metalico por um
ligante organico aumenta de M* para um M*'. Os metais também sdo complexados por
diferentes tipos de ligantes. Atomos de oxigénio tem afinidade por metais alcalinos e alcalinos
terrosos e alguns metais de transicdo (e.g., Fe*"), enquanto os atomos de nitrogénio e o
enxofre ligam-se, preferencialmente, a diversos metais de transicdo (e.g., Ni%*, Co®, Cu?,
Zn**, Cd** e Fe®") (Konhauser, 2007).

Os outros importantes ligantes organicos encontrados nos sistemas ambientais sdo
provenientes da decomposi¢do da matéria organica (e.g., oxalato e acidos humicos) ou da
liberacdo de exsudatos microbiolégicos. As substancias humicas sdo formadas através da
decomposi¢cdo e mineralizacdo lenta e incompleta da matéria organca, formando
macromoléculas organicas policondensadas (Stevenson, 1994; Tipping, 2002). De acordo
com Aiken et a.l. (1985), as substancias humicas sdo compostos organicos heterogénios de
elevado peso molecular, de origem natural e biogénica caracterizadas pela coloracdo amarela
escura. A capacidade das substéncias humicas de complexar cations metalicos provém da
enorme superficie especifica composta, principalmente, por grupos carboxilicos e fendlicos
(Piccolo e Stevenson, 1982). Estes compostos tem grande influéncia na mobilidade de metais
(e.g., Fe e Al) nos sistemas ambientais, controlando, por exemplo, a translocagédo de metais
nos solos e o transporte de complexos organo-metalicos coloidais nas aguas dos rios (e.g.,
Fritsch et al., 2009; Allard et al., 2011).

Em ambientes oxidados onde o Fe?* e o Fe*" sdo escarsos, alguns microrganismos
sdo capazes de produzir ligantes organicos de baixa massa molecular denominados de
sideroforos, que estabilizam o Fe®* em solugdo. Subsequentemente, o complexo
organometdlico é assimiliado pelo organismo (Morgan et al. 2010). Os grupos funcionais nos
sideréforos incluem a-hidroxicarboxilato, hidroxamato, catecolate, carboxilato e amina
(Kraemer, 2004). Exercem papel importante na mobilidade do Fe atuando também na

dissolucdo de minerais (Kalinowski et al., 2000; Cheah, 2003).
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2.1.3 Dissolucao

As reacdes de dissolucdo de minerais nos solos sdo processos superficiais
controlados por fatores termodindmicos e cinéticos na interface solido-solugdo. (Stumm,
1992). Este mecanismo consiste na transferéncia de &atomos de Fe coordenados
octaedricamente na superficie dos oxihidroxidos para a solugdo (Casey e Ludwig, 1996). Os
diferentes tipos de Oxidos de Fe exibem cinéticas de dissolucdo intrinsecas as suas
caracteristicas mineraldégicas, como a estabilidade cristalografica e superficie especifica
(Larsen e Postma, 2001; Roden, 2004).

A dissolucado promovida por soluc¢des acidas, denominada em inglés “proton-promoted
dissolution”, é controlada pela reacdo de protons com os atomos de oxigénio e grupos
hidroxilicos na superficie do mineral. Como resultado da adsorcéo de prétons aos atomos de
oxigénio, as ligagcbes Fe-O sdo enfraquecidas, provavelmente, através da polarizagéo,
promovendo a liberacédo de Fe da superficie mineral para a solugdo (Cornell e Schwertmann,
2003). Entretanto, esse processo desempenha um papel secundario na mobilizacdo do Fe na
natureza, com excecgdo de ambientes muito acidos.

A presenca de moléculas organicas capazes de formar complexos estaveis com o Fe**
pode intensificar a dissolucdo dos oOxidos de Fe (Kraemer, 1997). Estes ligantes incluem
acidos organicos como o oxalato, o citrato e moléculas especificas capazes de complexar o
Fe como os sider6foros. Os ligantes organicos sao, primeiramente, adsorvidos nos éxidos de
Fe, formando complexos de superficie que sdo subsequentemente separados do mineral,
liberando os complexos organicos de Fe®*". O processo de dissolucdo promovida por ligantes
organicos exerce influencia nos ciclos do Fe em solos ricos em matéria organica.

O processo de maior importancia na dissolucdo de minerais esta relacionado com a
transferéncia de elétrons do meio aos oxihidroxidos de Fe®* localizados na superficie mineral,
formando Fe?" aquoso de elevada mobilidade. Este processo é denominado em inglés de
“reductive-promoted dissolution”, ou seja, dissolu¢do causada pela reducao dos Oxidos de
Fe®* presentes na superficie mineral. Este processo pode ocorrer tanto por processos
bioticos como abidticos (Stumm, 1995). Conforme demonstrado anteriormente na Eq. 4, a
bactéria que causa a reducdo dissimilatéria do Fe promove a oxidacdo da matéria organica

utilizando o Fe** como receptor terminal de elétrons (Lovley, 2004).
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2.2  MECANISMOS DE FRACIONAMENTO ISOTOPICO DO FERRO

2.2.1 Is6topos Estaveis

O termo isOtopos € definido pelos atomos cujos ndcleos tém o mesmo ndamero de
protons, mas um diferente nUmero de néutrons. De origem grega, significa “espagos iguais” e
indica que diferentes massas ocupam a mesma posicdo na tabela periddica, ou seja,
pertencem ao mesmo elemento. Os is6topos podem ser divididos em dois grupos
fundamentais: espécies estaveis e instaveis (radioativas). Até 0 momento foram descobertos
300 is6topos estaveis e 1700 is6topos instaveis (Clark e Fritz, 1997). Destes, apenas 21
elementos sao considerados puros no sentido de terem somente um isétopo estavel. Todos
0S outros elementos sdo misturas de, pelo menos, dois is6topos. Na maioria dos casos, um
isétopo é predominante, sendo os demais presentes em pequenas porcentagens (Hoefs,
1997). Dos oitenta e trés elementos que ocorrem naturalmente, que nao sao radioativos ou
que tem meia-vida longa o suficiente para serem considerados estaveis (>10° anos),
aproximadamente, trés quartos tém dois ou mais is6topos. O numero de isétopos estaveis
cresce com 0 aumento do nimero atbmico, em um maximo de 10 para o Sn. Elementos com
baixos nimeros atbmicos tendem a ter um menor nimero de is6topos como no caso do C, H,
B e N (Johnson e Beard, 2004).

O estudo das variacOes isotépicas de elementos tradicionais como H, C, N, O e S deu
inicio as pesquisas da geoquimica dos isétopos estaveis. Estes trabalhos forneceram
importantes informacdes sobre suas fontes em rochas, minerais e fluidos, evolu¢éo da crosta
e do manto, mudangas climaticas, evolugdo da vida e a génese de recursos naturais (e.g.,
Ohmoto, 1972; Peterson 1987; Gat, 1996; Talbot, 2002; Farquhar e Wing, 2003). Entretanto,
muito menos atencao foi dada aos demais is6topos estaveis de metais e halogénios devido as
restricbes analiticas da época. Os recentes avangos tecnoldgicos aplicados a determinacao
isotopica, como o MC-ICP-MS, aceleraram o desenvolvimento de novas areas de pesquisas
relacionadas a analise isotOpica aplicada as geociéncias. O interesse na determinacédo de
is6topos estaveis ndo tradicionais, como os metais de transi¢cdo (e.g., Fe, Cu e Zn), tem
crescido nos ultimos anos nas Geo e CosmoCiéncias. As diferencas relativas de massas de
diversos iso6topos de mesmos elementos sdo muito pequenas, resultando em fracionamento

isotdpico tipicamente na casa de poucos por mil. A determinacdo destes pequenos
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fracionamentos isotdpicos haturais requerem métodos analiticos precisos e confidveis para
distinguir as varia¢des isotdpicas naturais daquelas introduzidas pela técnica analitica per se.

Para a maioria dos elementos, nas condi¢Oes terrestres tipicas de temperatura e
pressdo, o fracionamento isotépico esta relacionado a grande diferenca relativa de massa
entre 0s isétopos estaveis; as fortes ligacdes covalentes; e aos multiplos estados de
oxidacdo (O’'Neil, 1986). Entretanto, muitos is6topos estaveis ndo tradicionais nao
apresentam essas caracteristicas. Sao elementos pesados (Fe, Mo e Cd), ndo apresentam
grande diferenca de massa entre o0s isOtopos estaveis mensuraveis (Cr), formam,
predominantemente, ligagdes idnicas (Li, Mg, Ca) ou, geralmente, tém somente um estado de
oxidacdo na natureza (Li, Mg, Si, Ca) (Schauble, 2004). As principais regras que controlam o
fracionamento isotdpico estavel em equilibrio foram descritas por Bigeleisen e Mayer (1947),

sendo elas:

1. O fracionamento decresce a medida que a temperatura aumenta em uma
proporcéo de, aproximadamente, 1/T? para a maioria das substancias;

2. O fracionamento é maior para elementos leves e para isdtopos com maior diferenca
entre isétopo pesado e leve;

3. O is6topo pesado de um elemento tendera a ser concentrado onde o elemento
forma ligacdes mais rigidas, estando relacionados com: (a) elevado estado de
oxidagdo; (b) ligacdes envolvendo elementos no topo da tabela periddica; (c)
ligacBes covalentes entre atomos com eletro negatividade semelhante e (d) baixo

namero de coordenacao.

A grande maioria dos dados isotOpicos é expressa na notacao delta, onde a composi¢cao
isotOpica é relativa ao desvio de uma razédo isotépica comparada com a mesma razdo de uma

amostra de referéncia (Johnson e Beard, 2004):

;)
Rstdi/J

§iEx = ( ~1)10° (Eq.5)

onde i e j sdo os is6topos especificos usados na razao R do elemento E; x é a amostra de
interesse e std é o material de referéncia padréo. E tradicional utilizar o is6topo i na notac&o
d, sendo importante perceber a notacéo especifica da razdo R que esta sendo empregada. A

unidade comumente utilizada para expressar esta notagao € parte por mil ou per mil (%o).
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O material referéncia padrao utilizado para reportar a composic¢ao isotdpica ainda néo
foi bem definido para muitos casos, requerendo atengdo na comparacdo dos valores S'E.
Alguns grupos escolheram um componente geoldgico padrdo como agua oceanica ou meédia
da crosta terrestre. Outros optaram por utilizar padrbes de controle interno, dificultando a
calibracdo entre os laboratérios. Os dados devem ser reportados utilizando padrbes com
disponibilidade internacional sempre que possivel para que os valores & possam ser
comparados, utilizando materiais de referéncia compativeis.

Os dados discutidos neste projeto séo reportados em valores de §°°Fe e §°'Fe, em
unidades de per mil (%o), relativa ao IRMM-14, distribuido pelo Institute for Reference
Materials and Measurements of the European Comission. A abundancia isotépica (%o £ 20)
deste material é de 5.845+0.023 para **Fe; 91.754+0.024 para *°Fe; 2.1192+0.0065 para >'Fe
e 0.2818+0.0027 para **Fe (Taylor et al., 1992). Uma comparacdo realizada entre duas
amostras deste padrédo de diferentes lotes demonstrou que IRMM-14 tem uma composicao
isotépica homogénea com variagado de 0.024%c./amu (Dauphas et al., 2004).

Seguindo a prética padrao, o fracionamento isotdpico entre dois componentes A e B é

descrito pelo fator de fracionamento isotdpico a 5 através da Equacao 6 (e.g., O Neil, 1986).

aas = (RNA(RMe (Eq.6)

Para sistemas isotopicos em que os fracionamentos sdo na ordem de poucos por mil

(como no caso do Fe), pode-se empregar a seguinte aproximacao:

10°Inaa.g~ 8'Ea- 8Es = Aas (EQ.7)

O fracionamento isotOpico em processos quimicos, fisicos e bioldgicos ocorre através
de reacdes de equilibrio ou reacdes cinéticas (Kendall e Doctor, 2003). Nas reacdes de
equilibrio isotdépico os componentes envolvidos permanecem abertos para trocas isotopicas
ao longo da reacdo. Neste processo o0s isOtopos pesados serdao preferencialmente
concentrados nas substancias onde forma ligacdes mais rigidas. A magnitude do
fracionamento serd proporcional a diferenca entre as forcas de ligacdo dos elementos nas
duas fases. De acordo com Criss (1999), o fracionamento isotdpico em equilibrio em sistema

fechado pode ser expresso através da Equacdao 8.
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8'Eg = 6'Egys + f (g.a— 1)10° (Eq.8)

onde a é o fator de fracionamento entre dois componentes (B-A); §'E é 0 valor de §E para
todo o sistema, e f é a fracdo restante do componente A. Esta equacédo formard linhas retas e

paralelas para ambos os componentes em funcdo da fragcdo do composto A remanescente

(Figura 4).
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Figura 4 — Comparacgédo dos fracionamentos isotépicos produzidos pelos processos de fracionamento
de equilibrio em sistema fechado e Rayleigh, onde A reagiu para formar a fase B, em funcdo da
proporcéo de B (Xg).

No fracionamento isotOpico em sistemas abertos, como o Rayleigh (Figura 4), o
componente B é isolado para trocas isotépicas com o componente A, imediatamente apos
sua formacdao, produzindo variagfes isotopicas mais extremas em comparagdo aos sitema de
equilibrio em sistemas fechados (Johnson e Beard, 2004). Em outras palavras, este processo
ocorre em sistemas abertos com elevada mistura e fator de fracionamento constante, onde o
reagente é finito e ndo interage novamente com o produto (Clark e Fritz, 1997). De acordo

com Allegre (2008) este processo é descrito através da Equacao 9.

8'Eg = 89 +10° (as.a) -1) Inf (EQ.9)
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7

onde a é o fator de fracionamento entre dois componentes (B-A); §Eg € a composicdo
isotdpica do produto; &E, € a composicdo isotdpica inicial; e f é a fracdo restante do
componente A.

Embora os processos termodinamicos sejam reversiveis, as reacdes de fracionamento
isotépico cinético sdo unidirecionais e incompletas, onde produto mantém-se isolado para
trocas isotopicas apés sua formacao. Como regra geral, as ligacdes entre 0s is6topos mais
leves sdo quebradas mais facilmente quando comparadas com as ligacbes envolvendo
isétopos pesados. Assim, o0s isGtopos leves reagem mais rapidamente e tornam-se
concentrados no produto, fazendo com que 0s reagentes residuais sejam enriquecidos nos
isétopos pesados. A magnitude de um fracionamento isotdpico cinético depende do
mecanismo e velocidade da reacdo e das energias das ligacbes rompidas ou formadas
durante a reacdo. Nos processos de fracionamento cinéticos unidirecionais, os fatores de
fracionamento geralmente sdo maiores quando comparados com o fracionamento em
equilibrio para a maioria dos ambientes de baixa temperatura (Kendall e McDonnell, 1998;

Kendall e Doctor, 2003).

2.2.2 Is6topos de Ferro

O elemento Fe apresenta treze is6topos diferentes com massa atdmicas variando
entre 49 e 62 (Goodman, 1988). Entre estes apenas quatro is6topos sdo estaveis (**Fe, *°Fe,
>’Fe e “®Fe). Os demais is6topos so instaveis e decaem através de processos radioativos.
Este projeto estudou somente o fracionamento de is6topos estaveis, entretanto, a seguir
serao feitas alguns consideracdes sobre os isétopos instaveis do Fe.

Os is6topos radioativos do Fe mais utilizados como tracadores sdo o *°Fe e o *°Fe,
gue apresentam respectivamente meia-vida de 2.7 anos e 44.6 dias. Aplicacbes destes
métodos abrangeram o estudo da aplicabilidade do **Fe como tragador dos processos de
reducdo microbiana do Fe em sedimentos aquaticos (Roden e Lovley, 1992); a avaliacdo da
da liberacéio de **Fe em sistemas aquaticos através do lancamento de efluentes provenientes
de usinas de energia nuclear (Warwick et al. 2001); a investigacdo das transformacdes das
superficies dos oxidos de Fe (Reichard et al. 2005; Pedersen et al., 2005); a determinagéo da
absorcéao e translocacao do Fe em plantas (Alam et al. 2005); e a investigacao da especiacao

do Fe em agua marinhas (Fischer et al., 2006). O is6topo radioativo do Fe que apresenta
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maior meia-vida é o ®Fe (1.49 Ma), sendo relevante em estudos de cosmoquimica (Quitté et
al., 2006). E um radio-nuclideo extinto no sistema solar, mas pode ser gerado dentro das
supernovas.

O Fe apresenta, naturalmente, quatro isétopos estaveis **Fe (5.84%), **Fe (91.76%),
*Fe (2.12%) e **Fe (0.28%). A variacdo natural e dependente de massa da composicdo
isotopica do Fe é pequena, com magniitude de ~7.5% em razdes *°Fe/*'Fe e ~11%. em
razbes °’'Fe/*’Fe (Rouxel et al., 2008; lllina et al., 2013). Dessa forma, os avancos nos
métodos de espectrometria de massa tém sido essenciais a emergéncia da geoquimica dos
isétopos estaveis de Fe (Taylor et al., 1992). Algumas dezenas de laboratérios distribuidos no
mundo estdo desenvolvendo pesquisas relacionadas a estes is6topos em uma ampla
variedade de tdpicos. As aplicacbes das analises isotOpicas sd0 numerosas como, por
exemplo, o estudo dos processos planetarios (e.g., Poitrasson et al., 2005; Hezel et al. 2010),
a diferenciagdo do manto (e.g., Schoenberg e von Blanckenburg, 2006; Poitrasson et al.,
2009), a identificacdo dos processos hidrotermais (e.g., Croal et al 2004; Heimann et al.,
2010), a identificagcédo de processos geoquimicos no oceano (Levasseur et al., 2004; Lacan et
al., 2008); os ciclos de oxi-reducdo no planeta Terra (Rouxel et al., 2005), e, assim como
neste trabalho, o estudo das assinaturas isotépicas nos distintos componentes dos sistemas
aguaticos continentais (e.g., Bergquist e Boyle, 2006; lllina et al. 2013).

A utilizacdo dos is6topos estaveis de Fe como indicadores de processos bioldgicos
que ocorreram ao longo do curso da evolugéo da Terra foi a principal justificativa para dar
inicio aos estudos envolvendo a determinacdo da composigdo isotOpica deste elemento
(Beard et al. 1999). Entretanto, estudos posteriores demonstraram que o fracionamento
isotopico do Fe também pode ser causado por processos abioticos em ambientes superficiais
e de baixa temperatura (e.g., Anbar, 2004). Embora as variacdes das razdes isotopicas do Fe
ndo possam ser avaliadas e utlizadas simplemente como indicadores de processos
biologicos, elas oferecerem importantes informacdes sobre 0s processos biogeoquimicos em
ambientes superficiais.

Modelos teéricos baseados em teorias quanticas e de espectroscopia vibracional
foram desenvolvidos com objetivo de inferir a direcdo e a magnitude do fracionamento
isotopico. De maneira geral, estes estudos concluiram que os isétopos de Fe mais pesados
sdo concentrados nas espécies que apresentarem ligacdes mais rigidas, com elevado estado
de oxidacdo e ligacBes coordenadas com carater covalente. A validade destes modelos
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tedricos foi entdo avaliada através de diversos estudos experimentais de escala laboratorial,
assim como, da analise de amostras provenientes dos sistemas naturais.

Os efeitos das mudancgas nos estados de oxi-reducéo através de processos bidticos e
abidticos foram avaliados por diversos autores. Bullen et al. (2001) demonstraram que a
oxidacdo abidtica de Fe?" causa fracionamento isotépico significativo. Os hidretos de ferro
analisados apresentaram razdes °'Fe/>*Fe relativamente pesadas quando comparados com o
material inicial. O fator de fracionamento (A57Fepe(...).oxidos.pea|)aq) observado foi,
aproximadamente, 1.3%.. Johnson et al. (2002) e Welch et al. (2003) investigaram a cinética
das trocas isotépicas entre Fe*,, e Fe*',, através da mistura de solugdes de ferro férrico e
ferroso dissolvidos e da adicdo de spikes isotopicos. Ambos os autores inferiram que Fe2+aq e
Fe3*aq permanecem em equilibrio isotépico. Welch et al. (2003) demonstraram que, em
condi¢des de equilibrio, o Fe3+aq € enriguecido em is6topos pesados quando comparados com
0o Fe*,. O fator de fracionamento (A*'Fereqiagreqyag) reportado neste estudo foi de,
aproximadamente, 4.3%o.

Croal et. al. (2004) investigou o fracionamento isotépico no processo de oxidacdo do
Fe** causado por bactéria fotoautotréfica em condicdes anaerdbicas. O precipitado de hidreto
de ferro apresentou valores de &°'Fe mais pesados que o Fe®" inicial, com fator de
fracionamento (A57FeFe(...)_oxidos_pe(..)aq) de 2.2%o. Crosby et al. (2007) reportaram que a redugéo
dissimilatéria de um substrato sélido composto de oxihidroxidos de Fe** causa fracionamento
isotopico de, aproximadamente, 2.2%o (valor em §°'Fe), com espécies de Fe*" enriquecidas
preferencialmente em isétopos leves. Beard et al. (1999) e Johnson et al. (2005) reportaram
que o Fe**,, produzido pela redugdo dissimilatéria apresentou razdo °’Fe/*’Fe mais leve
quando comparada ao composto de hidretos de Fe inicial. Os fatores de fracionamento
(A57FeFe(...)_oxidos_FeU.)aq) reportados nestes estudos variaram entre 1.9 e 4%o.

Os efeitos dos processos de adsor¢cdo e complexacdo do Fe em superficies solidas e
ligantes organicos também foram avaliados por alguns estudos. Adsorcéo de Fe?* na goetita
causa fracionamento (A’ Fereqyad-renag) de 3.1%o (Icopini et al. 2004). Crosby et al. (2005)
investigaram a adsorcdo de Fe?* em substratos compostos de oxidos de Fe através de
experimentos de reducdo dissimilatéria de Fe por microrganismos. Os autores reportaram

fatores de fracionamento (A”Fe(..)ad_pe(..)aq) variando entre de 0.6 e 1.3%0 para substratos de
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hematita e goethita. O fracionamento causado pela adsorcdo de Fe®* em oxihidréxidos de
Fe* foi detectado por Teutsch et al. (2005), obtendo A* regyad-reqnag d€ 1.2%o.

O primeiro estudo que avaliou o fracionamento isotépico em equilibrio entre
Fe(H,O)s** e complexos organicos sideréforos (DFOB, desferrioxamina B) reportou fator de

fracionamento (A% Feprosinorg) de 0.90+0.22%0 (valor em §°'Fe) (Dideriksen et al., 2008). No
entanto, modelos de teoria orbital molecular aplicados a esta questao determinaram um efeito
isotopico de 0.3%0 em direcdo oposta a observada anteriormente, com enriqguecimento de
is6topos leves nos complexos Fe*-DFBO (Domagal-Goldman et al., 2009). A discrepacia
entre estes resultados demonstra a necessidade de novos estudos tedricos e experimentais
para melhor o entendimento dos mecanismos que controlam estas reacdes. Atualmente sédo
conhecidos aproximadamente quinhentos tipos de sideréforos e outras numerosas moléculas
capazes de complexar o Fe nos ambientes naturais (Morgan et al., 2010).

O estudo pioneiro de Beard e Johnson (1999) demonstrou, pela primeira vez, que a
assinatura isotdpica das rochas igneas é relativamente homogénea, com variacdes de,
aproximadamente, +0.3%. (1 SD), idéntica a precisdo analitica disponivel naquela época
utilizando TIMS. Os avancgos analiticos possibilitaram a realizacdo de analises com maiores
precisdes e, dessa forma, a variagdo da composicao isotdpica do Fe da crosta continental foi
reduzida para +0.05%0 (1 SD) (Beard e Johnson, 2004; Poitrasson et al., 2004). Entretanto,
estudos realizados por Williams et al. (2004), Weyer et al. (2005) e Williams et al. (2005)
demonstraram existir pequenas diferengas entre as distintas fases minerais e entre os
diferentes tipos de rochas. Poitrasson e Freydier (2005) reportaram composi¢des isotépicas
de granitos mais pesadas em relacdo a referéncia continental e associaram este fato as
baixas concentracbes de Mg e as elevadas concentracbes de SiO,. Essa abordagem foi, em
seguida, impugnada por Beard e Johnson (2006) e a discuss@o em relagdo a homogeneidade
da crosta terrestre permanece aberta (Poitrasson et al., 2006). Neste trabalho sera utilizada a
composicdo isotdpica da crosta terrestre definida por Poitrasson et al.,, 2006 (i.e.,
~0.120.03%o).

O desgaste superficial das litologias crustais sob atmosfera oxidante é capaz de alterar
as razoes isotopicas dos produtos do intemperismo. Embora o fracionamento isotdpico do Fe
ocorra através das mudancas do estado de oxidicdo, a variacdo das razdes °'Fe/**Fe

somente serdo significativas caso ocorra a mobilizacdo e separacdo de ampla quantidade de
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Fe. O Fez+aq € a espécie que apresenta maior mobilidade em sistemas ambientais, e
apresenta baixas razdes *’Fe/*’Fe quando comparado com Fe®*" associado aos minerais.
Dessa forma, Fante e DePaolo (2004) inferiram que o intemperismo continental ira mobilizar
preferencialmente pequenas quantidades de Fe com assinaturas isotdpicas relativamente
leves. Com base nestas informacdes, Johnson et al. (2008) concluiram que as fracbes
dissolvidas e coloidais dos rios teriam valores &°'Fe relativamente leves, refletindo
componentes de elevada mobilidade lichiviados dos solos, como o0s oxidos coloidais e o Fe
complexado a matéria organica (Brantley et al. 2001, 2004; Fantle e DePaolo 2004,
Emmanuel et al. 2005), que seriam continuamente exportados para 0s oceanos. Entretanto,
Poitrasson et al. (2008) demonstraram variacBes isotopicas limitadas em latossolos
localizados em Nsimi (Cameron) e entenderam que a 4gua drenada neste tipo de solo devera
apresentar composi¢ao isotopica similar a da crosta terrestre (i.e., ~0.1£0.03%0), semelhante,
ao argumento anteriormente apresentado por Beard et al. (2003), que estimou a composi¢céo
do Fe dos rios com baixas concentracdes de carbono organico e elevadas quantidades de
materiais detriticos entre 0.1 e 0.2%o.

Estes estudos definiram que o intemperismo continental ird transportar para a rede
fluvial Fe com composicdo isotopica apresentando pequenas variacdes quando comparadas
com a média da crosta terrestre (i.e., ~0.1£0.03%.). Entretanto, diversos trabalhos
demostraram que as assinaturas isotopicas do Fe nas aguas dos rios podem apresentar
variacbes de suas assinaturas causadas pelos processos de intemperismo e transporte de
metais em regides com caracteristicas fisiograficas diferentes. Ingri et al. (2006) mediram a
influéncia das variagbes climéaticas anuais na composi¢do isotopica de Fe nos solidos
suspensos do rio Kalix, situado em regido de clima boreal. Os autores reportaram valores de
5°'Fe variando entre -0.19 e 0.46%o. Os coldides organicos obtiveram valores negativos de
5°’Fe, enquanto os coléides compostos por oxihidréxidos de Fe eram enriquecidos em *'Fe. O
principal mecanismo responsavel pelas composicdes isotdpicas nas aguas distintas foi
associado aos diferentes processos de exportacdo de oxihidroxidos e complexos orgéanicos
de Fe nas estacdes do ano. Os autores inferiram que os coloides organicos sdo exportados
para os rios através do escoamento superficial, quando as se¢des superiores do perfil do solo
sdo inundadas, enquanto os oxihidroxidos de Fe s&do formados nos rios pela entrada e

subsequente oxidacdo das 4guas subterraneas.
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Baseado neste estudo, llina et al. (2013) testaram a hipdtese de que os oxihidroxidos de
Fe** s&o enriquecidos em is6topos pesados em relacdo aos complexos organicos através da
analise das razfes isotopicas do Fe em rios de regides de clima temperado e boreal.
Amostras de agua foram filtradas progressivamente utilizando membranas com diametro de
poro variando entre 100um e 1 kDa. Em todos os rios estudados foi observado o aumento dos
valores de 5°'Fe em frente ao decréscimo do didametro de poro da membrana. Os resultados
obtidos para os rios das regides subarticas foram de 0.4 + 0.18%0 na fracdo 100 um e 4.2 =
0.1%0 na fragdo de 10kDa, enquanto os rios da regido temperada variaram entre 0.024+0.2%o
na fragdo 100um e 1.2+0.3 na fracdo 10 kDa. As razdes isotOpicas mais pesadas foram
atribuidas aos complexos orgéanicos de baixa massa molecular, enquanto as mais leves foram
associadas aos oxihidroxidos de Fe coloidais, sendo, dessa forma, de composicao inversa
aos anteriormente observados por Ingri et al. (2006). Os autores inferiram que as assinaturas
isotopicas mais pesadas estdo relacionadas as ligagbes mais rigidas entre o Fe e a matéria
organica (ligacdo tipo Fe-O-C) quando comparada com o as ligacbes entre Fe e oxigénio
presente nos oxihidroxidos (liga¢des tipo O-Fe-0O).

Song et al. (2011) realizaram estudo multi-temporal da composi¢éo isotopica do Fe no
material particulado suspenso no lago Aha (Guizhou, China) e de seus tributarios. Valores de
5°’Fe apresentaram assinaturas isotopicas relativamente leves. As amostras do lago variaram
de -2.0 a -0.15%0 no verdo e de -0.53 a -0.05%. no inverno. Os autores relacionaram o0s
is6topos mais leves no verdo a mudanca na fonte do material particulado, uma vez que
maiores quantidades de Fe particulado séao lixiviadas do solo e produzidas pelo intemperismo
da pirita presente nos estratos geoldgicos contendo carvao.

Bergquist e Boyle (2006) estudaram preliminarmente os is6topos de Fe nos sistemas
aquaticos da bacia Amazénica. O Fe dissolvido e dos sedimentos suspensos do rio Solimdes
s8o isotopicamente idénticos com valores 8°'Fe variando entre -0.15 e -0.45%o.. De acordo
com os autores, a similaridade das assinaturas isotopicas do Fe dissolvido e particulado
sugere que estas fracdes sdo compostas for materiais semelhantes (i.e., oxihidréxidos de Fe
e argilominerais). As assinaturas isotépicas leves foram relacionadas aos processos de
intemperismo que preferencialmente mobiliza e transporta Fe com assinaturas isotopicas
mais leves. Estes valores também foram atribuidos aos processos de dissolucao, precipitacao

e adsorcdo do Fe que contribuem com a presenca de isGtopos leves em solucdo. Em

29



contraste, o rio Negro apresentou assinaturas inversas as anteriormente citadas, com fracbes
dissolvidas relativamente pesadas (0.45%0) e os solidos suspensos relativamente leves
(-1.3%0). Os autores atribuiram estes valores as diferentes espécies de Fe presentes nas
fases dissolvida e particulada ou ao fracionamento de equilibrio entre as fases organicas.

Os exemplos anteriormente descritos demonstram claramente que as assinaturas
isotopicas do Fe nos rios podem trazer informacdes relevantes sobre os mecanismos de
intemperismo e de desgaste mineral que ocorrem nos solos a montante, podendo ser
utilizadas como tracadoras de fontes e processos biogeoquimicos que ocorrem em uma bacia
hidrografica. Diversos autores exploraram a influencia dos processos pedogenéticos e de
alteracdo mineral na variacdo das assinaturas isotdpicas de Fe em solos. A maioria dos
estudos utilizou procedimentos de extracdo sequencial seletiva para definir as razbes
isotépicas do Fe em diferentes compartimentos no solo.

Fantle e DePaolo (2004) estudaram a assinatura isotdpica do Fe em quatro horizontes
de um perfil de solo, usando extratos lixiviados em agua e em HCIl 0.5M e descobriram
variacdes de, aproximadamente, 1.0%o (valores em 3°’Fe) entre amostras totais de solo em
diferentes profundidades. Wiederhold et al. (2007) mostraram que diferentes compartimentos
de Fe (6xidos e hidroxidos mal cristalizados, dxidos cristalinos e Fe associado a silicatos) de
diferentes tipos de solos (Podzols, Cambisols e solo com caracteristicas redutoras) tém
assinaturas isotépicas distintas e a podzolizacdo tende a translocar, preferencialmente, os
is6topos leves para perfis mais profundos do solo. Brantley et al. (2001) reportaram forte
enriquecimento de is6topos leves na fracdo do Fe trocével, comparado com o dominio dos
oxidos de Fe em amostra do horizonte B de solo contendo hornblenda. Schuth et al. (2009)
estudaram a composicdo isotopica dos horizontes de um gleisolo da Alemanha, obtendo
valores de & °'Fe variando de +0.3 a -0.2%o nos diferentes horizontes. Poitrasson et al. (2008)
estudaram dois perfis de solos lateriticos e descobriram uma limitada variacdo nas
composicdes isotdpicas de Fe, com valores de 8°'Fe variando de 0.06 %o no saprolito para
0.27 %o em horizontes argilosos.

A assimilacdo do Fe contido nos solos por diferentes tipos de espécies vegetais foi
investigada por Guelke e von Blanckenburg (2007). Como as plantas tém diferentes maneiras
de mobilizar e incorporar Fe ndo é surpreendente que plantas de estratégia | e Il apresentem

assinaturas isotdpicas distintas. Os autores determinaram que o Fe contido em plantas
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vasculares tem composicdo isotdpica distinta dos solos em que se desenvolvem. O
fracionamento isotdpico do Fe é especifico e varia em fungdo do mecanismo de assimilagdo
utilizado pela planta. Plantas estrategistas | (plantas vasculares), que reduzem o ferro antes
da sua absorc&o, assimilam o Fe leve. Os autores demonstram que a reducdo de Fe** por
plantas de estratégia | causa o decréscimo da assinatura isotdpica do Fe contido nas plantas
em até 2.4%o (valores em &°'Fe), quando comparado com amostras de solos totais. As plantas
estrategistas 1l (gramineas) incorporam o Fe férrico complexado a sideréforos e néo
apresentam fracionamento isotépico significativo. A complexacdo de Fe em sideroforos por
plantas estrategistas Il causa o aumento dos valores °'Fe de 0.2%o, quando comparada com
a assinatura isotopica do solo.

Muitos trabalhos j& foram realizados para documentar as variacfes isotépicas em
sistemas naturais e em experimentos laboratoriais controlados para determinar o0s
mecanismos de fracionamento isotdépico do Fe em ambientes superficiais. Através da
descricdo de alguns estudos pode-se evidenciar o potencial das andlises das variagcdes dos
is6topos de Fe para identificar fontes e processos biogeoquimicos em diferentes sistemas
naturais. Muitos estudos experimentais ainda sdo necessarios para compreender melhor os
diversos mecanismos de fracionamento isotdpico. As analises das assinaturas isotopicas de
distintos compartimentos naturais podem nortear a definicho de novos temas a serem

investigados através de experimentos laboratoriais controlados.
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3. BACIA AMAZONICA

3.1 ASPECTOS FISIOGRAFICOS

A bacia Amazbnia apresenta quatro importantes regides geomorfoldgicas (Figura 5).
De acordo com Stallard e Edmond (1983), as principais unidades morfoestruturais sédo: (1)
Escudo da Guiana ao norte e Escudo Brasileiro ao sul; (2) Planicie Amazénica ou planicies
aluviais temporariamente inundadas (varzeas), orientadas oeste-leste e localizadas na area
central da bacia e nas margens dos canais principais; (3) Cordilheira Andina; e (4) Regido
Sub-Andina, ou sopé dos Andes localizados a oeste. As altitudes variam desde o nivel do mar
(foz do rio Amazonas no Oceano Atlantico) até, aproximadamente, 7.000 m (Cordilheira
Andina).

Os divisores de aguas da bacia sdo delimitados a oeste e sudoeste pelas elevadas
montanhas dos Andes, onde as mais altas nascentes alimentam o rio Apurimac, no monte
Huagra, a 3.380 m de altura (Schreider e Schreider, 1970). Nas margens norte e sul, os
tributarios surgem nas antigas formacdes geoldgicas dos macicos da Guiana e do Brasil
Central, respectivamente, onde os grandes divisores de aguas da América do Sul estédo
situados. Entre estes macicos encontram-se areas planas de baixas altitudes abertas a leste,
onde o rio Amazonas desagua no oceano Atlantico com uma foz de, aproximadamente, 300
km de largura, tendo a ilha de Marajé em seu centro (Sioli, 1984).

A orogénese dos Andes e o consequente transporte de sedimentos em direcdo a
planicie Amazénica transformou-a em um diversificado mosaico edafico. Os antigos escudos
Pré-Cambrianos do Brasil e das Guianas apresentam uma série de rochas igneas e
metamorficas, localizadas ao sul e ao norte da planicie (Fittkau, 1971). Estas superficies
expostas sdo as mais antigas da Ameérica do Sul, com idades geoldgicas variando de 1500 a
3600 milhdes de anos (Figura 6, Schobbenhaus e Bellizzia, 2001). Apesar de serem antigas,
a maioria dos solos foram formados in situ pelo intemperismo de rochas cristalinas. Entre
estes escudos, na planicie amazonica, ocorrem, principalmente, sedimentos do Paleozoico
(Irion, 1978; Hoorn et al., 2010). A oeste encontram-se sedimentos pré-andinos do Cretaceo-
Terciério, erguidos no Plioceno, com idades variando entre 1 e 2 milhdes de anos, além de
solos mais recentes (<5000 anos), estimados do Pleistoceno e do Holoceno antigo (Irion,

1978).
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Figura 5 — Mapa localizacdo da bacia hidrografica do rio Amazonas, seus principais rios e unidades geomorfolégicas.
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Figura 6 — Classificacdo da geologia sotoposta a Floresta Amazénica de acordo com as idades geoldgicas
maximas (Schobbenhaus e Bellizzia, 2001)

A parte andina da bacia do rio SolimBes tem embasamento Pré-Cambriano, onde
destacam-se evaporitos e carbonatos fraturados do Mesozoico. Em seu baixo curso, ocorrem
sedimentos flavio-lacustres do Terciario (Formacéo Ica) (Gaillardet et al., 1997; Hoorn et al.,
2010). Na parte Andina do rio Madeira, as principais rochas sedimentares sdo do Paleozoico e
ocorrem associadas aos xistos e evaporitos escassos do pré-cambriano (Gaillardet et al., 1997).

A distribuicdo geogréafica dos solos na bacia Amazonica esta associada, principalmente, as
caracteristicas geomorfolégicas da regido. A distribuicdo espacial dos solos, ilustrados na Figura
7 e discutidos no presente trabalho, compreendem somente aqueles sotopostos a floresta
tropical Amazbnica, conforme proposto por Quesada et al. (2011). Nesta sessdo serdo
apresentados, com maiores detalhes, somente os solos de ampla abrangéncia territorial ou os

que influenciam de maneira significativa na composicao quimica das aguas.

39



» 80° W 75° W 70° W 65° W 60° W 55° W 50° W -
] L ' K
&7 - &
» | | »
o o
o | | ® | —— Amazon Basin [l Podzols
o o
= ~ | — Hydrography Leptosol
Soils Regosol
" v Ferrasols Arenosols
e ':- o I Acrisols B Aiisols
el Plinthosols [l Lixisols
' B cambisols M Fluvisols
» » | [ Gleysols
2, -5
~N N
1
80° W 75° W 70° W 65° W 60° W 55° W 50° W
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Sul.

40



Os solos de maior ocorréncia sdo os Ferrasols e os Acrisols, que compreendem cerca
de 60% da &rea da bacia. Estes solos ocorrem, principalmente, ao longo dos macicos Brasileiro
e Guiano e em regifes sedimentares ao longo das partes central e leste do curso principal do
rio Amazonas. Os Acrisols também sao encontrados no oeste e sudoeste da bacia,
principalmente, sobre depésitos flavio-lacustres do Terciario e em outras formagfes
sedimentares desta regido. Os Plinthosols, Gleysols e Cambisols correspondem juntos a,
aproximadamente, 25% da area da bacia. Os Plinthosols estdo localizados ao longo dos
macicos Brasileiro e Guiano e em &reas sedimentares préximas aos rios Jurua, Purus,
Solimdes e Madeira. Nas planicies de inundagéo, em trechos ao longo do curso dos principais
rios e no alto curso dos tributarios do rio Amazonas encontram-se os Fluvisols e Gleysols. Os
Cambisols localizam-se na base da cordilheira andina e em areas sedimentares adjacentes.
Entre os solos de menor ocorréncia destacam-se 0s Arenosols, Lixisols, Nitisols e Podzols que
encontram-se nas proximidades dos macicos Brasileiro e Guiano. Pacotes de Podzols estdo
localizados, principalmente, em areas da bacia hidrografica do rio Negro, na regido noroeste da
bacia. Regosols e Leptosols ocorrem ao longo dos macicos, sendo mais comuns nas
proximidades da cordilheira andina.

A distribuicdo das chuvas na bacia Amazonica apresenta grande variabilidade espacial.
As regibes mais chuvosas (>3.000 mm/ano) estéo localizadas no noroeste da bacia e na foz do
rio Amazonas, préximas ao Oceano Atlantico e expostas a Zona de Convergéncia Intertropical.
Chuvas abundantes também estdo localizadas na Zona de Convergéncia do Atlantico Sul
(ZCAS), do noroeste da Amazdnia ao Atlantico Sul Sub-tropical (Espinoza Villar et al. 2009). As
chuvas ocorrem em menores propor¢cdes nas planicies Peruanas e Bolivianas e em regifes do
norte brasileiro protegidas das correntes oceanicas pelo Escudo das Guianas. A média das
chuvas ao longo da bacia € de aproximadamente 2.130 mm/ano, sendo que, em algumas
regides a nordeste, as chuvas anuais podem exceder 4.000m (Costa e Foley, 1998). Nas
ultimas décadas, a bacia Amazénica presenciou alguns eventos climéticos extremos, atribuidos
a elevada temperatura da superficie do Oceano Atlantico Norte (Marengo et al., 2008; Zeng et
al., 2008) ou a variacdo extrema da temperatura da superficie do Pacifico Equatorial,
coincidindo com os eventos El Nifio e La Nind (Richey et al., 1989; Marengo, 1992; Marengo et
al., 1998). Em 1997 e 1998, o El Nind mais intenso da historia recente causou a pior seca das,

até entdo, ultimas trés décadas (Chen et al., 2010). De maneira similar, as regibes central e
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sudeste foram acometidas em 2005 por uma seca excepcional, associada ao El Nifio
prolongado no Pacifico Tropical e pelo aquecimento anormal do Atlantico Norte (Zeng et al,
2008).

A éarea da bacia de drenagem é de aproximadamente 6 x 10° km? com precipitacdo
média de 2130 mm, resultando na vazdo média anual de 206.000 m®s (Callede, 2010)
considerada, aproximadamente, 17% do fluxo global de agua doce dos continentes para o
oceano (Molinier et al., 1997). O rio Amazonas nasce ho Lago Lauri ou Lauricocha, no Peru e,
ao longo do seu percurso recebe os nomes Tunguragua, Marafion, Apurimca e Ucayali. Ao
entrar no Brasil é conhecido como rio Solimdes e, somente apos a confluéncia com o rio Negro,
€ denominado Amazonas. Em sua totalidade, o rio Amazonas apresenta comprimento
estimado em 6.868 km (considerando como principal tributario o rio Ucayali), sendo que 3.165
km estdo dentro do territério brasileiro. Transporta um valor anual de 500 a 1200 milhdes de
toneladas de sedimento (Meade et al., 1979; Dunne et al., 1998; Maurice-Bourgoin et al., 2007,
Filizola and Guyot, 2009) e 2.9 x 10° toneladas de materiais dissolvidos. Tem largura que pode
variar de 2 km em Iquitos a 5 km no baixo Amazonas, com profundidade variando de 40 a 50
m. Apresenta baixa declividade. Em Iquitos (localizado a 3660 km do Atlantico) encontra-se a
100 m acima do nivel do mar, enquanto na foz do rio Negro (localizado a 1500km do mar)
encontra-se a apenas 15m de altitude. O gradiente do baixo Amazonas € de 1 cm/km na época
seca e 2 cm/km durante a cheia (Sioli, 1984).

Entre os principais rios formadores do Amazonas, destacam-se o Solimdes que
representa ~56% da vazao total do Amazonas em sua foz, o rio Negro (~16%), o rio Madeira
(~17%), Tapajés, Trombetas e Xingu (~11%) (Molinier et al., 1993). Os rios Solimdes e Madeira
tém origem, principalmente, nos Andes com vazdo média de 103.000 m®/s e 31.200 m%s
respectivamente. O rio Negro nasce na Colémbia, drena regifes do Escudo das Guianas e tem
vazao média de 28.000 m¥/s, o rio Trombetas (2.56 m*/s) provém do Escudo das Guianas, o rio
Tapajos (13.500 m*/s) provém do Planalto de Mato Grosso, e o rio Xingl (9.700 m3/s) provem

da parte oriental do Escudo Brasileiro (Callede, et al., 2004).

3.2 HIDROQUIMICA

3.2.1 Classificacdo das dguas Amazonicas
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Os tributérios do rio Amazonas apresentam caracteristicas distintas que variam em sua
morfologia, curso e nos aspectos fisicos e quimicos das aguas (Figura 8). Baseado nestes
fatores a tipologia de suas &aguas foi, primeiramente, estabelecida por Sioli (1950), que as
classificou em trés tipos principais (i.e, &aguas brancas, limpas e pretas), baseado
principalmente em critérios visuais. O autor denominou aguas brancas aquelas com elevada
concentracdo de sélidos suspensos, aguas pretas aquelas ricas em substancias hdmicas que
naturalmente apresentam coloragdo escura, e aguas limpas aquelas que apresentam baixa
turbidez e baixa quantidade de matéria humica. Estas diferengas marcantes foram ent&o
associadas as caracteristicas geoldgicas, geoquimicas e petroquimicas da regido de origem

das aguas (e.g., Gibbs, 1967; Fittkau 1971; Stallard e Edmond, 1983).

r

Figura 8 - Encontro do rio Negro (dguas pretas) e rio Solimbes (aguas brancas) demonstrando aguas de
caracteristicas visualmente distintas dos rios da bacia Amazénica

As aguas brancas (e.g., rio Solimfes) séo tipicas dos rios com origem na cordilheira
Andina. Tem elevadas concentracdes de cations dissolvidos, pH neutro, transparéncia (disco
de secchi, Cialdi e Secchi, 1865) de 0.10-0.50m e elevada turbidez. A grande quantidade de
sélidos suspensos € atribuida ao intenso intemperismo mecénico de rochas igneas e
sedimentares da regido Andina e de solos residuais (e.g., Acrisols e Ferrasols) e aluvides
encontrados na regido subandina e na planicie Amazbnica. Ja a elevada carga eletrolitica
destas aguas estd associada ao intemperismo de rochas sedimentares geologicamente

recentes, geralmente associadas ao Paleozoico e Mesozoico situados na Cordilheira Andina.
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As aguas pretas (e.g., rio Negro) sdo encontradas, principalmente, no noroeste da bacia
e estao associadas as areas planas que suportam a floresta tropical e a fitofisionomia savanica,
denominada campinarana. A coloracdo marrom-oliva e marrom-café destas aguas esta
intrinsecamente relacionada aos imensos pacotes de Podzols que ocorrem na regido. A lenta
decomposi¢cdo da matéria organica nos Podzols da origem a &acidos hamicos e fulvicos,
compostos, principalmente, de grupos carboxilicos e fendlicos que tendem a formar complexos
organometalicos. Quando transferidos para a rede de drenagem, o metais complexados a
matéria hiumica permanecem estabilizados em suspensao, principalmente, na fragéo coloidal. A
baixa carga eletrolitica destas aguas esta relacionada com a geoquimica dos solos formados
sobre os escudos do Pré-Cambriano e os depodsitos fluvio-lacustres, ambos altamente
intemperizados. Sendo assim, estas aguas sao caracterizadas por pH acido (4.5 — 5), elevadas
concentracbes de carbono organico e Fe complexado a matéria organica, baixas
concentracdes de cations dissolvidos e material particulado, com transparéncia (disco de
secchi) de 1.30-2.90m.

As aguas claras (e.g., rios Tapajos e Xingu) geralmente tém alta transparéncia (1.10-
4.30m) devido ao baixo conteldo de sélidos suspensos e substéncias humicas. Apresentam
coloracdo verde, verde-oliva e concentragfes de ions dissolvidos inferiores ao rio Solimdes,
porem superiores ao rio Negro. Os rios com este tipo de agua apresentam amplos valores de

pH, que podem variar desde alcalino a acido. Todos estes fatorem contribuem com o aumento

da produtividade primaria, sendo esta, uma caracteristica marcante destas aguas.

3.2.2 FracOes e caracteristicas dos sélidos suspensos e dissolvidos

O tamanho das particulas contidas nas aguas naturais, exemplificado na Figura 9, é de
extrema relevancia, pois controla o comportamento fisico-quimico dos sélidos suspensos e
dissolvidos, além da reatividade da particula: quanto menor a granulometria de um sélido, mais
reativo ele é por unidade de massa. Particulas finas podem ser divididas em argila (diametro
menor que 2pm), silte (2-60um) e areia (60um-2mm). Usualmente, nas pesquisas relacionadas
as aguas naturais, os materiais dissolvidos sédo aqueles considerados com didmetro menor que
0.45 um ou 0.22 um. Entretanto, estas fracées incluem, em muitos casos, pequenos coléides
insollveis que, sob certas circunstancias, sdo responsaveis pela maior quantidade de um

elemento ou espécie quimica desta fragcdo (Tipping, 2002).
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Figura 9 — Tamanhos aproximados de componentes fisicos e biolégicos das aguas naturais. Relagéo
dos constituintes encontrados em cada fragdo, processos de separagdo e a técnica de determinacao
(Moreira-Turcq, 2008).

Coloides sdo materiais com dimensdes entre 1nm e 1um com grandes &reas superficiais.
A dispersao coloidal na agua é considerada como sendo tanto hidrofébica (material insoltvel
finamente dividido) ou hidrofilico (macromoléculas dissolvidas). As propriedades dos coloides
desempenham um papel chave no comportamento dos metais tracos, uma vez que S&o
estaveis em solucéo e sdo transportados por longas distancias onde a coagulacéo e floculacéo
podem facilitar sua eliminacdo através da sedimentacdo (Buffle et al., 1998). Em sistemas
complexos como as aguas naturais, a coagulacdo de coloides ocorre devido aos iniameros
tipos de sitios reativos. Os coldides inorganicos encontrados em &guas oxidantes sao

aluminosilicatos (argilas), silica e oxihidréxidos de Fe. Em &aguas naturais oxigenadas, as
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formas de Fe consistem, basicamente, em complexos organicos de Fe e fases nanométricas
de Fe como oxihidroxidos ou fosfatos (Davison e De Vitre, 1992).

Para a separacdo dos sdlidos suspensos has aguas superficiais, os estudos anteriores
realizados na bacia Amazonica tém utilizado, principalmente, duas técnicas de filtracdo, sendo
elas: (a) filtragéo frontal a vacuo, com membrana de 0.45 um ou 0.22 um para a separacao de
fracdo particulada e dissolvida, e (b) ultrafiltracdo tangencial para a separagdo das fracdes
particulada (P>0.22um), coloidal (5KD < C < 0.22um) e totalmente dissolvida (TD<5KD). A
ultrafiltragéo tangencial apresenta vantagens sobre a filtragdo frontal (a) permite concentrar
uma grande quantidade de sélidos suspensos nha membrana sem que haja o entupimento dos
poros; (b) a membrana pode ser reutilizada; e (¢c) os sélidos retidos ndo sdo concentrados na
superficie da membrana, facilitando a utilizacdo do material nos procedimentos de preparacao
de amostras para analises.

Através destas técnicas de separagdo dos materiais contidos nas aguas diversos estudos
foram realizados para melhorar o entendimento da mineralogia e geoquimica dos rios da bacia
Amazénica, dentre eles, podemos destacar importantes publicacdes sobre agua, sedimento e
elementos bioativos (e.g., Meade, 1985; Richey et al., 1986; Devol et al., 1995; Gaillardet et al.,
1997; Allard et al., 2002; Aucour et al., 2003; Benedetti et al., 2003; Seyler e Boaventura,
2003). Nestes estudos foram determinados ndo somente as concentracdes de elementos
maiores, tracos, terras-raras e carbono organico, mas também a natureza, especiacdo e
distribuicdo destes compostos nas diversas fracdes da agua, permitindo, assim, uma melhor
compreensdo da dindmica rocha-solo-agua, e seus efeitos na composicdo quimica e no
transporte de compostos organico e inorganicos nas aguas destes rios. Neste trabalho sera
dada preferencia a discusséo dos rios de aguas brancas (Solimbes e Amazonas) e de aguas
pretas (rio Negro).

De maneira geral, na fracdo particulada das aguas pretas do rio Negro predominam o
quartzo, a gibbsita e tracos de mica/illita, com significativas contribuicbes de material organico
particulado. Nas aguas brancas dos rios Amazonas e Solimbes prevalecem o quartzo e dos
filossilicatos (esmectita, micalillita, caolinita e clorita), com uma menor contribuicdo de
feldspatos. A semelhante composicdo dos materiais suspensos entre o rio Amazonas e 0
Solim@es indica que a contribuicdo do rio Negro ndo € muito significativa ao Amazonas, devido

a menor vazao e carga de materiais. A contribuicdo dos materiais suspensos do Solimdes é 30
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vezes maior que a do rio Negro. A reatividade dos sélidos particulados do rio Solimdes e
Amazonas esta relacionada, principalmente, aos sitios de adsor¢do (dependentes do pH do
meio) de argilas, como a caulinita, enquanto a do rio Negro esta relacionada as substancias
hamicas. A concentracdo média do material suspenso dos rios diferencia os rios de aguas
brancas com elevadas concentragbes de materiais suspensos dos rios de 4guas pretas com
materiais suspensos relativamente baixos.

Na fracdo coloidal, os diferentes tipos de aguas apresentam reatividade relacionada as
substancias humicas, embora apresentem origens distintas (Podzols vs Ferrasols). No
Amazonas e Solim&es o carbono coloidal € do tipo fllvico, devido a predominancia de grupos
carboxilicos. No rio Negro, é do tipo humico com maiores contetidos de grupos fendlicos (Allard
2002 e Malcolm, 1985). Espectros de EPR (Electro Paramagnetic Ressonance) mostram que
nos rios Amazonas e Solimdes ha a presenca de Fe* diluido, associado & argilas como
impurezas, ou na forma de oxihidréxidos que séo, naturalmente, associados a argilas como
minerais livres, inclusdes ou revestimento. Para as bacias do noroeste foi determinado Fe®'
estrutural e Fe*" associado a grupos organicos como complexos de esfera interna. Analises
das concentragbes (% solidos secos) de [Fe**-OM] na fracéo coloidal demonstram que o rio
Negro apresenta até 4.8% de Fe®-OM, o rio Branco de 0.6% e o rio Amazonas,
aproximadamente, 0.2% (Allard et al., 2004, 2011). Estes resultados demonstram a importancia
dos complexos organicos no transporte do Fe, principalmente, no rio Negro. Além da elevada
[Fe**-OM], o rio Negro apresenta Mn®* associado & matéria organica como complexos de
esfera externa. De acordo com estudo de Allard et al. (2004), os valores de [Fe*-OM] estéo
correlacionados com o pH, com end members, representados por amostras do Negro e do
Amazonas. A medida que o pH decresce, a contribuicdo de grupos fendlicos na ligacdo com o
Fe aumenta de 33 para 85%, enquanto nos grupos carboxilicos decrescem de 67 para 15%
(Allard et al., 2004). Além dos complexos organicos, Oxidos nanométricos de Fe sao
encontrados em associagdo com o material particulado organico, sendo consistente com a
carga relativa superficial destes compostos: a carga superficial de hidretos de Fe aumenta com

a queda do pH enquanto as carga superficiais das substancias humicas sdo negativas na

amplitude do pH natural (Buffle et al., 1998).
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4. MATERIAL E METODOS

4.1 COLETA E FILTRACAO DE AMOSTRAS

As amostras analisadas no presente trabalho foram coletadas no rio Amazonas e em
alguns dos seus principais tributérios, abrangendo, dessa forma, rios com aguas quimicamente
contrastantes. Os pontos coletados, assim como suas coordenadas, estdo descritos na Tabela
1 e ilustrados na Figura 10. As amostras de agua foram coletadas em Maio de 2009, ano
caracterizado pela maior cheia do ultimo século, em Outubro de 2010, periodo de seca
excepcional, e em 2011, novamente, no periodo de 4gua altas. Os periodos hidrologicos de
aguas altas de 2009 e de aguas baixas de 2010 foram definidos como os eventos hidroldgicos
mais extremos dos ultimos cem anos.

As amostras de agua obtidas em 2009 foram coletadas nos rios Negro, Solimdes,
Madeira e Amazonas em profundidade situada, aproximadamente, no nivel médio entre o leito
do rio e a superficie. As amostras foram armazenadas em frascos de HDPE (High Density
Polietilene), previamente lavados com HCI (1M) e &gua de-ionizada (MilliQ, 18mQ). As
amostras obtidas neste trabalho de campo foram coletadas para determinar a razao isotdpica
do Fe dos rios com caracteristicas quimicas distintas e investigar como o procedimento de
armazenamento de amostra podera influenciar na composicao isotépica do Fe dissolvido. Para
isto as amostras foram armazenadas e processadas em trés diferentes maneiras, sendo elas:
(a) amostra de agua filtrada no campo imediatamente apds a coleta e armazenada congelada;
(b) amostra de agua bruta (sem filtracdo) armazenada a temperatura ambiente e filtrada
posteriormente no laboratério; (c) amostra bruta congelada no campo e, posteriormente,
descongelada para filtracdo no laboratério; e (d) amostra de agua filtrada e congelada
imediatamente ap0s a coleta, posteriormente, descongelada no laboratério e filtrada
novamente. Através destes experimentos espera-se causar 0 maior estresse possivel nas
amostras, para entdo, determinar qual a maior influencia que os procedimentos de estocagem
e filtracdo poderdo causar nas concentracdes e assinaturas isotépicas do Fe. Todas as
amotras foram filtradas utilizando um sistema Millipore (Polysulfone), equipado com
membranas de acetato de celulose de 0.45um de poro. Os sistemas de filtragédo e as
membranas foram condicionadas com 250ml do respectivo ponto de coleta antes da filtracdo

da aliquota para analise.
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Tabela 1- Descricdo dos pontos amostrados nos anos 2009, 2010 e 2011. Coordenadas Geogréficas (hddd °mm.mmm’, WGS84).

Amostra Data Prof. (m) LongitudefL atitude Local Amostra Data Prof. (m) LongitudelL atitude Local
S '\ S w
MAN10LO1 24/09/10 0.5 3°20.058 60°33.136 Solimdes ManCF 26/05/09 p.m. 3°19.391 60°33.297 Solimdes
MAN10L02 24/09/10 0.5 3°19.784 60°33.122 Solimdes ItaCF 30/05/09 p.m. 3°10.414 58°24.263 Amazon
MAN10L03 24/09/10 0.5 3°19.526 60°33.146 Solimdes LFO3 21/09/10 0.5 3°23.388 60°18.959 Janauaca
MAN10LO04 24/09/10 0.5 3°19.246 60°33.206 Solimdes Mad0901 30/05/09 p.m. 3°25.080 58°47.160 Madeira
MAN10LO5 24/09/10 0.5 3°18.975 60°33.212 Solimdes PACF 26/05/09 p.m. 3°04.320 60°15.665 Negro
MAN10P02 24/09/10 5 3°19.526 60°33.146 Solimdes ENC1001 29/09/10 0.5 3°07.683 59°53.828  Enc. Aguas
MAN10P03 24/09/10 10 3°19.526 60°33.146 Solimdes ENC1002 29/09/10 0.5 3°06.671 59°52.661  Enc. Aguas
MAN10P04 24/09/10 15 3°19.526 60°33.146 Solimdes ENC1003 29/09/10 0.5 3°02.997 59°45.224  Enc. Aguas
MAN10P05 24/09/10 20 3°19.526 60°33.146 Solimdes ENC1004 29/09/10 0.5 3°03.385 59°40.553  Enc. Aguas
MAN11L03 21/06/11 0.5 3°19.602 60°33.162 Solimdes ENC1005 29/09/10 0.5 3°07.231 59°34.864  Enc. Aguas
PA10LO1 28/09/10 0.5 3°03.759 60°15.696 Negro ENC1006 29/09/10 0.5 3°06.453 59°33.689  Enc. Aguas
PA10L02 28/09/10 0.5 3°03.919 60°15.531 Negro ENC1007 29/09/10 0.5 3°06.333 59°33.112  Enc. Aguas
PA10L03 28/09/10 0.5 3°04.052 60°15.444 Negro ENC1008 30/09/10 0.5 3°13.068 59°13.564  Enc. Aguas
PA10L04 28/09/10 0.5 3°04.238 60°15.338 Negro ENC1009 30/09/10 0.5 3°14.968 59°12.872  Enc. Aguas
PA10L05 28/09/10 0.5 3°04.416 60°15.251 Negro ENC1010 30/09/10 0.5 3°13.699 59°12.674  Enc. Aguas
PA10P02 28/09/10 6 3°04.052 60°15.444 Negro ENC1011 30/09/10 0.5 3°20.079 58°48.119  Enc. Aguas
PA10PO3 28/09/10 12 3°04.052 60°15.444 Negro ENC1012 30/09/10 0.5 3°19.91 58°47.784  Enc. Aguas
PA10P0O4 28/09/10 20 3°04.052 60°15.444 Negro ENC1013 01/10/10 0.5 3°07.683 59°53.828  Enc. Aguas
PA10P05 28/09/10 30 3°04.052 60°15.444 Negro ENC1101.1 20/06/11 0.5 3°07.431 59953.687 Enc. Aguas
PA11L03 20/06/11 0.5 3°04.052 60°15.439 Negro ENC1101.2 20/06/11 0.5 3°07.431 59°53.687 Enc. Aguas
Jaul001 27/09/10 0.5 1°52.105 61°32.551 Jau ENC1101.3 20/06/11 0.5 59053.687 59°53.687 Enc. Aguas

p.m. = profundidade média
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Em setembro de 2010 foi realizada a Missdo “Encontro das Aguas” para coletar
amostras na zona de mistura dos rios Negro e Solimbées. Também foram coletadas amostras
de Aguas ricas em matéria organica no rio Jal e aguas com elevada produtividade primaria
na Varzea de Janauacd. As amostras desta expedicdo foram utilizadas para determinar a
especiacdo do Fe; a composicao isotdpica do Fe, H, e O; os parametros fisico-quimicos e os
elementos maiores. Amostras de agua foram filtradas em trés fragBes distintas (0.45um,
0.22um e 5KD) para separacdo de material particulado, coloidal e dissolvido. MedicGes de
vazbes ao longo da sessdo transversal dos rios Negro, Solimbes e Amazonas foram
realizadas por ADCP (Acoustic Doppler Current Profiler), de acordo com o método proposto
por Filizola e Guyot (2004). O periodo das aguas baixas de 2010 foi ideal para investigar os
processos de mistura entre os rios Negro e Solimdes, por minimizar as influéncias externas
de canais e demais afluentes.

Amostras de agua foram coletadas no rio Negro (estacdo de amostragem de
Paricatuba), no rio Solimdes (estacdo de amostragem de Manacapuru) e em trinta pontos
distribuidos nos 110km da zona de mistura, antes da confluéncia dos rios Amazonas e
Madeira (Figura 10). Os rios Negro e Solimbes tém distintas condutividades elétricas. Sendo
assim, este parametro foi utilizado no campo para estimar as propor¢des de mistura dos rios
em um determinado ponto, auxiliando na escolha dos locais a serem amostrados. No periodo
de aguas altas de 2011 foi realizada uma campanha adicional para amostrar novamente o
inicio da zona de mistura. Em ambas as campanhas, as amostras foram coletadas a 50 cm
abaixo da superficie. No trabalho de campo realizado nas aguas baixas de 2010 foram
realizados perfis laterais e de profundidade nos rios Negro e Solimdes. Os perfis laterais
foram coletados em cinco pontos distribuidos regularmente entre as margens dos rios. Os
pontos de coleta nos perfis de profundidade foram definidos de acordo com a profundidade
mais elevada, através de medidas utilizando ADCP. No rio Negro, as amostras foram
coletadas em 0.5, 6, 12, 20 e 30m de profundidade, enquanto, no rio Solimdes, em 0.5, 5, 10,
15 e 20m. Amostras de agua foram armazenadas em frascos de HDPE previamente lavados
com HCI (1M) e agua de-ionizada (MilliQ, 18mQ). As amostras foram filtradas no interior de
uma glove box imediatamente apos a coleta, utilizando um sistema de filtrac&o fontral a vacuo
Millpore (Polysulfone), equipado com membranas de acetato de celulose com 0.45um de poro
(Figura 11). O sistema de filtracdo e as membranas foram condicionadas com 250ml de agua
do proprio ponto de coleta antes da filtracdo da aliquota para analise. Apds a coleta, as
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membranas foram secas a temperatura ambiente no interior da glove box e armazenadas em
Petri slides.

Para separacdo das fragdes particuladas (>0.22um), coloidal (5KD < C < 0.22um) e
verdadeiramente dissolvidas (<5KD) foram coletados, de cada ponto, 50L de agua que,
subsequentemente, foi filtrada utilizando sistema de ultra-filtracdo tangencial (Pelicon,
Millipore) com membranas de terminacao final em 0.2pum (Durapore) e 5KD (polyethersulfone)
(para maiores detalhes consultar Allard et al., 2004). Particulas residuais nas membranas
foram removidas, aplicando-se fluxo reverso de agua. Foram filtrados aproximadamente 50L
de amostra. O mateiral retido foi armazenado em frascos de polietileno e o filtrado em frascos

de HDPE, ambos previamente lavados com HCI (1M). (Figura 11c).

Figura 11- Sistemas de filtragdo e medicao de parametros fisico-quimico a bordo. (a.) Sistema de
filtracdo Milipore dentro da glove box. (b.) Multi-parametro WTW e (c.) Sistema de ultra-filtracdo

tangencial Millipore

4.2 PARAMETROS FiSICO-QUIMICOS

No campo foram realizadas medi¢des de pH, Eh, condutividade elétrica e temperatura

utilizando multi-para@metro WTW 340i (Figura 11b), calibrado com padrées da WTW. Os
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valores de Eh foram realizados utilizando uma sonda ORP (oxi-redox potential). As medidas
foram certificadas utilizando solugdo YSI 3682 Zobell’'s com presicdo de aproximadamente
+10mV, corrigidas para valores do eletrodo padrdo de hidrogénio, conforme descrito pela
APHA (1998). As incertezas das medidas de pH foram estimadas em +0.2, enquanto as de

condutividade em +1%.

4.3 ESPECIACAO DO FERRO

Nas ultimas décadas, centenas de compostos contendo ferroina foram sintetizados,
sendo a maioria capaz de complexar o ion ferroso. Entretanto, a maioria destes complexos
forma cores fracas, sé@o instaveis em condic¢des fisicas normais ou sdo formados em uma
faixa restrita de pH. Alguns destes compostos formam espécies com o ion ferroso de cores
intensas e estaveis, utilizaveis para a determinacdo quantitativa do Fe. Alguns exemplos
destes complexos sao: 1,/Ophenanthroline, 4,7-diphenyl-1,10-phenanthroline, 2,2‘-bipyridine,
2,6-bis(2-pyridyl)-pyridine, 2,4,6-tris(2-pyridyl)-1,3,5-triazine e phenyl 2-pyridyl ketoxime. A
ferrozine é encontrada no dissodium salt de 3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)-1,2,4-
triazine. Este composto reage com o ferro divalente, formando um complexo estavel de
coloracdo magenta, muito solivel em agua, podendo ser utilizado para a determinagédo direta
de ferro através de técnicas colorimétricas. O espectro de absor¢édo visivel do complexo
ferroso da ferrozine exibe um Unico pico com maxima absor¢cdo em 562nm, determinado em
pH entre 4 e 9 e temperatura entre 10 e 45° C com absorbancia molar de 27900 L/cm/mol
(Stookey, 1970).

Murray e Gill (1978) demonstram que em uma solu¢do de Fe** contendo a ferrozine
ocorre 0 aumento gradativo da intensidade da cor de acordo com o tempo, devido a reducéo
do Fe®* para Fe?" pela prépria ferrozine, sugerindo que a absorbancia deve ser medida em
menos de 1 min apo6s a adicdo do complexante. Luther et al. (1996) argumentaram que um
problema potencial do método de ferrozina é a reducédo incompleta de complexos organicos
de Fe*. Estes autores também atribuiram uma baixa recuperacdo do Fe total devido a
precipitacdo de Fe** e de complexos himicos de Fe®* devido a acidificacdo causada pela
adicdo de hidroxilamina. Entretanto, Viollier et al. (2000) testaram a confiabilidade do método

na presenca de complexos organicos de Fe* demonstrando, que a ferrozina pode ser
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utilizada na determinacdo sem interferéncias de razdes Fe®'/ Fe** em amostras com altos
teores de material orgéanico.
A determinacdo das concentracdes de Fe?, Fe®" e Fe,w foram realizadas utilizando

metodologia adaptada de Viollier et al. (2000) e as seguintes solucdes:

A — Ferrozina 102 M em CH3;COONH, 10™M (complexante com Fe?")

B — Hydroxylamina (H,NOH HCI) 1.4 M em HCI 2M (redutor)

C — Acetato de ammonia (CH;COONH,) 10M e pH 9.5 ajustado com NH,OH (tampé&o)
D — A curva de calibragéo de 0, 5, 10, 15, 20 uM utilizou solugéo estoque de 800uM

preparada com FeCl,,

A determinacdo das concentracdes foi realizada em aliquotas das amostras
previamente filtradas em membranas de 0.45um de poro. Primeiramente, foi adicionado 0.2ml
de ferrozine (solugdo A) em 2ml de amostra filtrada e, subsequente, a absorbéancia foi
mensuarada em 562nm para a determinacdo de Fe®*. Subsequentemente, em 1.8ml desta
solugdo foram adicionados 0.2ml de hidroxilamina (solu¢do B), que permaneceu em repouso
por 10min para garantir a completa reducdo do Fe. Em seguida, 0.1ml da solugcdo tampéao
(solucdo C) foi adicionada para ajustar o pH e a concentragdo de Fe, foi determinada em
562nm. A concentracéo de Fe®" foi calculada através da diferenca entre Feyy, e Fe?".

As amostras foram analisadas no campo, a bordo do barco, logo apoés filtragdo em
membrana de 0.45um, com absorbancia medida em espectrofotbmetro T-60 UV-VIS PG
INSTRUMENTS. Para controle analitico dos resultados foi utilizada a amostra de referéncia
geoquimica SLRS-4, do NCR (National Council of Canada) com 103 ppb de Fe,. Em todas
as sessOes analiticas a amostra de referéncia analitica foi analisada repetitivamente, obtendo
valores com média de 104.3 +1.95 (n=25) com erro relativo < 2% em relacdo as
concentracdes certificadas para a amostra de referéncia. O limite de deteccdo do método aqui

utilizado foi calculado de acordo Miler e Miler (2010), e foi definido em 5.12 pg/L.

4.4 ESPECIES PARAMAGNETICAS E GRUPOS ORGANICOS

As espécies paramagnéticas e 0s principais grupos organicos que constituem os
materiais particulados (P>0.22um) e coloidais (KD < C < 0.22um) foram investigados

utiizando EPR (Electron Paramagnetic Resonance) e FT-IR (Fourier Transformed Infrared
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Spectroscopy). Estas fracdes foram sepradas no campo através da ultrafiltragéo tangencial e,
posteriormente, secas no laboratério a 40° C.

A determinacao das espécies paramagnéticas foi realizada utilizando espectrometro X-
band Brucker ESP300E. As andlises das amostras foram conduzidas em frequéncia de 9.42
Ghz, poténcia de micro-ondas de 40mW, amplitude de modulacdo de 3 a 5 Gauss e fator de
preenchimento da cavidade ressonante normalizado (normalized filling factor of the resonant
cavity). Dados foram normalizados de acordo com o ganho e a massa da amostra. Valores
efetivos do fator g foram calculados de acordo com Allard et al. (2011). Os dados obtidos
nestas andlises foram realizados para determinar as principais espécies de Fe contidas nos
materiais em suspens&o, assim como para calcular a concentracdo do Fe* complexado com
a matéria organica ([Fe*-OM]). A calibracdo foi realizada com padrdo de Fe dopado com
acido humico com concentragéo de 2.85 wt %, de acordo com o estudo anterior de Allard et
al. (2011). A concentragéo dos oxidos de Fe coloidais sera expressa em unidades arbitrarias,
devido a auséncia de um padréo apropriado. As concentracdes de Fe*-OM e dos 6xidos de
Fe foram determinadas na ressonéancia principal de cada espécie de Fe utilizando a relacédo

simplificada obtida da primeira derivada do espectro, através da formula:
A=k*H?>*| (Eq.10)

que fornece uma estimativa da area integrada do pico (A), onde k é uma constante, H e | sdo
a largura e a amplitude do pico, respectivamente (Calas, 1988).

Os principais grupos organicos presentes nos matérias em suspensdo dos rios
investigados foram determinados utilizando espectros de FT-IR (Fourier Transformed Infrared
Spectrometer). Primeiramente as amostras foram pulverizadas e misturada com 300mg de
KBr e pressionadas a ~8 tons/cm? para formar discos com 13mm de largura. Os espectros
foram registrados em espectrometro Nicolet, Magna 560 em modo de transmisséo obtidos em

ndmero de onda variando entre 4000-250 cm™ e com resolucéo de 2 cm™.

4.5 ISOTOPOS OXIGENIO E HIDROGENIO

As andlises dos is6topos de oxgénio e hidrogénio foram realizadas em amostras
brutas (sem filtracdo), utilizando o espectrémetro de massa Delta V Plus. As razfes isotopicas

foram reportadas utilizando as notagfes §'°0 e 8D, expressass em por mil (%o). As medidas
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de 8D foram realizadas utilizando um sistema de introducdo de amostras HDevice, apés a
reacdo com CrO; a 850° C. As analises de 880 foram realizadas utilizando sistema de
introducdo de amostras Gas Bench I, através do equilibrio entre as amostras de 4gua e uma
mistura He-CO,. Durante as sessdes analiticas, os materiais de referéncia internacional
certificados VSMOW, GISP e SLAP da IAEA (International Atomic Energy Agency) foram
analisados repetidamente, obtendo valores com diferencas maximas de ~1%. para 6D e

~0.2%o para 8'°0 quando comparados aos valores certificados.

4.6 DIGESTAO DE AMOSTRAS

A dissolucdo de amostras foi realizada em sala limpa classe 10000 utilizando acidos
bi-destilados (HNO; e HF concentrados e HCI 6M), H,O, (Merck SupraPur, 30%), agua
deionizada (MilliQ, 18 mQ) e recipientes de Teflon (Savillex). Foram utilizados trés
procedimentos padrbes para abertura de amostras de diferentes matrizes que serdo descritos
a seguir.

O material particulado separado através da filtracdo frontal a vacuo foi dissolvido,
conjuntamente com a membrana de acetato de celulose, em 8 ml de HNO; e 1 ml of H,0,, e
deixados em placa aquecedora em 80°C durante a noite e, em seguida, foram evaporados.
Subsequentemente, 0.2 ml de HNO3, 1 ml de HF e 0.6 ml de HCI 6M foram adicionados aos
recipientes de Teflon e foram deixados em placa aquecedora a 80°C durante a noite. Em
seguida, as amostras foram evaporadas a 80°C. Os residuos da digestéo foram solubilizados
em 5 ml de 6M HCI, sendo que, somente 1 ml foi separado para centrifugacéo e purificacdo
do Fe através da cromatografia.

As solugbes retidas e permeadas obtidas através da ultrafiltracdo tangencial foram
primeiramente evaporadas em recipientes de Teflon com volume de amostra variando entre
1ml a 1.3L, de acordo com a concentracdo medida ou determinada em estudos anteriores
(e.g., Benedetti et al., 2003; Seyler e Boaventura, 2003; Aucour et al., 2003). Os residuos da
evaporacdo foram adicionados a 1 ml de H,O, dentro de recipientes de Teflon, que
permaneceram fechados durante a noite, a temperatura ambiente. Subsequentemente, 1 ml
de HNO; foi adicionado as solucdes anteriores. As amostras reagiram durante a noite em
placa aquecedora a 80°C e, em seguida, foram evaporados a mesma temperatura. As
amostras foram entao dissolvidas em 1.2 ml de HF e 1.2 mL de HNO; e deixadas a noite em
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placa aquecedora a 80°C e evaporadas em seguida. Os residuos de evaporacao foram
dissolvidos em 2ml de 6M HCI e novamente evaporados apés solubilizacdo. Por fim, os
residuos da digestdo foram solubilizados em 0.5 - 1ml de HCI 6M, antes da centrifugacdo da
amostra e da cromatografia.

As amostras analisadas provenientes dos experimentos de adsorcdo do Fe na
superficie celular do fitoplancton consistem de sais ou solu¢fes estoque de Fe, assim como
em biomassa e soluc¢@es finais coletadas apés a realizacdo do experimento. As amostras de
biomassa e as solugfes finais foram dissolvidas em procedimento semelhante ao descrito
anteriormente. Os sais e as solu¢fes estoque de Fe foram solubilizados através da digestado
acida realizada em duas etapas consecutivas de dissolucdo utilizando 2 mL de HCI 6M com
reacdo durante a noite em placa aquecedora a 80°C e, subsequente, evaporacdo. Apos a

completa evaporagéo a amostra foi solubilizada em 0.5ml de HCI 6M.

4.7 - CROMATOGRAFIA E PURIFICACAO DO FERRO

Anteriormente as analises isotépicas, o Fe é separado de elementos que causam
interferéncias isobaricas e de elementos matriz que influenciam o mass bias do
espectrbmetro. Uma das maneiras de separar o Fe de compostos que podem causar
interferéncias durante as andlises € a cromatografica de troca anibnica em meio HCI
(Dauphas e Rouxel, 2006). A adsorcéo do Fe*" nas resinas de troca aniénica aumentam nas
solucdes de HCI com elevada molaridade, enquanto o Cr, Ni e diversos outros elementos ndo
sdo quantitativamente retidos (Strelow, 1980). Diversos métodos de purificagdo do Fe foram
desenvolvidos baseados no mesmo conceito, sendo o protocolo estabelecido por Poitrasson
et al. (2004) utilizado neste projeto.

ApGs o processo de digestdo, o Fe € purificado através do processo de troca anibnica
em meio HCI (Strelow, 1980) utilizando 0.5ml da resina Bio Rad AG1 X4, 200-400 mesh
introduzidas nas colunas termo retrateis de Teflon com didmetro interno de 4mm. As colunas
e as resinas sao previamente lavadas com 5 ml de HClI 6M e 5ml de HCI 0.05M e,
posteriormente acondicionadas com 1ml de HCI 6M. Em seguida, de 0.5 a 1ml de amostra,
anteriormente solubilizadas em HCI 6M, é introduzida na coluna. Os elementos matrizes sdo

eluidos com 2.5 ml de HCI 6M, enquanto o Fe é eluido com 2 ml de 0.05M HCI. As solugdes
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purificadas de Fe s8o entdo evaporadas e novamente dissolvidas em HCIl 0.05M para
posterior determinacao isotopica.

Embora a cromatografia de troca anidnica possa causar o fracionamento do Fe durante
sua eluicdo, Anbar et al. (2000) e Roe et al.(2003) reportaram que o fracionamento isotépico
do Fe em cromatografia de troca anidnica é insignificante se for utilizado HCl com molaridade
inferior a 1M. Neste trabalho o Fe foi eluido com HCI 0.05M suprimindo o fracionamento
destes is6topos na coluna. A diferenca relativa entre as concentracdes de Fe medidas antes e

depois da cromatografia foi <10%, abaixo das incertezas produzidas pelos métodos utilizados.

4.8 ISOTOPOS DE FERRO

Os esforcos para realizar as analises dos isotopos de Fe datam de, no maximo, trinta
anos. A espectrometria de Massa de lonizagdo Térmica (TIMS - Thermal lonization Mass
Spectrometry) foi primeiramente aplicada a este problema nas décadas de 1980 e 90 por
diversos grupos de pesquisadores. O TIMS ¢é extremamente preciso em estudos de
radioisotopos, entretanto, os isétopos estaveis sdo mais quelantes e necessitam a correcao
da discriminacdo de massa (mass bias), sem mascarar o fracionamento natural pré-existente.
Em principio, esse efeito pode ser caracterizado precisamente através da analise de padrdes
(sample standard bracketing method), gerando uma funcdo de correcdo que pode ser
aplicada para a andlise de amostras nas condi¢cbes operacionais idénticas. Contudo, na
pratica, o método TIMS apresenta uma reprodutibilidade de apenas 1-3%o, sendo insuficiente
para detectar confiavelmente pequenos fracionamentos naturais de massas. As andlises de
Fe utilizando o TIMS também sé&o dificultadas pela baixa eficiéncia de ionizagdo. O
fracionamento de massa produzido no filamento utilizado no TIMS é relativamente de
pequena magnitude quando comparado com o mass bias produzido por fonte de ICP.
Entretanto, € dependente do tempo e de dificil controle, sendo uma técnica de Double Spike
necessaria para alcancar uma preciséao de 0.2-0.3%o.

A fonte de ICP é caracterizada por elevada eficiéncia de ionizacdo para a maioria dos
elementos, incluindo o Fe. O mass bias pode ser mantido constante em aproximadamente
0.1%0 em um curto periodo de tempo, possibilitando a determinagcdo de pequenas diferencas
isotOpicas entre a amostra e o padrdo através do sample standard bracketing method. A

maior desvantagem desta técnica esta relacionada a elementos com massa entre 20 e 80 que
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sofrem interferéncia de massa de ions poliatbmicos isobaricos, que podem limitar a precisdo e
acurdcia na determinacao de razbes. Os principais interferentes poliatbmicos do Fe formados
no plasma do MC-ICP-MS sdo: “°Ar**N no **Fe, “°Ar'**0* no *°Fe, “°’Ar'®*OH" no *'Fe e “°Ar'®0*
no *®Fe. Outras interferéncias podem ser introduzidas pela matriz da amostra como “°Ca**0",
“9ca'®OH" ou *“Ca'®C*, mas estes s&o eliminados através da cromatografia de troca anidnica
(Weyer e Schwieters, 2003).

Os problemas mais significantes envolvendo a analise isotdpica do Fe utilizando o MC-
IPC-MS estdo relacionados as interferéncias isobaricas nas massas 54, 56 e 57 com o
OArMN*, Art0* e “Ar'®OH". Atualmente, existem diversas solugdes para este problema,
incluindo desolvadores, células de colisdo e, mais recentemente, multi-coletores de alta
resolucéo de massa (Dauphas e Rouxel, 2006).

Neste trabalho, as determinagbes das razdes isotopicas do Fe foram realizadas
utilizando um Thermo Finnigan Neptune MC-ICP-MS utilizando dois sistemas de introducéo
de amostras distintos. (i.e., SIS — Stable Introduction System e ESI-APEX-Q). O SIS consiste
em uma camara de nebulizacdo de quartzo ciclénica acoplada a um nebulizador PFA de fluxo
baixo (~50 a 80 ul/min) que permite a obtencao de signal estavel e limpeza rapida (3 min). O
sistema de introdugdo de amotras ESI-APEX-Q é composto por uma camara de spray
aguecida feita de quatzo e um condensador Peltier-Cooled multipass acoplado com um
nebulizador PFA. Foi utilizado para aumentar a sensitividade do equipamento e a estabilidade
do sinal para permitir a analise de amostras com baixas concentracdes de Fe.

A supressao das interferéncias isobariacas poliatdmicas foram realizadas através do
ajuste da resolucdo de massa. O Neptune MC-ICP-MS apresenta trés resolu¢cdes de massa
distintas reguladas através da abertura das fendas de entrada. Para a completa supresséo
das interferéncias a analise isotopica do Fe deve ser realizada utilizando fendas de 30um
(média resolucdo) e 16 um (alta resolucdo). Fendas estreitas resultam em elevada resolucao
de massa, porém baixo sinal, enquanto fendas mais largas resultam em menor resolucéao de
massa, porém maior sinal. A escolha da resolucédo deve ser feita com base na concentracao
de Fe na amostra e na sensitividade do aparelho no dia da analise.

Uma vez definida a largura das fendas dos coletores, as determinagdes isotdpicas de
Fe sem interferéncias podem ser realizadas através do ajuste correto dos Faraday cups e de

paramétros internos do Neptune. Para avaliar se as interferéncias foram totalmente
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eliminadas, a resolugdo de massa do equipamento € calculada utilizando o gréfico obtido

através da digitalizacéo de massa (Figura 12) e a Equacdo 11, demostrada abaixo:

Resolucéo de Massa (5, 95%) = m/[Am = m/m(5%) — m(95%)] (Eq. 11)

onde m(5%) a massa em 5% da altura do pico, m(95%) a massa em 95% da altura do pico e

m é a massa do plato.

A Figura 13 ilustra como o platé do Fe é formado durante a digitalizacdo de massa. O
Fe tem uma massa menor comparada com as interferéncias+Fe e, dessa forma, entram
primeiro no detector formando o platd da esquerda. O amplo platdé do centro é formado pelas
interferéncias poliatbmicas adicionadas aos is6topos de Fe, enquanto o da direita
corresponde as interferéncias. As razdes dos isotopos de Fe sdo medidas sem interferéncias
no platé da esquerda, ajustando o central cup do Neptune com a massa correspondente ao

centro do platé da esquerda determinado no scan de massa.
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Figura 12 - Digitalizacdo de massa (mass scan) realizada no Neptune com fendas de entrada em
media resolu¢do mostrando todos os is6topos de Fe e suas respectivas interferéncias. Todos 0s sinais
de Fe estdo normalizados em relacdo ao sinal de *°Fe. A digitalizac&o foi realizada em uma solucéo de
1ppm de Fe, utilizando SIS (wet plasma) e cones H (padrdes) (Weyer e Schwieters, 2003).

Este método permite a determinagdo de is6topos de Fe, livre de interferéncias, com
resolucdo de massa (m/Am) maior que 7000 e com platés variando de 150 -200 ppm,
permitindo, pelo menos, uma regido de 100 ppm para medidas de alta precisdo. Os
multicoletores e o zoom optics do Neptune permitem coletar, simultaneamente, as quatro

massas de Fe com os Farraday cups. Na Tabela 2 encontra-se a configuracdo dos coletores,
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onde a massa 53 foi utilizada para assegurar que Cr foi eliminado da solucdo através da

cromatografia e para fazer correcdes, se necessario. As massas 60 e 61 foram utilizadas para

correcdo do mass bias através do Ni doping.
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Figura 13 - Etapas da digitalizacdo de massa (mass scan) realizada no Neptune. A — Somente 0s
isétopos de Fe alcancam o detector formando o platd da esquerda, onde as razdes isotépicas de Fe
sdo determinadas; B — interferéncias e is6topos de Fe alcancam a detector formando um platdé de maior
sinal no centro; C — Somente interferéncia alcancam a detector formando o platd da direita de menor

sinal (adaptado de Weyer & Schwieters, 2003)

Tabela 2 — Configuracé@o dos Faradays Cups para determinacéo de Fe utilizado no Neptune do
Laboratorio de Geocronologia da Universidade de Brasilia e no Laboratério Geoscience Environement

Toulouse do CNRS

Massa 53 54 56 60

Elemento medido Fe (5.8%) Fe (91.7%) Fe (2.2%)

Interferéncia Cr (9.5%) Cr (2.37%)

Corregdo de mass bias Ni (26.2%) Ni (1.14%)
Faraday cup L4 L2 L1 H2

As amostras foram ajustadas a uma determinada concentragdo que permita a

obtencdo de um sinal com no minimo 600 mV para o °’Fe e 300 mV para o °!Ni. A sequéncia
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de analises foi realizada utilizando um autosampler Cetac ASX-100 com medi¢bes de
hematitas (padréo interno) a cada 6 amostras e medi¢cdes de IRMM-14 entre cada amostra
sob as mesmas condi¢cdes analiticas, permitindo a correcdo do mass bias por standard
bracketing ou Ni doping.

Os resultados isotopicos de Fe foram reportados utilizando a notacdo delta relativa ao

IRMM-14, expressa em %o para as razdes de *°Fe/**Fe e *'Fe /**Fe conforme descrito abaixo:

656Fe _ ( 56Fe/ 541:esample

— 1103 (Eq.12
56Fe / 5*Fejpmm-14 > (Fa.12)

57 54
Fe / Fesample
57 54
Fe / >*Feirmm-14

5°7Fe = ( - 1) 103 (Eq.13)

Utilizando com exemplo os resultados de uma sessao analitica obtidos neste projeto, a
variacao do fracionamento de massa instrumental durante as sessfes analiticas foi avaliada
através da Figura 14 onde estfio reportadas as razdes *°Fe/*’Fe e °’Fe/*'Fe obtidas nas
analises do IRMM-14, hematita e demais amostras. A regressao linear obtida para estas
razbes apresentam inclinagéo de 0.665, semelhante ao valor esperado para inclinacao tedrica
(ts = 0.672) que corresponde a razdo das diferencas entre as massas “°Fe/**Fe e *'Fe/**Fe de

acordo com a Equacao 14 (Albarede et al., 2004).

ln(M56Fe/M54Fe)
Eq. 14
ln(M57Fe/M54Fe) ( q )

ts =

A Figura 15 compara o logaritmo natural das razdes *'Fe/ **Fe com a ®*Ni/ ®°Ni obtidas
nas analises das amostras IRMM-14, hematitas e demais amostras. As amostras naturais
recaem em uma linha diferente quando comparado com IRMM-14, indicando que apresentam
composicao isotopica de Fe distintas, embora tenham sido acrescidas de Ni com mesma
composicao isotépica. Entretanto, as inclinagbes das retas observadas séo diferentes dos
valores preditos através da lei exponencial (ts = 0.672), indicando que o fator de mass bias

instrumental ocorre de maneira dissimilar entre o Fe e Ni.
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Figura 14- Logaritmo natural das razdes isotopicas “°Fe/**Fe vs *’Fe/*'Fe obtidas durante uma sess&o
analitica de ~18h das amostras de referéncia (IRMM-14) e demais amostras. A inclinacdo da reta de
correlacdo obtida na correlacdo € similar a inclinagéo teérica de acordo com a lei do fracionamento de
massa exponencial.

Marechal et al. (1999) demonstraram diversos métodos que podem ser utilizados para
correcdo do mass bias instrumental. Alguns destes modelos foram avaliados posteriormente
por Poitrasson e Freydier (2005) para corregdo do mass bias instrumental produzido durante
a andlise isotopica do Fe utilizando MC-ICP-MS com fendas dos coletores em alta resolugéo.
As diferencas entre as médias obtidas para os métodos de correcdo avaliados foram
inferiores a 0.03%.. Entretanto, os diferentes métodos apresentaram reprodutibilidades
distintas. Os autores concluiram que para melhorar a incerteza analitica necessaria para
resolver as variacdes naturais dos is6topos de Fe o método de correcdo utilizando as
correlacdes entre Fe e Ni obtidas em sessao diarias de analise é o mais indicado.

Esse método foi utilizado neste projeto. Basicamente ele utiliza a regressdo In°’Fe/
*Fe vs. In°!Ni/ ®Ni de cada sessdo analitica para eliminar o mass bias instrumental das
razbes isotépicas das andlises. Para cada amostra com valores desconhecidos, os valores
corrigidos de 8°'Fe/**Fe em relagdo ao IRMM-14 foram calculados de acordo com a Equagao

16.
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onde ms é a inclinacdo medida obtida em uma regressao de uma sessdo no IRMM-14 em um

gréfico In°’Fe/*Fe vs. In°'Ni/®Ni; s e rIRMM-14 denotam, respectivamente, os valores

medidos na amostra e recomendado para o IRMM-14 (Taylor et al., 1992); mIRMM-14

representa a razao isotopica média para os quatro solu¢cdes IRMM-14 analisados antes e

depois da amostra de interesse.
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Figura 15 - Logaritmo natural das razdes isotopicas >'Fe/**Fe vs **Ni/**Ni obtidas durante uma sess&o
analitica de ~18h das amostras de referéncia (IRMM-14) (a) e demais amostras (b.).
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Considerando que as andlises pertencem a mesma populagéo, o limite de confianca
atribuido a uma média de um limitado nimero de replicatas pode ser estimado utilizando o
erro padrdo (SD, standard error). Neste projeto, cada amostra foi analisada de trés a seis
vezes e, de acordo com Platzner (1997), para um namero de replicatas inferior a quinze, o
erro padréo (SE) devera ser corrigido utilizando o fator Student t, conforme a Equacao 17,
demonstrada abaixo:

SD
SE =t X7 (Eq.17)

A avaliac@o da acuracia e da reprodutibilidade externa das analises executadas neste
projeto foi realizada através de repetidas analises da amostra de referéncia secundaria
“‘hematita Milhas, Pyrénées”, também denominada em estudos anteriores de ETH hematite.
Diversos trabalhos reportaram a composicao isotopica desta amostra de referéncia
secundaria utilizando diferentes espectrébmetros de massa. Poitrasson e Freydier (2005)
reportaram valores 8°'Fe de 0.744 + 0.040%. (2SD, N=55;) utilizando Neptune MC-ICP-MS.
Teutsch et al. (2005) analisou esta amostras 148 vezes utilizando um Nu Plasma MC-ICP-MS
e obteve valores 0.83 + 0.14%o0 (2SD, N= 148). Com resultados similares Dideriksen et al.
(2006) reportaram valores 8°'Fe de 0.87 + 0.08%o (2SD, n=8) utilizando um VG Axiom MC-
ICP-MS.

Neste projeto, esta amostra foi analisada em todas as sessdes analiticas intercaladas
entre seis amostras de composicdes isotdpicas desconhecidas. No total, a amostra de
referencia secundaria “hematita Milhas Pyrénées” foi analisada 132 vezes nos Laboratorio de
Geocronologia da Universidade de Brasilia e no Geocience Environement Toulouse,
utilizando em ambos os laboratorios um ThermoFinnigan Neptune MC-ICP-MS entre o anos
2009 e 2010. No presente trabalaho esta amostra de referéncia secundéria obteve valores

5°’Fe de 0.78+0.07, condizente com estudos anteriores citados.
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Abstract

The present study aimed to test the hypothesis that, similarly to other metals, Fe adsorption on bacterial
phytoplankton cells likely cause significant isotopic fractionation with preferential adsorption of relative
heavier isotopes in the solid phase. We investigated the isotopic effect during the interaction of aqueous
Fe with bacterial phytoplanktonic biomass (Gloeocapsa sp., Synehococcus sp., and Planthothrix sp)
conducted in six independent experiments using two distinct Fe valence states (Fe** and Fe*"). Isotopic
analyses established that the agueous Fe adsorption on planktonic cells yields a clear enrichment of
heavy isotopes on the cell surfaces, resulting in final solutions with isotopically light 3°'Fe values. The
adsorption experiments with Fe?* as initial solution yielded A* Feceysolution ranging from 2.38+0.64%o to
2.91+0.12%o, whereas the adsorption experiments with Fe** as initial solution led A*'Fecei_solution) FaNGINg
from 0.92+0.07 to 1.03+0.20%o. Although these data fit on the equilibrium isotopic fractionation model,
these experiments do not provide a time series measurements to clearly state a equilibrium isotopic
fractionation and, therefore, the mechanism observed herein is attributed to a steady state isotopic
fractionation, linked with the short-termed reversible Fe adsorption on cells. The preferential enrichment
of heavy Fe isotopes on the cell surfaces is attributed to the stronger covalent metal-ligand bonding
(Fe-O-C) of Fe octahedrally coordinated with phosphoryl or carboxyl groups on the cell walls when
compared with the Fe aquacomplexes (O-Fe-O) in solution. These findings suggest that Fe adsorption
on microorganism cell surfaces can have profound implication on Fe isotopic fractionation in solute-rich
river waters and might have been instrumental in Fe isotopic fractionation in sedimentary deposition

environments undergoing active diagenesis in the course of the Earth’s evolution.

5.1 INTRODUCTION

Iron is the fourth most abundant element in the earth crust and is essential for almost
all living organisms, since it is involved in many metabolic processes (Cornell and Schwert,

1996; Thamdruo, 2000; Lovley, 1997; Nealson and Saffarini, 1997). The redox properties of
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Fe make it ideally suited to catalyze electron transfer reactions and in the course of evolution it
has been exploited by microorganisms for photosynthesis, respiratory functions, and reduction
of inorganic nitrogen species and nitrogen gas. (Ehrenreich and Widel, 1994; Awramik et al.,
1983; Konhauser et al., 2002; Morel et al., 2008). In many aquatic systems, Fe is considered a
limiting nutrient for primary productivity (Nightingale et al., 1996; Martin et al., 1994) due to its
low solubility in circumneutral pH waters. Therefore Fe also plays a significant role in the
Earth’s carbon cycle, since the phytoplanktonic communities are responsible for up to half of
the world’s fixation of carbon dioxide (Field et al., 1998).

The phytoplanktonic bacteria, historically termed blue-green algae or cyanobacteria,
are photosynthetic prokaryotes comprising numerous morphological groups of single-cell and
filament species (Stanier and Baziner, 1977; Ripka et al., 1979), which have played a
significant role in carbon, nitrogen, and metals redox cycles over the Earth’s history (Martin et
al., 1994, Berman-Frank et al., 2003; Knoll, 2008). They are primary producers, N-fixers, and
the only organism ever to involve coupled photosystems that harvest electrons from water and
produce oxygen as a consequence (Nelson and Ben-Shem, 2004). In recent surface
environments cyanobacteria are encountered in a high diversity of pools, such as saline and
freshwaters, soils, and thermal springs. Their strong affinity for scavenging aqueous metal
species through intracellular assimilation or adsorption on cell walls makes them an important
reservoir of metals in aquatic environments (Morel et al., 1991; Konhauser et al., 1993; Yee et
al., 2004). The binding affinity of metals on cyanobacteria cell walls and exopolymer sheaths
comes from proton-active surface functional groups (e.g., carboxyl, hydroxyl, sulfudryl,
phosphoryl and amine functional groups) that undergo deprotonation and bind metal ions to
form stable ligand-metal surface complexes (Daughney et al. 1998; Fein et al. 1997; Yee et al,
2004). This process is considered one important step in metal uptake by biota and it is crucial
for understanding the influence of aquatic organisms on the fate and transport of metals in
natural systems (Hudson and Morel, 1990; Gelabert et al, 2006).

In recent years, experimental studies have shown that stable isotope systems can
provide precise information on metals biogeochemical processes, and proved to be good
proxies of Fe sources and cycling in natural environments. Iron has four stable isotopes (**Fe,
*°Fe, °Fe, and *®Fe), known to fractionate during abiotic and bacterially mediated processes in
low temperature environments (e.g., Bullen et al. 2001; Anbar, 2004; Beard et al. 2010). Many
studies were performed to investigate the isotopic effects during Fe interactions in aqueous
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and solids interfaces. Laboratory experiments reported that heavy Fe is preferentially
adsorbed onto solid surfaces, during equilibrium isotope fractionation processes (Crosby et al.,
2005; Teutsch et al.,, 2005; Dideriksen et al., 2008). Some studies also documented the
isotopic fractionation of other metals with either the enrichment of Zn and Cu heavy isotopes in
organic and inorganic solid interfaces (Gélabert et al., 2006; Pokrovsky et al, 2008) or,
conversely, the accumulation of light Mo isotopes on the Mn oxides surfaces (Barling and
Anbar, 2004).

The present study investigated the isotopic effect during the interaction of aqueous Fe
with bacterial phytoplanktonic biomass (Gloeocapsa sp., Synehococcus sp., and Planthothrix
sp) conducted in six independent experiments using two distinct Fe valence states (Fe?* and
Fe®). We aimed to test the hypothesis that, similarly to other metals, Fe adsorption on
bacterial phytoplankton is suitable to cause significant isotopic fractionation with preferential

adsorption of relative heavier isotopes in the solid phase, i.e. the biomass.

5.2 MATERIAL AND METHODS
5.2.1 Adsorption experiments

The adsorption experiments were performed using three species of phytoplankton
(Gloeocapsa sp., Synehococcus sp., and Planthothrix sp.) cultivated under two different
experimental conditions. The typical culture conditions, carried out at GET (Géoscience
Environnement Toulouse), were the following: light intensity of 30 pmol photon m? s,
temperature of 23-25°C, and stationary growth phase achieved after 1-2 weeks. Divalent iron
was added to cultures thoroughly rinsed and maintained in 0.1 M NaNOj; at neutral pH under
continuous nitrogen bubbling and stirring. Trivalent iron was added to the cultures maintained

at pH 3. The interaction time varied between 30min and 3hrs.

5.2.2 Iron isotopic measurements

For all experiments performed in the present study, the initial salts, used to prepare the
initial solutions, and the final filtered solutions and biomasses were processed and analyzed.
The filtered solutions were previously evaporated at 80° C prior to their digestion. The initial
salts were digested and dissolved through a double-step addition of 2 ml of bidistilled 6M HCI
with overnight reaction on a hotplate at 80°C. The biomasses, the evaporated experimental

solutions and, the experimental analytical blanks were processed using a multi-step acid
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procedure with Merck Suprapur H,O, (30%), bidistilled 6M HCI, conc. HF, conc. HNO3, and
de-ionized water (MiliQ, 18 mQ). Subsequently, the digested samples were centrifuged to
avoid any undesirable solid residue. Iron purification was processed through anionic exchange
chromatography in HCl medium using 0.5 ml of Bio Rad AG1 X4 resin, 200—400 mesh
(Strelow, 1980) to remove all matrix elements. Iron was purified using thermoretractable Teflon
columns with internal diameter of 4 mm, as described by Poitrasson et al. (2004). The resins
were conditioned using 6M HCI prior to the sample loading in 0.5 ml of 6M HCI. The matrix
species were eluted in 3 ml of the same acid and, subsequently, Fe was eluted with 2 ml of
0.05M HCI. The purified Fe solution was evaporated at 80° C and re-diluted in 1 to 5 ml of
0.05M HCI before samples analyses.

Iron isotope measurements were performed using a Thermo Electron Neptune MC-
ICPMS (Multi-Collector Inductively Coupled Plasma Mass Spectrometry) as described by
Poitrasson and Freydier (2005), which allow mass correction by Ni-doping and sample-
standard-bracketing. Depending on amountable Fe and the MC-ICPMS sensitivity, the
samples were analyzed using medium or high resolution collector slits and with two different
inlet systems. The SIS (Stable Introduction System) consists of a tandem quartz glass spray
chamber (cyclone + standard Scott double pass) coupled with a low flow PFA nebulizer. The
ESI-APEX-Q inlet system involves a heated cyclonic spray chamber and a Peltier-Cooled
multipass condenser coupled with a PFA nebulizer. It was used to increase machine
sensitivity, high signal stability and, thereby, the measurement of samples with low Fe
concentrations. The iron isotope results are reported using the delta notation relative to the
IRMM-14 iron isotopic reference material, expressed in %o (per thousand) for *°Fe/**Fe and
Fe  [*Fe ratios as: &°Fe=  (*Fel*'Fesumpe)/(°Fe/**Ferumia)-1]10° and  d*'Fe=
C'Fel** Fesampie)/ C'Fel*'Feirmmia)-1]10°, respectively. The validation of the analyses was
performed comparing measurements of the in-house hematite standard Milhas, Pyrénées
(reported in other studies as ETH — Eidgenossische Technische Hochschule Zurich standard).
The 8°'Fe value obtained at the present study was 0.782 + 0.081%. (n= 27, 2SD), consistent
with previous studies (Teutsch et al., 2005; Poitrasson and Freydier, 2005; Dideriksen et al.,
2008; Fehr et al., 2008).

5.3 RESULTS

5.3.1Stable isotopic fractionation

Isotopic analyses of digested cells and solutions from six independent series of
cyanobacteria culturing experiments in the presence of Fe in different valence states
established that the interaction of agueous Fe with bacterial planktonic biomass is suitable to
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produce significant isotopic shifts between the two pools, when compared with experimental
uncertainties, c.a. £0.1%o (Table 3 and Figure 16). A clear enrichment of heavy isotopes (5°'Fe
ranging from 0.26 to 1.43%.) was observed at the cell surfaces, with final solutions yielding
isotopically light 8°'Fe values ranging from -1.60 to -0.56%. (Figure 16). The amount of
adsorbed Fe, calculated by the difference between the Fe concentration in the initial and final
solutions ranged from 52 to 92% (i.e., 0.52 to 0.92 expressed as f(Fe),q). The initial solutions
yielded &°'Fe values of 0.27+0.09%. for Fe(NOs)s, 0.188%0.03%c for (NH,).Fe(SO,),,
and.0.001+0.098%o for FeCl,.

Mass-balance was calculated using the isotopic composition of the solid phase
(8°"Fecen), the isotopic composition of the final aqueous phase (5°'Fefna), the amount of metal
adsorbed (A%), and the isotopic composition of the initial solution (8°'Fejia). The mass
balance equation used was: & 'Fejia = 8 Feen X A + (100 - A) x & °'Feqna, applying the
values reported in Table 3. The computed 8°'Feniia Values agree within uncertainties with the
measured Fe isotope value of the starting solutions from each independent series of

cyanobacteria culturing experiments in the presence of Fe?" and Fe®".
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Figure 16 — Fe isotopic composition for solid (squares) and final solution (diamonds) pools obtained
from independent experiments using two distinct aqueous Fe valence states and three different species
of phytoplanktonic bacteria. Data from Table 1.
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Table 3 — Iron isotope composition of the final cell and solution from independent experiments of three phytoplanktonic bacteria

[Fe] initial [Fe]final Fe adsorbed A® Fegen-soution

Sample 5°'Fe 2SE? 5% °Fe 2SE? n (mg/L) (mg/L) (%) o)
Planthothrix sp, initial salt: Fe(NO3);, pH~3
Plant3gution -0.59 0.198 -0.063 0.07 3 3.27 0.25 92.4 0.92
Plant3 ¢ 0.33 0.130 0.222 0.07 3
Planthothrix sp, initial salt: (NH,),Fe(SO,),, pH~6
Plant2 soution -1.60 0.057 -1.089 0.043 6 11 453 58.8 2.91
Plant2 . 1.30 0.109 0.882 0.080 3
Gloeocapsa sp, initial salt: Fe(NO3)3;, pH~3
Gloe3 soution -0.56 0.084 -0.375 0.055 3 3.3 0.53 83.9 0.96
Gloe3g 0.36 0.107 0.215 0.055 6
Gloeocapsa sp, initial salt: FeCl,, pH~6
Gloe2 soution -1.56 0.114 -1.09 0.059 6 1.95 0.71 63.6 2.38
Gloe2 0.82 0.133 0.545 0.068 6
Synechococcus sp. initial salt: Fe(NO3)s, pH~3
Syn3 goiution -0.77 0.121 -0.537 0.08 6 3.3 0.3 90.9 1.03
Syn3ee 0.264 0.144 0.182 0.052 3
Synechococcus sp. initial salt: (NH,),Fe(SO,),, pH~6
SYN2 soinution -1.27 0.059 -0.886 0.048 3 11 5.26 52.2 2.70
Syn2 e 1.43 0.087 0.951 0.057 3
Initial salts and stock solutions
Fe(NO3); 0.270 0.086 0.178 0.052 6
FeCl, 0.001 0.098 -0.024 0.041 6
Fe(NH,SO,), 0.188 0.034 0.004 0.009 3

a — Two standard error uncertainties (SE) calculated based on the number of analyses using the Student t-correcting factor (Platzner, 1997)
b — 5°’Fe values of the initial solution calculated by the mass balance between cell and solution Fe concentrations and isotopic composition



5.3.2 Steady state isotopic fractionation

The fractionation factors (A%’ Fecer.soution), Calculated as the difference between §°’Fe of the
final biomass and 8°’Fe of final solutions are shown in Table 3. The adsorption experiments
with Fe”, final pH~6 and 30min of Fe-biomass contact yielded A*'Fecei-souton Of 2.38+0.64%o,
2.91+0.12%0 and 2.70+£0.08%. for Gloeocapsa sp., Planthothrix sp., and Synechococcus sp.,
respectively. The adsorption experiments with Fe**, final pH~3 and 3hrs of Fe-biomass contact
yielded A% Fe cei_solution) €qual to 0.960.17%o, 0.92+0.07 and 1.03%0.20%., for Gloeocapsa sp.,
Planthothrix sp and Synechococcus sp., respectively.

To test if the A>’Feeisouion) Calculated for the six independent experiments of Fe** and
Fe** solutions fits a close-system equilibrium (where the reaction components remain open to
isotopic exchange throughout the duration of the reaction) or Rayleigh isotopic fractionation
(where the reaction product is isolated from further isotopic exchange with the system after
formation) the data obtained herein were compared to the trends that would be expected for
both models, as previously demonstrated by Criss (1999) and Allegre (2008). As shown in
Figure 17, the interaction between Fe in different valence states fits an equilibrium isotopic
fractionation model with a = 1.0027 for initial solutions containing Fe** and a = 1.0010 for
solutions containing Fe**. However, these experiments did not provide a time series
measurements to clearly state a equilibrium isotopic fractionation and, therefore, the
mechanism observed herein will be defined as a steady state isotopic fractionation, linked with
the short-termed reversible Fe adsorption on cells, as reported for others studies involving
transition metals fractionation through their adsorption on phytoplanktonic bacterial cells

(Gélabert et al., 2006; Pokrovsky et al., 2008).
5.4DISCUSSION

5.4.1 Factors controlling the isotopic fractionation

The results noticeably show that measurable and strong short-termed reversible
fractionations of the stable Fe isotopes occur between Fe®" or Fe®* species and the
phytoplanktonic bacteria cell surfaces through different mechanisms. Upon adsorption on
these bacteria in neutral solution, Fe?" undergoes oxidation to Fe®*" and remains in the form of
isolated octahedral Fe-Og linked to surface carboxylate or phosphoryl groups, as
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demonstrated by recent EXAFS (Extended X-ray Absorption Fine Structures) studies
(Gonzalez et al., 2009, 2010). In the presence of surface organic ligands, the oxidation of
divalent Fe occurs. However, the polymerization of Fe** oxyhydroxides is completely inhibited
and adsorbed Fe is present in the form of individual Fe atoms attached to organic moieties.
Ehrenreich and Widdel (1994) proposed that oxidation of Fe*" at the cell surface occurs
through a phototrophic reaction within the cytoplasmic membrane via a periplasmic transport
system. However, the mechanism studied herein is likely associated with the direct interaction
of Fe with surface organic ligands, without gain of energy by the microorganisms (Emerson,
2000). Under acidic conditions, adsorbed Fe* is also present in the form of individual
octahedral Fe-Og linked to the phosphoryl or carboxyl groups of the cell wall (Gonzalez et al.,
2010). Although the experimental conditions were conducted with different pH values and Fe

redox states, no difference on the structural chemistry of adsorbed Fe was observed in the cell

surface.
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Figure 17 - Measured &°'Fe values versus the fraction of Fe adsorbed onto bacterial phytoplanktonic
cell surface. Comparison of data with trends predicted for closed system equilibrium (straight red lines)
and Rayleigh fractionation (curved blue lines) models calculated using the experimentally determined
Ocell-sol- Data from Table 1.

The results obtained from the different experimental conditions showed greater isotopic
fractionation factors for experiments with initial solution containing Fe?* compared with those
containing Fe*". These findings imply that the higher fractionation factors from Fe?* initial
solution are likely cause by combined Fe adsorption and subsequent oxidation mechanisms

on the cell surface. A study conducted by Croal et al. (2004) investigated isotopic fractionation

76




in the oxidation process of Fe”* caused by photoautotrophic bacteria in anaerobic conditions,
with the precipitated ferrihydrite enriched approximately 2.3%0 higher compared with the initial
Fe?". Welch et al. (2003) demonstrated that under equilibrium conditions, Fe3+aq is enriched in
heavy isotopes compared with Fe*,, with a fractionation factor (A*'Feregyagreuinag) OFf
approximately 4.3%.. These findings suggest that Fe adsorption and oxidation on the
phytoplanktonic bacteria is responsible for the different A57Fe(ce”_so|uﬁon) values obtained for the
experiments. The Fe isotope fractionation due to isotopic exchange between ferrous and ferric
species also gives large Fe isotope fractionation shifts (Polyakov and Mineev, 2000; Schauble
et al., 2001, Johnson et al., 2002; Welch et al., 2003).

At present, the mechanisms of stable isotope fractionation between solid and aqueous
pools remain poorly known. Considering the results of quantum mechanical calculations, the
heavier isotope should concentrate in the species in which it is most stiffly bound (Criss,
1999). During reversible isotopic fractionation between aqueous Fe and the Fe complexed
with organic ligands on the bacteria cell surface, bonds involving the lighter **Fe isotopes are
more easily broken compared with those heavy °’Fe isotopes. Schauble et al. (2001)
established that measurable fractionation is predicted to occur between coexisting species in
equilibrium, with magnitude and direction of fractionation being determined primarily by ligand
binding strength, the oxidation state of Fe, and the coordination number of Fe. Gélabert et al.
(2006) argued that the enrichment of heavy Zn isotopes on cell surfaces are linked with
shorter Zn-O bonds tetrahedrally coordinated with carboxylate or silanol complexes compared
with octahedral metal coordination in solution.

In the present study, the aqueous Fe displays octahedral coordination as Fe(H,0)s" in
Fe**-containing solution and Fe(H,O)s** in Fe*-containing solution. Such coordination
chemistry is similar to the found in Fe adsorbed on the cell surface (i.e., Fe-Og bond with
carboxylic and phosphoryl groups). Thus, one can not assume that the enrichment of cell
surfaces with heavier isotopes is preferentially linked with the decrease of the coordination
number of the adsorbed Fe. Hence, the adsorption of isotopically heavy Fe on cell surfaces is
likely caused by the larger values of d-orbital splitting (A,) of metal-ligand bonds (Fe-O-C)
present on the cell surface compared with the aqueous Fe. Schauble et al (2001) displayed
that Fe isotopic fractionation increases toward large A, values, which indicates stronger

covalent metal-ligand bonding and shorter metal-ligand distances.
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5.4.2 Comparison with other systems

The reversible isotopic fractionation shown in the present study is in agreement with Fe
interaction with other solid interfaces (Dideriksen et al., 2008; Barling & Anbar, 2004) and
confirms that the fractionation observed herein is mainly associated with Fe reversible
adsorption in a closed-system. Usually, metals (e.g., Cu and Zn) uptake by microorganisms is
mainly linked with irreversible kinetic isotopic effects (Gélabert et al., 2006; Pokrovsky et al.,
2008).

The fractionation factors obtained herein are greater than those found in other studies
involving other transition metal adsorption on oxyhydroxides and cell surfaces. Short-term Zn
sorption on freshwater cells and diatoms frustules displayed AﬁﬁznZn(..)ad_Znaq ranging from
0.43+0.1%0 to 0.2710.1%0, whereas its adsorption on oxyhydroxides had AGGZnZn(”)ad_Znaq
ranging from 0.2+0.03%o. to -0.61+£0.1%.. By the same token, Pokrovsky et al. (2008) showed
that Cu adsorption onto bacteria cell surface is capable of inducing significant Cu isotopic
fractionation only in acidic conditions (1.8 < pH < 3.3), with a isotopic shift (A**Cussig-solution)

ranging from 0.6 to 1.8 £ 0.05%o.

5.4.3 Implications

It has been largely established that cell-surface carboxyl and phosphoryl groups
interact passively with available aqueous Fe through metal sorption (Beveridge and Murray,
1980; Ferris and Beveridge, 1985) and work as nucleation sites for the formation and growth
of mineral phases with subsequent encrustation and precipitation of Fe hydroxides
(Konhauser, 2002). Therefore, chemical exchanges between microorganisms and their
agueous environment are an important and determinant factor controlling Fe species at
aguatic environments.

Whenever aqueous Fe adsorption onto cell surfaces is favored, the present study
shows that phytoplanktonic bacteria are a prominent pool for the scavenging of heavy Fe
isotopes from dissolved fraction. This way, in solute-rich waters, the phytoplanktonic bacteria
may have profound implications for the Fe fate and isotopic fractionation in the water column
and on the transfer of isotopically heavy Fe from contrasted water fractions. As the planktonic

bacteria cells lyse and sink, the adsorbed heavy Fe isotopes may incorporate the river bottom
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sediment where they can be recycled to the overlying water column or become stabilized as
mineral phases forming deposits of Fe through diagenesis. For example, Konhauser et al.
(1993) showed that the cell surfaces of epiphytic and episammic bacteria from Rio Solimdes
river waters, Brazil, work as major sites for aqueous Fe adsorption and deposition, serving as
nucleation sites for the formation of authigenic amorphous and crystalline Fe mineral phases.
From a geological standpoint, the mechanisms of Fe adsorption on microbial cells
surfaces and its subsequent deposition may have been instrumental in Fe isotopic
fractionation in sedimentary deposition environments undergoing active diagenesis in the
course of the Earth’s evolution. For example, Late Archean to Early Proterozoic Banded Iron
Formations (BIF) have isotopic composition ranging from -3.5%. in pyrites to 1.1%o. in Fe oxides
atributed mainly to redox cycles and photosyntetic Fe** oxidattion (Johnson et al. 2003;
Rouxel et al., 2005). The fractionation factors showed herein suggests that Fe adsorption on
microorganim cells can have profound implications on the scavenging and deposition of
isotopically heavy Fe, leading the ocean waters with light Fe isotopic composition, as recorded

in pyrite.
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Abstract

The present study investigates for the first time the possible biases of water storage under different
conditions on the dissolved Fe concentration and isotopic composition of chemically contrasted waters.
The storage methods evaluated in this work included filtered and bulk water stored either at room
temperature or frozen at -18°C. Our data reveal that bulk water storage at room temperature without
filtration produces minor changes in the dissolved Fe isotopic composition of mineral particulate-rich
waters, but significant isotopic changes in organic-rich waters. In both cases, the impact of the different
procedures on the Fe concentrations was strong. On the other hand, the bulk water stored frozen
without filtration produced more limited changes in the dissolved Fe concentration and isotopic
composition relative to the sample filtered in the field. The largest effect being again observed for the
organic-rich waters. These findings suggest that the time-lag between water collection and filtration may
cause isotopic exchanges between the dissolved and particulate Fe fractions. When it is not possible to
filter the samples in the field immediately after collection, the less detrimental approach is to freeze the

bulk water sample until filtration, to reduce isotopic artifacts.

6.1 INTRODUCTION

Iron (Fe) has four stable isotopes (>*Fe, *°Fe, *'Fe, and *°Fe), with a natural variability of
~11%o in 8°'Fe values,? caused by either abiotic or biotic mechanisms.®* In recent years,
several studies explored the effects of biogeochemical processes on Fe isotope fractionation
(e.g., Fe adsorption, complexation, precipitation, redox changes, microbial reduction, and
photosynthetic oxidation) to better understand Fe cycling and the distinct isotopic composition
encountered in low temperature natural systems. Therefore, many investigations were
performed to measure the Fe isotopic composition of dissolved, colloidal and particulate

phases of continental and oceanic natural waters.>**! In the meantime, few efforts were made
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to investigate if water sample storage and the separation of particulate, colloidal, and
dissolved phases through filtration can cause any artifacts on Fe isotopic composition.

During storage and filtration, samples may undergo a variety of chemical and physical
changes caused by metals and organic compounds interactions with suspended matter, the
storage containers, and the filtration apparatus. External agents such as light, the atmosphere,
oxygen and carbon dioxide may also induce pH and Eh variations and Fe redox changes.*
The components of natural water evolve through time and processes including the adsorption
and desorption of exchangeable phases, the aggregation/disaggregation of organic and
mineral colloids, and the degradation of particulate matter may occur, resulting in the transfer
of associated compounds from the dissolved to the particulate fraction, or vice versa.” It has
been demonstrated that some of these processes can cause considerable Fe isotopic
fractionation, notably when associated with redox changes.***!" Consequently, the ideal
conditions for sample storage will differ depending on the sample nature and must be
investigated whenever a new analytical task is undertaken, such as the use of natural variation
of Fe isotopes in waters.

Previous studies outlined that filtration problems caused by filter clogging may change
the effective pore size of the membrane.'®#* Although these previous studies were mostly
focused on the dissolved trace element content of natural waters, it can be hypothesized that
such filtration artifact may also cause isotopic composition variations in the permeate fraction.
Effects of long-term filtration on Fe concentration and isotopic composition were investigated
by Bergquist & Boyle® using the mineral particulate-rich water of Solimdes River. The authors
showed that, besides the extreme variation of dissolved Fe concentration, negligible changes
ocurred in Fe isotopic compostion. Moreover, llina et al.? demonstrated that direct and
cascade ultrafiltration to 1kD on organic-rich boreal waters lead to the same values of 8°'Fe
within analytical uncertainty (1.77+0.06 and 1.77+0.07%., respectively) and, therefore,
concluded that insignificant isotopic fractionation artifacts occured during filtration.

Prior to the correct determination and comparison of Fe isotopic data in the dissolved
phase of different studies, it is clear that artifacts due to sample storage and filtration should
also be addressed. The waters of the Amazon basin differ in their physical-chemical features,

22-25

organic carbon content, dissolved and suspended solids, making them a prominent

example to study the effects of sample filtration and storage in different water types (i.e.,
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organic rich and particulate rich). This study evaluated the artifacts caused by different storage
procedures on dissolved Fe isotopic composition obtained through frontal vacuum filtration of
contrasting water types of the Negro, Solimdes, and Amazon Rivers. In addition, this study
also reports preliminary data on the dissolved Fe isotopic composition of Fe-organic-rich rivers
(Negro and Jau), Fe-organic-poor rivers (Solimdes, Amazon and, Madeira) and a lake with
high primary production at Janauaca, also in the Brazilian Amazonia. Iron isotopic data from
tropical rivers have been little documented so far and it is essential to study these for a

complete overview on the Fe biogeochemical cycling and transport.

6.2MATERIAL AND METHODS

6.2.1 Study area

The Amazon basin is the largest drainage basin in the world, with a total area of
5.96x10° km? and water discharge of 206 000 m®/s, which represents ~17% of the total world

f 2° with major contributions from Solimdes, Negro and Madeira tributaries.?” The Amazon

runof
Basin have waters with contrasting physical and chemical compositions, classified as white,
clear, and black waters.?®*° Schematically, whitewater rivers (e.g. Solimdes and Madeira
Rivers) generally flow from the Andean Cordillera with high concentration of cations,
circumneutral pH and strong sediment loads inherited from mechanical erosion. The
blackwater rivers (e.g. Negro and Jau River) are relatively acidic (pH~5), rich in dissolved
organic carbon and dissolved Fe, with low concentrations of cations and suspended solids,
mainly related to chemical erosion at the podzol regions of the northern side of the central
Amazon, covered by tropical rainforest.?* Janauacé is a shallow lake, connected to the
Solimdes River through a channel, with low concentration of nutrients, large phytoplankton
content (i.e., 53 ug/l of chorolphyll a), and high primary productivity (2.2g C.m.d™).*! Previous
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studies of Berquist and Boyle® and dos Santos Pinheiro et al.*> showed contrasting dissolved

and particulate Fe isotopic composition between the Negro and SolimBes Rivers, likely

associated with the soils and vegetation of different pedoclimatic regions.

6.2.2 Sampling and experimental settings
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The data displayed herein report the physical-chemical parameters, the Fe concentration
and isotopic composition of surface water samples (~0.5m deep) collected in two field
campaigns (detailed on Figure 18). The first occurred on May 2009, during the high waters,
and involved the sampling of the SolimBes River (Mancapuru gauging station), the Negro
River (Paricatuba gauging station), the Amazon River (near Itacoatiara city, Brazil) and the
Madeira River, before the confluence with the Amazon. The second took place at the low
waters of October, 2010 and collected samples from the Jau River and Janauaca Lake. Water
samples were collected using HDPE (High Density Polyethylene) bottles previously cleaned
with HCl (1M) and MilliQ water. Physical-chemical parameters such pH and electrical
conductivity were measured in the field and in the laboratory, after the sample storage and
filtration treatment, to evaluate the stability of these parameters. Measurements were
performed using a WTW 340i multiparameter instrument calibrated against WTW standards.
The physical-chemical measurements uncertainties were estimated as +1% for electrical
conductivity and 0.2 for pH values. All samples were vacuum filtered using a Millipore
Polysulfone system, equipped with cellulose acetate membranes with 0.45um pore size. The
filtration system and the membranes were conditioned with 250ml of the respective sampled
water before the filtration of the aliquot to be analyzed.

Prior to the evaluation of storage (during ~1 year) and related filtration artifacts, the
samples were treated with different procedures (Table 4) as: (1) Water sample immediately
filtered in the field and stored frozen; (2) Bulk natural water sample stored at room temperature
and filtered later in the laboratory; (3) Bulk natural water immediately frozen in the field and
thawed later in the laboratory prior to its filtration; and (4) Water sample immediately filtered

and frozen in the field and thawed later at the laboratory prior to a second filtration step.

Table 4 — Description of the different storage treatments performed on the river water samples and their
respective identification codes

Sample Treatment

Code
Field (05/2009) Laboratory (06/2010)
CF Filtered and frozen Thawed
HF Storage at room temperature Filtered
CBF Frozen Thawed and filtered
CFF Filtered and frozen Thawed and filtered
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Figure 18 — Study area and sampling sites localization
6.2.3 Iron isotopic measurements

Aliquots of the filtered waters (~60 to 250ml) were evaporated at 80° C in Teflon
vessels. Subsequently, a multi-step sample dissolution procedure took place according to the
following sequence: 1) 1ml of H,O,; 2) 1 ml of conc. HNOj3; 3) 0.6 ml of 6M HCI and 0.3 ml of
conc. HNOg; 4) 1.2 ml of conc. HF and 1.2 ml of conc. HNOg; 5) 2ml of 6M HCI. Between each
of these steps, the closed Teflon vessels were left overnight on a hot plate at 80°C and then
taken to dryness. The final residues were solubilized in 0.5 ml of 6M HCI before Fe
purification. Samples dissolution was performed using analytical grade MilliQ water (18 mQ),
bidistilled acids and Merck Suprapur H,0, (30%).

Iron was separated from the matrix elements by anion exchange chromatography in a
HCI medium,*® as described by Poitrasson et al.** Thermoretractable Teflon columns with
internal diameters of 4 mm were filled with 0.5 ml of Bio Rad AG1 X4, 200—400 mesh. The
columns and the resins were first cleaned with 5ml of 6M HCI and then 7ml of 0.05M HCI and
preconditioned with 1ml of 6M HCI. Subsequently, 0.5 ml of the sample, which was previously
dissolved in 6M HCI, was added. The matrix species were eluted with 2.5 ml of 6M HCI and
the purified Fe was eluted with 2 ml of 0.05M HCI. The final solutions were dried and re-

dissolved in 0.05M HCI before Fe isotopic determination.
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Iron isotope measurements were performed at the Geochronology Laboratory from UnB
(University of Brasilia) and at Laboratoire Géosciences Environnement Toulouse (GET) using
a Thermo Electron Neptune MC-ICPMS (Multicollector — Inducted Coupled Plasma Mass
Spectrometer). The method used herein was first described by Poitrasson & Freydier®, which
allows correcting the mass bias by either sample standard bracketing and Ni doping. Analyses
were performed using two different inlet systems, i.e., a wet Stable Introduction System (SIS)
or ESI-APEX-Q (without desolvation membrane), the latter being used to improve signal
sensitivity and allow lower Fe quantities to be analyzed. Isotopic ratios were measured using
medium or high resolution slits, with samples concentrations ranging from 0.25 to 6 mgl/l,
depending on the sample introduction system and instrument sensitivity. Although the
*Fe/**Fe and °'Fe /**Fe ratios were measured, this work will only report >’Fe /**Fe ratios, since
both ratios lies on a mass-dependent fractionation line. The Fe isotopic data are reported
using delta notation relative to the IRMM-14 iron isotopic reference material, expressed in %o
(per thousand), as &°'Fe= (*'Fel**Fesampie)/(°'Fel**Fermmis)-1]10°. Measurements of the in-
house hematite standard from Milhas, Pyénées, (referred sometimes in previous studies as
ETH - Eidgenossische Technische Hochschule Zurich hematite), were performed regularly in
each analytical session for data validation in terms of accuracy and reproducibility. The
hematite standard has a known 5°'Fe value of 0.744 + 0.04% (2 SD, n = 55), as reported by
Poitrasson and Freydier®. In this study, this secondary reference material was analyzed after
every six samples. We obtained an Fe isotopic composition of 0.80+0.06%o (in 8°'Fe values, n
= 30), consistent with previous studies.'®**" Procedural blanks processed through sample
digestion and Fe purification yielded Fe quantities of <1% relative to the analyzed samples.

Dissolved Fe concentration was measured in the field and in the laboratory using the
Ferrozine colorimetric method**>° with a Spectrophotometer T-60 UV-VIS PG Instruments and
1lcm cells, recorded on 562nm wavelength. To check the validity and reproducibility of the
measurement, the international geostandard SLRS-4 (Riverine Water Reference Material for
Trace Metals, certified by the National Research Council of Canada) was analyzed and
yielded relative differences <5% compared with certified value (n=5). Iron concentrations were
also measured after Fe chromatographic purification during the preparation of the analytical

sequence on the MC-ICPMS. The relative Fe concentration differences between
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measurements performed after and before the chromatography were <10%, below the

uncertainties inherent from the methods applied.

6.3 RESULTS AND DISCUSSION

6.3.1 Effects of sample storage on Fe isotopic composition

The physical-chemical data, Fe concentration, and 5°’Fe values of the dissolved fraction
from the Negro, Solimdes and Amazon River waters in samples that underwent different
storage procedures are reported in Table 5. Modifications of electrical conductivity and pH
values between measurements performed in the field and later in the laboratory can be
considered negligible for the Negro and Amazon waters, but more pronounced variations in pH
values are observed for Solimbes waters, especially in "HF" samples stored at room
temperature and filtered later in the laboratory (see Table 5). However, the most conspicuous
effect is the large shift on dissolved Fe concentrations found on all three river waters
investigated, depending on the storage method. After the different storage procedures and
subsequent filtration, the dissolved Fe concentrations ranged from 45 to 167 g/l for the Negro
River, 22 to 115 pg/l for the Amazon River, and 25 to 203 ug/l at the Solim@es. Significant
changes between the samples treatment can also be observed in the §°'Fe values with
variation amplitudes of 0.74, 0.12, and 0.43%. for the Negro, Amazon and Solimdes Rivers,
respectively.

The waters with higher content of particulate matter (i.e., Solimdes and Amazon Rivers)
show similar trends when comparing Fe concentrations of samples filtered in the field with
those filtered later in the laboratory. As can be seen in Figure 19 and Table 5, there is a
marked increase in the Fe concentration of the samples stored unfiltered at room temperature
(HF) when compared with the samples filtered in the field (CF) and subsequently stored
frozen. This latter methodology is taken as the reference relative to other procedures since it is
the one that is inferred to generate fewer biases, as pointed by the following discussion.

It is likely that the particulate fraction has a significant influence in enhancing dissolved
Fe content of the unfiltered samples during protracted storage at room temperature, since it

3

represents >95% of the Fe budget in the Solimdes and Amazon waters®?® and the Fe species

are composed mostly of Fe oxides and oxyhydroxides associated with clays as free minerals,
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inclusions, or coatings.”* During bulk samples storage many process may take place in the
bottles, such as (a) Fe desorption/adsorption reactions; (b) mineral dissolution promoted by
redox changes due to organic matter oxidation; (c) Fe scavenging from mineral surfaces by
colloidal and dissolved organic ligands; and (d) disaggregation of stabilized Fe oxyhydroxides
and organic and mineral complexes. Some of these processes could explain the drastic rise of
the dissolved Fe concentration of the samples stored without filtration at ambient temperature
(HF) in the mineral particulate-rich waters. On the other hand, despite the great variations in
Fe concentration as a result of the interactions between the particulate and dissolved fractions
that may take place, insignificant isotope variation among different storage procedures is seen
for the Solimdes and Amazon waters in most cases. However, there is a hint towards lighter
Fe isotope composition for water samples stored at ambient temperature and filtered

subsequently in the laboratory, notably for the Solimoes (ManHF).

Table 5 — Physical-chemical data, dissolved Fe concentration and isotopic composition of different
storage procedures

Physical-chemical data

Sample Field Laboratory H:ge/} 6(5;;:)8 n 2SE°
pH EC® pH EC®

Negro River

PaHF 54 11 55 9 45 1.58 3 0.10

PaCF 54 11 55 8 167 0.84 3 0.04

PaCBF 5.4 11 55 8 142 1.13 3 0.07

PaCFF 5.4 11 5.5 8 127 1.00 3 0.07

Amazon River

ItaHF 6.6 55 7.1 49 115 0.14 3 0.04

ItaCF 6.6 55 7.2 52 47 0.25 3 0.05

ItaCBF 6.6 55 6.9 50 28 0.13 6 0.09

ItaCFF 6.6 55 6.8 50 22 0.16 6 0.04

Solimdes River

ManHF 8.0 75 6.8 70 203 -0.18 6 0.10

ManCF 8.0 75 7.7 70 52 0.02 3 0.11

ManCBF 8.0 75 7.2 70 29 0.27 3 0.11

ManCFF 8.0 75 7.7 70 25 0.25 3 0.06

% _ Electrical Conductivity (uS/cm). ® _ Two standard error uncertainties (2SE) calculated by the Student t-

correcting factor.*’
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The Solimdes Rivers had 5°'Fe values of -0.18+0.10%0 for "HF" and 0.02+0.11%o for
"CF" and, similarly, the Amazon River had §°’Fe values of 0.14+0.04%. for "HF" and 0.25+0.05
for "CF". These findings suggest that upon enhanced particulate dissolution of the “HF”
Solimoes and Amazon water samples, iron is slightly lighter than the initial dissolved Fe
measured with the “CF” samples. This may result from a non-congruent or kinetic effect
favoring the release of isotopically light Fe, however, since dos Santos Pinheiro et al.** found
that the particulate phases of the Solimdes and Amazon Rivers yield 5°'Fe values on average
undistinguishable from the continental crust values (i.e., ~0.1%0"?) and therefore similar to our
dissolved Fe isotope compositions from “CF” Solimoes and Amazon water samples (Table 5
and Figure 19).

The organic-rich water of the Negro River shows lower Fe concentrations in the sample
stored at ambient temperature without filtration (HF) compared with that filtered in the field
(CF). The Fe species of the suspended particles of the Negro River are mainly controlled by
Fe* linked with colloidal humic-like organic matter as inner-sphere complexes.”” The
adsorption of small units of colloidal natural organic matter on mineral surfaces changes the
interfacial potential and charges, and consequently the electrostatic interactions between
particles are altered. The proposed mechanisms by which natural organic matter adsorb onto
mineral surfaces encompass: (a) ligand exchange-surface complexation; (b) anion exchange
(electrostatic interaction), (¢) hydrophobic interaction, (d) hydrogen bonding, and (e) cation
bridging.***®> Some of these processes lead to the formation of larger heteroaggregates,*®*’
that can be removed from the dissolved phase during filtration and cause the reduction of Fe
concentration in the filtrates of bulk water samples stored at air temperature without filtration
(HF). The strong decrease of the Fe isotopic composition from HF to CF storage procedures
(Table 5 and Figure 19) suggests that the newly-formed heteroaggregates removed through
filtration might display relatively light isotopic signatures. Since the dissolved Fe can represent
up to 50% of the total Fe budget of the organic-rich Negro River,® one can assume that
storage procedures may also cause isotopic artifacts in the particulate fractions of organic-rich
waters.

The bulk water samples frozen without filtration (CBF) and subsequently thawed and
filtered in the laboratory resulted in the reduction of Fe concentration compared with the

samples filtered in the field (CF) for all rivers studied, though the magnitude of Fe
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concentration change is much more reduced compared to the waters stored at room
temperature (Figure 19). This demonstrates a possible aggregation of mineral and organic
colloids during freezing, which are further removed by filtration. The freeze-thaw procedure is
known to strongly coagulate fine suspended particles during freezing, which do not
disaggregate after thawing.*® To summarize, the coagulation mechanism can be described as
suspended solids collision followed by attachment.* Such heteroaggregates are removed
during sample filtration which draws down the Fe concentration in dissolved fractions.
However, small isotopic variations were found for the particulate rich waters, as show in Figure
19 and Table 5. These findings are in agreement with previous natural and experimental
observation of colloids destabilization and Fe removal from dissolved water phases from
estuarine regions and mixing zones of rivers with contrasted chemistry, which are known to
produce minor isotopic fractionation.®*®! Lastly, the samples processed through a double
filtration step with a long frozen stage in between (CFF) demonstrated that the continuous
removal of small colloidal units through the freeze-thaw coagulation mechanism causes further
Fe concentration decreases for all water types but small changes in the Fe isotopic
composition of the remaining dissolved fraction (Figure 19).

The comparison between different storage procedures suggests that samples should be
preferentially stored frozen, whenever it is not possible to filter them directly in the field to
minimize isotopic artifacts. Considering that the data reported herein display a first evaluation
of isotopic artifacts caused by storage procedures, we suggests that further studies should be
performed to determine standard methods for sample storage and filtration prior to a more

precise evaluation of the riverine dissolved Fe isotopic data between multiple studies.

6.3.2 Dissolved Fe distribution and isotopic composition of different types of

water

Selected physical-chemical data, Fe concentrations, and isotopic composition of all
sample sites are summarized at Table 6. The Negro and Jau Rivers water, where podzol
occurs, displayed similar features with relatively acidic pH (5.4 to 6.6), low electrical
conductivity (11 to 31uS/cm) and high dissolved Fe concentrations (120 to 181 ug/l). By
contrast, the Solimdes, Amazon and Madeira Rivers, located mainly in ferrasol and acrisol

regions, showed similar physical and chemical composition with circumneutral pH (6.6 to 8.0),

91



high electrical conductivity (55 to 75 uS/cm), and low dissolved Fe concentration (40 to 50
ug/l). Different from all rivers mentioned above, the waters of Janauaca Lake yield high pH
(9.3), low dissolved Fe concentration (34 ug/l) and intermediate electrical conductivity (48

uS/cm).
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Figure 19 — Evolution of dissolved Fe concentration and &°'Fe values according to the different storage
procedures of samples from (a) Solimdes, (b) Amazon, and (c) Negro Rivers. Data from Table 2.

The present study also reveals contrasting dissolved Fe isotopic compaosition for water
bodies drained over soils with distinct features, with values ranging from -0.06 to 1.20%., in
5°'Fe values. The rivers formed over ferrasol and acrisol regions yield lighter Fe isotopic

composition (-0.06 to 0.33%o, in 3°'Fe values) when compared with rivers located in podzolic
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regions (0.84 to 1.20%o.), as shown at Figure 20 and Table 6. These differences reveal distinct
Fe cycling and weathering processes occurring in the contrasted soils of the Amazon Basin
(i.e., between ferrasols and podzols).

Some pedogenetic processes had already been reported to be the main factor in Fe
isotopic changes within the soil, e.g., Fe reductive-dissolution due to redox changes and
ligand-promoted Fe dissolution caused by interaction with chelates derived from organic
matter, were most >’Fe-depleted bulk samples were attributed to horizons rich in organic
compounds like those found in podzols.>?®® In contrast to what is expected for organic-rich and
waterlogged soils, no significant isotope variation could be found in lateritic soils, despite a
long time-integrated weathering processes.”® Thus, it should be expected that the waters

drained in such contrasting environments are also isotopically distinct.

Table 6 — Selected physical-chemical data, dissolved Fe concentration and isotopic composition of
different water-types of the Amazon Basin

Sample Site Date pH (uSE/Sm) ([que/}) D(:A/)Se 2SE n
PaCF Negro 26/05/2009 54 11 167 0.84 0.04 3
Jaul001 Jau 27/09/2010 6.12 31 119 1.20 0.07 3
ManCF Solimées  26/05/2009 8 75 52 0.02 0.11 3
ItaCF Amazon 30/05/2009 6.6 55 47 0.25 0.05 3
LFO3 Janauaca 21/09/2010 9.3 48 38 -0.06 0.04 3
Mad0901  Madeira  30/05/2009 6.3 43 45 0.33 0.10 3

a — Two standard error uncertainties (SE) calculated based on the number of analyses using the Student t-
correcting factor.*
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Figure 20 — Comparison between Fe concentration and &'Fe values of chemically contrasted rivers
formed over soils with different features. Data from Table 3.
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6.3.3 Dissolved Fe sources and biogeochemical processes

The isotopic data outlined for the rivers formed mainly over ferrasol and acrissols are
consistent with what was first expected for the continental weathering of well-expressed

lateritic-type soils. Poitrasson et al.*®

showed limited isotopic variation in recent lateritic soils of
Nsimi (Cameron) and inferred that the drained water should have Fe without considerable
differences from the mean continental crust values. In addition, such a value is also consistent
with the previous global estimation of Beard et al.’, which suggested that riverine Fe
composition should range from 0.1 to 0.2%.. However, Fantle and DePaolo>® argued that the
dissolved Fe delivered to rivers from continental weathering developed under oxidizing
conditions might be depleted in heavy isotopes compared with the continental earth crust, due
to the continuous supply of small amounts of isotopically light Fe** species. Assuming that
lateritic soils yield 8°'Fe values of ~0.1%o,*® we can infer that the Fe species of the permeate
fraction (<0.45um) reported herein for the Solimdes River (0.02+0.11%o, in 5°'Fe values) might
be controlled mostly by colloidal submicron sized Fe oxyhydroxides inherent to mechanical
weathering, as previously outlined by Allard et al.>”*®. The well-drained ferrasols and acrisols
formed in an oxidizing environment are liable to preferentially form solid colloidal and
particulate Fe oxyhydroxides. Therefore, small amounts of exchangeable and isotopically light
Fe?* are lost, leading to similar isotopic compositions between the dissolved and particulate
phases, compared with upland soils. This observation is supported by the 8°'Fe values of the
particulate fraction reported by dos Santos Pinheiro et al.*? that are also undistinguishable
from the continental crust value (~0.1%0").

The Fe isotopic composition of organic-rich waters of the Negro and Jau Rivers show
an opposite pattern compared with the mineral particulate-rich waters of Solimées and
Madeira Rivers (Figure 20). In the blackwater rivers such as Negro and Jad, the gradual
oxidation of Fe?*, caused by redox changes in waterlogged podzol®®*®® and the binding affinity

61-62

of Fe* with polycondensed humic substances will increase the formation of Fe**OM

complexes. The strong bounds of Fe with organic ligands, as strong inner-sphere complexes,

39.57,5862:65 and podzolic soils®. They are linked

were extensively reported in black river waters
with Fe** great affinity with carboxylic and phenolic functional groups present in the humic-like
organic matter.*® According to previous studies, Fe®" displays heavier isotopic composition

than Fe* *1%1*°! and the complexation of aqueous Fe** with strong organic chelates enriches
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the Fe-organic complexes in heavy isotopes.®* This explains why the dissolved fraction of
Negro and Jau Rivers will display signatures enriched in *’Fe compared with **Fe. The Fe
isotopic composition showed herein for the humic-rich rivers are in agreement with the isotopic
data reported for a depth profile at the Negro River ranging from 0.9 to 1.1%. (dos Santos
Pinheiro®).

The Amazon River water sample analyzed in this study was collected near Itacoatiara
city, located downstream the Madeira River and approximately 150km from the Solim&es and
Negro confluence which account together for ~85% of the Amazon River total discharge at its
mouth.?” Aucour et al.®® studied the initial stage (first 25km) of the Negro and Solimdes mixing
zone and argued that dissolved and particulate Fe behaved non conservatively due to the
preferential removal of Fe bound to N-rich organic matter and oxyhydroxides. However, no
study had demonstrated since then the Fe isotopic effects of the mixing processes of
chemically contrasted rivers. The datum displayed herein for the dissolved Fe of the Amazon
River (i.e. 0.25+0.05%o, in 6°'Fe values) suggest that the sequential mixing processes among
the three end-members (i.e. Negro, SolimGes and Madeira) do not produce significant isotopic
fractionation in the riverine Fe isotopic composition, with [1°’Fe values close to the continental
earth crust mean (i.e. 0.1+0.03%o, in 8°'Fe values) and to the lateritic soils (i.e. ~0.1%o). This
finding suggests that dissolved Fe isotopic composition delivered to the ocean by a tropical
basin might be similar to the continental earth crust mean, since Fe flocculation in estuaries
generates negligible isotopic effects.®****

Comparing the dissolved Fe isotopic composition of the high waters of May 2009,
obtained in this study with those outlined by Berquist and Boyle® at the high water of April,
2002, a similar behavior can be seen between the organic-rich and mineral particulate-rich
waters (i.e. heavier isotopes in the organic-rich rivers such as Negro, and lighter isotopes on
organic-poor rivers such as Amazon and Solimdes) although the results reported herein
display a shift of ~0.5%. for all rivers studied. The evolution of dissolved Fe isotopic
composition may arise from different water sample storage durations, filtration techniques, and
digestions methods employed or, more likely, from seasonal and interannual precipitation
variations. So far, investigation of Fe isotopic fractionation through filtration showed no
significant variations comparing different filtration methods® and during long-term filtration.®

The isotopic data outlined herein were obtained in exceptional flood of 2009, which began in
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early 2009 and reached its maximum in May, 2009, when the field campaign took place. On

|67

the other hand, 2002 and 2003 were marked by very dry seasons. Chen et al.”’ argued that

the 2002-2003 dry season was clearly tied to the El Nifio, and the 2009 flood to the recent La

Nifia Event. Interannual variations in the Fe isotopic composition of the Negro River water

|32

particulate fraction were also found by dos Santos Pinheiro et al.**, when comparing the years

of 2002 (data from Bergquist & Boyle®) and 2009/2010. The authors attributed the shift in the
isotopic composition to variations of the sediment transport regime of the Amazon River,

caused by stronger erosion processes linked with extreme climate events or changes in the

|68

soil coverage, e.g., deforestation (Martinez et al.”™). Differences in the organic carbon and Fe

distribution among the particulate, colloidal, and dissolved phases, as demonstrated by

|23

Benedetti et al.”> over the years of 1995 and 1996, likely produce distinct isotopic signatures

caused by variation in organic and inorganic compounds during interannual flood and drought

regimes.
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Abstract

The present study investigated the weathering and transport mechanisms of Fe in the Amazon
River. A particular emphasis was placed on Fe partitioning, speciation, and isotopic fractionation of
Solimbes and Negro Rivers contrasted waters and their mixing zone at the start of the Amazon River.
Samples collected in the end-members rivers and thirteen sites distributed throughout the mixing zone
were processed through frontal vacuum filtration and tangential-flow ultrafiltration to separate the
different suspended solids fractions, i.e., particulates (P > 0.45um and P > 0.22um), colloidal (0.22um >
C > 5KD) and truly dissolved elements (TD < 5KD). The Fe isotopic composition and paramagnetic
species of the different pore-sized fractions provided precise information about the sources and
biogeochemical processes occurring in the upland soils and proved to be good proxies of the
mechanisms involving Fe loss and transfer in the mixing zone. The acidic and organo-Fe-rich waters of
the Negro River displayed dissolved and colloidal fractions enriched in heavy isotopes (~1.2%o, in 5°'Fe
values), associated with Fe oxidation and complexation mechanisms at the interface between
waterlogged podzols and river networks. The particulate fractions yielded light isotopic compositions of -
0.344%0 for P>0.22um and -0.104%. for P>0.45um fractions). These values are linked with the
continuous exportation of isotopically light plant debris and organic matter associated with mineral
particles from the reduced horizons of podzols. The mineral particulate-rich waters of the Solimdes
River had dissolved and colloidal fractions with light isotopic composition (-0.532 and -0.176%o,
respectively) attributed to the dissolution kinetic of Fe-bearing minerals and to the speciation and
adsorption fractionation in the river waters. Conversely, the particulate fractions yielded &°'Fe values
close to that of the continental crust (i.e., -0.029 for P>0.22um and 0.028%. for P>0.45um), inherent to
strong mechanical weathering in the Andean Cordillera and upland soils. One kilometer downstream
from the Negro and Solim&es junction, the concentration of colloidal and dissolved Fe species along the
different mixing proportions begins to deviates markedly from conservative mixing, with a maximum Fe
loss of 43ug/L (i.e., 50% of the dissolved and colloidal Fe) located 110km downstream the rivers
junction. The massive dissolved and colloidal Fe removal is associated with the evolution of the physical
and chemical composition of the waters (i.e., pH and ionic strength) during mixing, which influences

organo-Fe*" and Fe*"-oxyhydroxides stability and likely promotes the: (a) dissociation of organo-Fe
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complexes and the subsequent formation of solid Fe3+-oxyhydroxides and semiquinone free radicals; (b)
destabilization and flocculation of Fe3+-oxyhydroxides and humic colloids containing bound Fe; and (c)
adsorption of organo-Fe complexes onto particulate suspended solids. As in estuarine regions, the
mechanisms involving Fe transfer and loss in the mixing zone cause a minor impact on the overall Fe
isotopic composition suggesting that a tropical basin such as the Amazon delivers to the oceans waters

with Fe isotopic composition similar to the Earth's continental crust mean.

7.1 INTRODUCTION

The geochemical investigation of the Amazon River waters provides a global scale
overview of the transport pathways of weathering products from continents to oceans in
tropical regions. Among the world’s major rivers, the Amazon ranks first in terms of drainage
area (5.96 x10° km?), and water discharge (206 000m®s) (Callede et al., 2010), which
corresponds approximately to 17% of the global fresh water runoff. The Amazon River is
formed by the confluence of the Solimées and Negro Rivers that account, respectively, for
56% and 16% of the total discharge of the Amazon at its mouth (Molinier et al. 1993, 1997).
These rivers drain different pedoclimatic regions (Lewis et al., 1995 and Quesada et al., 2011)
and as a result exhibit contrasting physical and chemical water properties (Gibbs, 1972; Sioli,
1984; Stallard and Edmond, 1983). Therefore their confluence plays a key role in the transport
dynamics of metals and organic compounds in the Amazon Basin.

The composition of the dissolved ions and suspended solids of the Negro and
Solimdes Rivers have been extensively outlined by previous studies (e.g., Meade, 1985;
Richey et al., 1986; Devol et al., 1995; Gaillardet et al., 1997; Aucour et al., 2003; Benedetti et
al., 2003 ; Seyler and Boaventura, 2003). Basically, the Negro River waters are relatively acid
(pH~4.5), rich in colloidal Fe and organic carbon, with low concentrations of dissolved cations
and suspended solids (mainly kaolinite). These black waters drain regions covered by podzols,
ferrasols and acrisols, located on the northern side of the Central Amazon Basin that supports
the rain forest. Conversely, the Solimbes River waters are rich in dissolved cations with
circumneutral pH, contain a large amount of suspended solids (smectites, illite and minor
amount of kaolinites; Guyot et al., 2007), and are depleted in dissolved and colloidal Fe. These
white waters drain the Andean Cordillera and regions covered mainly by acrisols, ferrasols and
plinthosols. A preliminary study comparing the Fe isotopic composition between the dissolved

and particulate phases of the Amazon Basin reported a large isotopic fractionation between
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these phases for the Negro River, and a negligible isotopic fractionation for the Solimdes and
Amazon River (Bergquist and Boyle, 2006). These contrasting isotopic signatures are likely
linked to the different water chemistry of the rivers, and the nature of the soils and vegetation
drained by these tributaries of the Amazon River.

Given the marked differences between the Negro and Solimbdes Rivers, their water
mixing processes must be well understood to correctly identify the controlling geochemical
mechanisms of metals transport throughout the Amazon Basin. Previous studies reported that
within the first 25 km downstream from the Negro and Solim&es mixing zone, the dissolved
and particulate Fe fractions behaved non-conservatively due to the preferential removal of Fe
bound to N-rich organic matter and Fe oxyhydroxides (Aucour et al., 2003), with considerable
particulate and dissolved organic carbon loss (Moreira-turcq et al., 2003). In addition,
McKnight et al. (1992) reported that the confluence of an acidic, metal-rich stream with an
organic and metal-poor river led to a 40% removal from solution of dissolved organic carbon
by sorption with the particulate hydrous Fe and Al oxides, which were precipitated in the
mixing zone. Although mixing of river and ocean waters is known to produce a minor influence
on the overall Fe isotopic composition (Bergquist and Boyle, 2006; de Jong et al., 2007;
Escoube et al., 2009), the Fe isotopic effect during the mixture of two large rivers with
markedly distinct chemistries, as the Negro and Solimdes, has never been addressed thus far.

The present study investigates the nature, distribution, and isotopic composition of Fe
from different pore-sized water fractions of the Amazon Basin Rivers in order to describe the
main weathering and transport mechanisms controlling Fe transfer from land to downstream
riverine waters in a tropical basin. A particular emphasis was placed on the Negro and
Solimdes Rivers and their mixing zone to improve our comprehension of the processes
underlying Fe non-conservativeness during the mixture of rivers with contrasted chemistries.
Our data revealed that although the non-conservative mixing of Fe from contrasted waters has
a minor impact on the overall Fe isotopic signature, the combined Fe isotopic and
paramagnetic evaluation provides precise information on the nature of the soils located in the
headwater zone feeding the river basin, and yielded insights on the biogeochemical processes

occurring in the catchment area and in the Amazon River mixing zone.
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7.2 MATERIAL AND METHODS
7.2.1. Sampling and filtration

The sampling campaign took place in September during the exceptional drought of
2010, when the Solimdes and Negro Rivers had minimum and similar water discharges, and in
July 2011, during the flood season. The Acoustic Doppler Current Profiler - ADCP method
(Filizola and Guyot, 2004) was used to measure the water discharge across rivers transects.
Water samples were collected from the Solimdes River (Manacapuru gauging station), the
Negro River (Paricatuba gauging station) and from thirteen sites distributed 110 km
downstream along rivers mixing zone, before its confluence with the Madeira River (Figure
21). Considering that the Negro and Solimdes waters have distinct electrical conductivities,
this parameter was used in the field in every sampling site to estimate the mixing proportion of
each Amazon River tributaries end-members at a given site. In both campaigns, water
samples were collected ~0.5m below the water surface. For the field mission occurring during
the low waters of 2010, lateral and depth profiles were performed in the end-members
Solimoes and Negro Rivers. The lateral profile samples were collected in five different
locations, evenly distributed in between the rivers banks. The depth profile samples were
selected according to the deepest level, measured by ADCP. In the Negro River, samples
were collected at 0.5, 6, 12, 20 and 30m deep, and in the Solimbées River at 0.5, 5, 10, 15 and
20m.

Electrical conductivity, pH, Eh, and temperature were measured in bulk water samples
during or immediately after sampling using a WTW 340i multiparameter instrument, calibrated
against WTW standards. Eh measurements were performed using an ORP probe. The
measured values were certified using an YSI| 3682 Zobell’s solution with an accuracy of
+10mV and corrected for the standard hydrogen electrode (SHE) as described by APHA
(1998).

Water samples were collected in HDPE (High Density Polyetylene) bottles previously
cleaned with commercial HCI (1M) and de-ionized water (MilliQ, 18mQ). The samples were
vacuum filtered on board in a glove box using a frontal filtration Millipore® Polysulfone system,
equipped with cellulose acetate membranes with 0.45um pore size. The filtration system and
the membranes were previously conditioned with 250mL of water from the sampling site prior
to filtration of the aliquot for analysis. After filtration, the membranes were dried at room
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temperature inside a glove box and stored in Petri slides. Particulate (P > 0.22um), colloidal
(5KD < C < 0.22um), and truly dissolved (TD < 5KD) fractions from each site were separated
on the boat immediately after sampling from 50L of water by tangential-flow ultrafiltration
(Pelicon, Millipore®). Membranes with final cutoff of 0.2um (Durapore®) and 5KD
(polyethersulfone) were used. Residual particles in the membranes were removed by applying
reverse water flow. All permeates and retentates were stored in HDPE bottles, previously

cleaned with HCI (1M) and MilliQ water.
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Figure 21— Localization of the study area and sampling sites in the Negro and Solimdes mixing zone

7.2.2. Sample dissolution

Sample dissolutions were performed in a class 10000 clean room, using bi-distilled
acids, Merck SupraPur H,0, (30%), de-ionized water (MiliQ, 18 mQ) and Teflon vessels. The
particulate matter (fraction >0.45um) were dissolved, together with the membranes, in 8 ml of
HNO; and 1 ml of H,O,, left overnight on a hot plate at 80°C and then taken to dryness.
Subsequently, 0.2 ml of HNO3, 1 ml of HF, and 0.6 ml of 6M HCI were added. The Teflon

vessels were left overnight on a hot plate at 80°C before evaporation. The digestion residues
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were solubilized in 5 ml of 6M HCI and a 1 ml aliquot was separated for centrifugation and iron
purification by ion chromatography.

The ultrafiltration retentates and permeates solutions were firstly evaporated in Teflon
vessels with volumes ranging from 1 ml to 1.3 L, according to Fe concentration measured and
outlined in previous studies (e.g., Benedetti et al., 2003; Seyler and Boaventura, 2003; Aucour
et al., 2003). The evaporated samples were taken up in 1 mL of H,O, and left overnight at
room temperature. Subsequently, 1 ml of HNO; was added to the previous solution, left
overnight on a hot plate at 80°C, and then taken to dryness. The samples were then dissolved
overnight in 1.2 ml of HF and 1.2 mL of HNO; at 80°C before evaporation. The next step
consisted in the sample digestion with 0.6 mL of 6M HCI and 0.3 mL of HNO3. The Teflon
vessels were left overnight on the hot plate at 80°C and then the solutions were again taken to
dryness. Evaporation residues were dissolved in 2ml of 6M HCI overnight at 80°C and
evaporated. The digestion residues were then solubilized in 0.5 to 1 ml of 6M HCI before Fe

purification.

7.2.3 Fe speciation and concentration measurements

Iron concentration and speciation of the permeate water fractions were determined
using the FerroZine® colorimetric method developed by Stookey (1970), modified by Viollier et
al. (2000). The absorbance was recorded in a Spectrophotometer T-60 UV-VIS PG
Instruments, with a wavelength of 562 nm, in 1 cm cells. The Fe** and Fe*" concentrations
were measured in the fraction < 0.45um, on board, immediately after sample filtration, within
~1h of sample collection. The filtration membranes and ultrafiltration retentates were analyzed
using a ICP-OES, Horiba Jobin Yvon Ultima2, after sample digestion. The concentrations of
Fe in the retentate fractions (P > 0.22um and 5KD < C < 0.22um) of the ultrafiltration samples
were calculated by correcting their concentrations for the permeate concentration (for details
see Hoffmann et al., 1981; Olivié-Lauquet et al., 1999). The international geostandard SLRS-4
(Riverine Water Reference Material for Trace Metals, certified by the National Research
Council of Canada) was used to check the validity and reproducibility of each analysis.
Replicated measurements of SLRS-4 yielded a relative difference < 5% (n = 13) compared

with the certified value.
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7.2.4 Isotopic measurements

After sample dissolution, Fe was purified using 0.5 ml of Bio Rad AG1 X4, 200—400
mesh anion exchange chromatography in HClI medium (Strelow, 1980), loaded in
thermoretractable Teflon columns (internal diameter of 4 mm), and cleaned with 5ml of 6M HCI
and 7ml of 0.05M HCI. As described by Poitrasson et al. (2004), the cleaned resins were
preconditioned with 1ml of 6M HCI prior to the introduction of 0.5 to 1.0 ml of the sample
previously dissolved in 6M HCI. The matrix species were eluted with 2.5 ml of 6M HCI, while
the purified Fe was eluted with 2 ml of 0.05M HCI. The solutions were then dried and re-
dissolved in 0.05M HCI for Fe isotopic determination.

Iron isotope measurements were performed using a Thermo Electron Neptune MC-
ICPMS (Multicollector — Inductively Coupled Plasma — Mass Spectrometer) as described by
Poitrasson and Freydier (2005). Measurements were performed using medium or high
resolution entry slits to resolve polyatomic interferences. Two different types of sample
introduction systems were used during the analytical sessions. The SIS inlet (Stable
Introduction System) was used to analyze the particulate and colloidal fractions, while the ESI-
APEX-Q inlet system (without membrane desolvation) was used to increase the signal
sensitivity and allow the analyses of samples with low concentration of Fe (i.e., the permeate
fractions <0.22um and <5KD). Sample solutions were measured with concentrations ranging
from 0.25 to 3.5 ppm. For data validation, each analysis session includes measurements of
the in-house standard (hematite from Milhas, Pyrénées), also known as the ETH hematite
standard (Eidgenossische Technische Hochschule Zurich), with accepted &°'Fe values of
0.744 + 0.040%0 (2 SD, n = 55 pooled analyses), reported by Poitrasson and Freydier (2005).
In the present study, the ETH hematite standard was analyzed between groups of five
samples and yielded &°'Fe values of 0.755 + 0.082%o (2 SD, n = 17). Both *°Fe/**Fe and °'Fe
I**Fe ratios were measured in the analytical sessions for quality control, but given that samples
plot on a single mass fractionation line, only 8°'Fe/**Fe values are reported and discussed
herein. All the procedural blanks processed through digestion and purification chemistries,
including the frontal filtration membranes, were <1% of the analyzed sample. Iron isotopic
results are reported using the delta notation relative to the IRMM-14 iron isotopic reference

material, expressed in permil (%o), as described below:
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>7Fe / 54Fesample

57Fe / S4FejrMM-14

557 Fe (%0) = ( —1)X10° (Eq. 18)

Oxygen and hydrogen isotopic measurements were performed on unfiltered waters,
using a mass spectrometer Delta V Plus. The isotopic ratios are reported using the 8D and &0
notations relative to SMOW reference material, expressed in permil (%.). The d&D
measurements used a HDevice inlet system after reaction with CrO; at 850° C, while the §'°0
measurements were performed with a Gas Bench Il inlet system by equilibrating aliquots of the
water samples with He-CO, mixture. During the analytical sessions, replicate measurements of
the international certified reference materials VSMOW, GISP and SLAP from IAEA
(International Atomic Energy Agency) yielded differences of up to ~1%o. for 8D and ~0.2%o for

5'®0 compared to the certified values.

7.2.5 Paramagnetic species and organic groups

The paramagnetic species and the major organic groups were investigated by EPR
(Electron Paramagnetic Resonance) and FT-IR (Fourier Transformed Infrared Spectroscopy)
on the colloidal and particulate retentates (fraction 5KD < C < 0.22um and P>0.22um),
previously separated by tangential-flow ultrafiltration in the field, and dried at 40° C. The FT-IR
spectra were recorded in transmission mode with a Nicolet, Magna 560 spectrometer, in the
4000-250 cm™ range, with a 2 cm™ resolution. The samples were previously ground, mixed with
300mg of KBr, and pressed at 8 tons/cm? to form 13mm wide pellets.

The EPR measurements were performed at 9.42 Ghz (X-band) frequency with a
Brucker ESP300E. Sample analyses were conducted using a microwave power of 40 mW,
modulation amplitude of 3 to 5 Gauss and normalized filling factor of the resonant cavity. Data
were normalized according to gain and sample mass. Effective values of spectroscopic factor g
were detailed by Allard et al. (2004). The EPR data were used to estimate the concentration of
Fe** bound to organic matter ([Fe**-OM)]) using a calibration performed from a Fe-doped humic
acid standard with 2.85 wt %o Fe according to a previous study (Allard et al., 2011). The
concentration of colloidal oxides is expressed in arbitrary units, for lack of appropriate standard.
Concentrations of Fe**-OM and Fe oxides were determined from the main EPR resonance of
each Fe specie using the simplified relation applied to the derivative spectrum described by

Calas (1988): A = k *H2 * I, which provides an estimate of the area of integrated peak (A),
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where Kk is a constant, H and | are the peak-to-peak line width and amplitude, respectively. It is
expressed herein in Fe weight percent of dried solid (Fe*-OM wt%d.s.) for the organic-rich

colloidal fraction.

7.3 RESULTS
7.3.1 The end-members and the mixing zone

Physical-chemical results of the waters sampled in missions conducted during the low
waters and flood season are shown in Table 7. For both seasons, the waters of the Solimbes
River had neutral pH with values along the depth and lateral cross-section extending from 6.6
during the flood season to 7.3 during the low water season. Electrical conductivity was also
uniform in the lateral and depth profiles, with a lower value being observed during the high
waters. The waters of the Negro River were more acidic, with pH ranging from 4.9 to 5.3,
without significant variation between the different sampled seasons and along cross-sections.
Electrical conductivity showed a slight variation along the lateral profile. There does not appear
to have variations with seasons or toward lower depths. Measured water discharges in the low
water season was of 30260+300 m?/s for the Negro, and amounted to 39560+400 m?/s for the
Solimdes, which produced a measured water discharge of 70210+700 m®s for the Amazon
River (Table 7). Hence, relative contributions were of 56% from the Solimdes and 44% from the
Negro. Electrical conductivity measurements and field observations showed that mixing
between waters from the two rivers was very inefficient, even at 110 km from their confluence,
since a homogenous trend along the river cross-section was not observed.

As reported in Table 7, the 3D and §'°0 values showed no significant variations along
the depth and lateral profiles of the Solimdes and Negro rivers, demonstrating homogeneity
along their cross section. The Solimdes River had lighter isotopic values for both 8D (-30.8%o to
-29.5%0) and 5'®0 (-5.2%o to -4.9%0) when compared to those of the Negro River (3D ranging
from -25.1%0 to -22.7%c; and &0 from -4.2%. to -3.9%). The data reported herein are
consistent with those from Aucour et al. (2003), which showed a conservative behavior for

oxygen and hydrogen isotopes within the rivers mixing zone (Figure 22).
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Table 7 — Sampling sites information and samples physical-chemical properties

Depths

Distance

E.C.

Eh

[Fe]

SPM

0 e
Sample Date (m) (km) * (ms)® (uS/em) pH (mV) T (°C) Mg °  (mgi)® f D% 80 %o
MAN10L01 24/09/10 0.5 -- 110 7.2 302 33.7 8 51 1 -30.2 -5.2
MAN10L02 24/09/10 0.5 -- 112 7.2 302 32.2 12 45 1 -30.8 -5.0
MAN10LO03 24/09/10 0.5 - 39560 114 7.2 301 31.8 10 54 1 -30.5 -4.9
MAN10L04 24/09/10 0.5 -- 117 7.3 300 31.9 12 46 1 -29.5 -5.0
MAN10L05 24/09/10 0.5 -- 108 7.2 304 32.9 9 62 1 -- --
MAN10P02 24/09/10 5 - 118 7.2 329 31.1 9 39 1 -30.5 -5.2
MAN10P03 24/09/10 10 - 120 7.3 349 30.6 11 39 1 -30.4 -5.0
MAN10P04 24/09/10 15 -- 117 7.2 389 30.7 12 40 1 -30.3 -5.1
MANZ10PO5 24/09/10 20 - 119 7.2 419 30.9 82 34 1 -30.3 -4.9
MAN11L03 21/06/11 0.5 - 74 6.6 334 30.2 61 67 1 -- -
PA10L01 28/09/10 0.5 -- 14 5.3 464 31.9 151 6 0 -25.1 -4.2
PA10L02 28/09/10 0.5 -- 15 49 431 32.0 143 7 0 -24.9 -4.1
PA10L03 28/09/10 0.5 -- 30260 15 5.0 399 32.8 136 7 0 -24.6 -3.8
PA10L04 28/09/10 0.5 - 9 5.1 413 32.6 143 7 0 -24.1 -4.2
PA10L05 28/09/10 0.5 -- 9 5.2 409 33.0 154 7 0 -24.2 -4.1
PA10P02 28/09/10 6 - 10 51 436 32.7 138 6 0 -24.2 -4.0
PA10P03 28/09/10 12 - 9 5.5 434 32.5 144 11 0 -23.8 -4.0
PA10P04 28/09/10 20 -- 9 5.6 472 31.7 140 10 0 -23.6 -3.9
PA10P05 28/09/10 30 -- 10 5.7 489 31.4 158 17 0 -22.7 -4.1
PA11L03 20/06/11 0.5 -- 18 4.9 385 29.0 174 25 0 -- --
ENC1001 29/09/10 0.5 0 69 7.0 321 31.4 89 18 0.63 -27.8 -4.5
ENC1002 29/09/10 0.5 1 29 6.6 329 31.1 80 14 0.12 -24.8 -4.2
ENC1003 29/09/10 0.5 10 40 6.9 353 30.7 71 23 0.22 -25.4 -4.3
ENC1004 29/09/10 0.5 20 23 6.7 355 31.9 95 13 0.03 -24.3 -4.2
ENC1005 29/09/10 0.5 30 85 7.2 316 31.9 30 49 0.73 -28.4 -4.1
ENC1006 29/09/10 0.5 30 53 6.8 367 32.5 51 30 0.37 -26.3 -4.2
ENC1007 29/09/10 0.5 30 25 6.5 365 32.3 88 23 0.07 -24.5 -3.9
ENC1008 30/09/10 0.5 70 22 6.4 322 317 100 15 0.05 -24.4 -4.1
ENC1009 30/09/10 0.5 70 69024 91 7.1 323 32.2 27 41 0.63 -27.8 -4.7
ENC1010 30/09/10 0.5 70 49 6.8 324 33.0 54 18 0.22 -25.4 -4.0
ENC1011 30/09/10 0.5 110 70 7.0 349 31.4 37 21 0.44 -26.7 -4.4
ENC1012 30/09/10 0.5 110 70210 56 7.1 381 317 43 19 0.27 -25.7 -4.3
ENC1013 01/10/10 0.5 110 69 7.0 368 29.2 47 29 0.37 -26.3 -4.22
ENC1101.1 20/06/11 0.5 0 48 6.2 319 30.3 96 31 0.62 -- --
ENC1101.2 20/06/11 0.5 0 58 6.3 334 29.6 88 34 0.73 -- -
ENC1101.3 20/06/11 0.5 0 43 6.3 334 30.2 105 35 0.53 -- -

a - Distance (km) from Negro and Solimées confluence;
b - Discharge mean value of the whole cross-section measured by ADCP;

¢ — Dissolved Fe concentration measured by the Ferrozine method, on board after sample filtration

d — Suspended particulate matter separated using 0.45um membranes

e — Fraction of the SolimBes River water end member in the mixing zone
MAN: Manacapuru Station (Solimdes River); PA: Paricatuba Station (Negro River); ENC: mixing zone; L: Lateral Profile; P: depth profile;
E.C.: electrical conductivity; --: no data.
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Since hydrogen isotopes display more contrasting values compared to oxygen isotopes,
they were used to define the contribution (f) of both rivers in the mixing zone through the mass

balance equation:

Cm=Csxf+Cnx (1-f) (Eq. 19)

where Cm is the 3D value of the water sample in the mixing zone, and Cn and Cs are the 3D

values of the water in the Negro and Solimdes Rivers, respectively (adapted from McKnight et

al., 1992).
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Figure 22 — Relationship between éD and 50 (left) and electrical conductivity and 6D (right) for surface water
samples, showing that these parameters behave conservatively within the mixing processes

Figure 23 plots Fe concentrations in different water fractions against the f values in order
to evaluate the conservative or non-conservative behavior of Fe in these fractions. Away from
the immediate confluence, the data do not define a mixing line between the end-members
downstream, demonstrating the non-conservative behavior of Fe during the rivers mixture. A
straight line corresponds to a conservative mixture and is only observed at the Negro and

Solimoes Rivers junction.
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Figure 23 — Iron concentration conservative behavior at the start of the rivers confluence (a.) and Fe
non-conservative behavior further down the whole mixing zone of the dissolved (b.), colloidal (c.) and
truly dissolved (d) Fe fractions. f = fraction of Solimdes River in the mixing zone

7.3.2 Iron partitioning and distribution

The dissolved Fe concentration of surface waters sampled during the low waters of 2010
(<0.45pm fraction) ranged from 8 to 12 ug/L in the Solimbes River and from 136 to 154 pg/L in
the Negro River (Table 7). In the latter, a decrease of the Fe concentration in the center of the
river cross section was observed. In contrast to the lateral profiles, however, there were
significant variations in Fe concentration with depth. In the Solimdes River, Fe concentration
increased to 82 pg/L at the river bottom (20m deep), while in the Negro River it increased to 158
pg/L at 30m deep. This behavior is associated with variations in Fe speciation measured in the
field by the FerroZine® method. For instance, while all surface waters samples had Fe*'/Fea
ratio of 1, showing that Fe was present mainly in its oxidized form, at deeper waters the
Fe*'/Few ratio shifted down to 0.46 for the Solimdes and to 0.96 for the Negro. The greater
mobility of Fe** compared to Fe** might explain the increase of total Fe concentration in deeper
waters shown in Table 7. Marked differences were also found when compared to the Fe

concentration of surface waters between different seasons. For example, during the flood
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season of 2011, the Fe content in the Solimdes showed a six fold increase to reach 61ug/L
while in the Negro River, a more modest 30% increase lead to concentrations of 174ug/L. This
implies an important variation of Fe weathering, mobility, and transport between seasons,
particularly for the white waters. As can be seen in Figure 23a, the samples collected in different
water mixing proportions at the rivers junction showed conservative behavior for Fe
concentrations with samples lying on the theoretical mixing line. On the other hand, samples
located further downstream in the mixing zone showed non-conservative behavior, with values
below the theoretical mixing line, indicating Fe removal during mixture (Figure 23b). In other
words, this finding shows that dissolved Fe loss started to occur beyond 1km downstream from
the end-members confluence (sample ENC1002, Table 7). However, a better characterization of
the kinetics of the process would require a more detailed sampling than that of the present
study. The Fe concentration of the particulate fraction >0.45um (Table 8) ranged from 0.31 in
the Negro River to 2.59 mg/L in the Solimdes, which represent up to 5.1w.t.% of the particulate
suspended matter. This fraction ranged from 70 to >99% of total Fe in the bulk water sample.

The Fe partitioning was assessed using the data obtained from the ultrafiltration samples
reported in Table 8. Iron distribution is shown as a percentage of the sum of mass related to the
different fractions. The particulate fraction >0.22um, ranged from 0.4 mg/L to 3.1mg/L, which
represents 77% and >99% of the total Fe in the bulk water sample of the Negro and Solimdes
Rivers, respectively. The permeate fraction <0.22 um yielded Fe concentrations of 122ug/L for
the Negro River and 22ug/L for the Solimdes River. Below 0.22 um, the colloidal fraction
accounts for ~75% of the Fe concentration in the Negro River and ~50% in the Solimbes River.
In the mixing zone, the colloidal and dissolved Fe content varied between the end-members,
with values below the theoretical mixing line, also indicating a non-conservative trend of Fe
during the rivers mixture (Figure 23c, d). Below 0.22 um, the colloidal fraction contributed with
66 to 97% of the total amount of Fe loss during rivers mixture. The Fe concentrations and
distribution in the different water fractions of the end-members are consistent with previous
studies (e.g., Gaillardet et al., 1997; Seyler and Boaventura, 2003; Benedetti et al., 2003;
Berquist and Boyle, 2006).
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Table 8 — Iron concentration and distribution in the different water fractions separated by frontal and
tangential-flow ultrafiltration

Samples P > 0.45um P> 0.22um D <0.22um 5 KD <C< 0.22um TD <5 KD
[Fe] wt.%  [Fe] mg/L [Fe] mg/L [Fe] pg/L [Fe] % ° [Fe] %°
Pal0L03 4.2 031 0.4 122 76 24
Enc1013 4.6 158 1.83 30 55 45
Enc1010 4.7 1.08 0.89 58 81 19
Enc1009 5 2.02 2.2 35 65 35
Enc1008 3.9 0.79 0.9 89 69 31
Enc1002 5.1 0.88 0.75 80 71 29
Man10L03 4.8 2.59 3.1 22 53 47

a — Fe distribution below the fraction 0.22pm
P: particulate, D; dissolved, C: colloidal and TD: truly dissolved

7.3.3 Evidence of non conservativeness from Fe-bearing colloids

Fourier Transform InfraRed spectra of the colloidal fractions are given in Figure 24. The
Negro River had a major contribution of the doublet at about 1600 and 1400 cm™ that is
assigned to carboxylate functional groups bound with metal ions (-COOMe). A small shoulder
located around 1710 cm™ in the Negro River spectrum is related to a contribution of protonated
carboxylic groups (-COOH), consistent with lower pH waters, supported by previous
experimental studies (e.g., Piccolo and Stevenson, 1982 and Senesi, 1992a). A broad band in
the 3400-3200 cm™ region arises from OH of organic groups (e.g., phenolic, alcoholic,
carboxylic groups) and occurs in combination with the H,O stretching band. The weak triplet at
2850-2960 cm™ is characteristic of CH, and CH; carbohydrate stretching, arising mainly in the
Solimdes River colloids. The band around 1000 cm™ results from small contributions of colloidal
quartz and kaolinite, mainly in the Solimdes River colloids. In all samples, organic matter
appears as the major colloidal species.

The EPR spectra of the colloidal fractions are given in Figure 25. All the analyzed
colloids present a rhombic signal at 1500 Gauss (g=4.3) characteristic of high spin and
magnetically diluted Fe®*" ions associated with organic groups (Fe**-OM) as inner sphere
complexes (Senesi, 1992a). The presence of a six-line signal centered at g = 2 in the Negro
River colloids is assigned to the hyperfine structure of Mn*" ions. These data are indicative of
tumbling and weakly bound manganese ions associated with organic matter as outer-sphere
complexes (McBride, 1982). A strong and broad resonance centered around 3500 Gauss is

indicative of Fe-rich phases, caused mainly by colloidal Fe oxides and oxyhydroxides, likely
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associated with organic matter, as observed in organic rich waters from the Nyong River basin,
South Cameroon (Olivié-Lauquet et al., 1999) and the Amazon River Basin (Allard et al. 2004).
The mixing zone samples are distinguished through an additional sharp resonance located at g

= 2 which is assigned to semiquinone free radicals (Senesi, 1990, 1992b).

Absorbance

OHOM P Em-a
H.O L '-COOMe!
CH_; CH_ I :

Lo
Qiz+K

L L L A AL L I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 24 - Fourier Transform Infrared (FT-IR) spectra of colloidal fraction of the Solimdes and Negro
River mixing zone, demonstrating carboxylate functional groups bound with metal ions (-COOMe),
protonated carboxylate groups (-COOH), carbohydrate stretching (CH, and CHs), other organic groups in
combination with H,O stretching (-OH OM and H,O), quartz (Qtz) and kaolinite (K), f = fraction of
Solim&es River in the mixing zone

In summary, all the studied colloidal fractions are dominantly organic in nature and
present very similar FT-IR signatures despite the contrasting mineralogy and geochemistry of
the rivers. However, the Negro River colloids are more organic-rich in nature than the Solimdes
River colloids, as supported by the smaller absorption bands of OH from minerals. The Negro
River corresponding EPR and FT-IR signatures of organic matter are typical of “humic like”
colloids (Stevenson and Goh, 1971; Weber et al., 2006a) as extensively outlined by Allard et al.
(2002, 2004) and Olivié-Lauquet et al. (1999, 2000) in the Amazon and Nyong Rivers

suspended solids, and by Fritsch et al. (2009) at the podzols of the Negro River watershed.
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Figure 25 — Full range X-band EPR demonstrating paramagnetic species in the colloidal fraction from
Solimdes and Negro Rivers mixing zone: Fe® complexed to organic matter (Fe*" -OM), divalent
manganese, and organic free radicals, f = fraction of Solimdes River in the mixing zone

The estimated concentration of Fe*-OM ranged from 0.17 to 4.8% of the colloidal
suspended matter, with higher values in the Negro River than the Solimdes River (Figure 6a).
The [Fe*-OM] reported herein is in agreement with the previous study of Allard et al. (2011) in
the Amazon Basin organic-rich waters. As shown at Figure 26, there is direct involvement of
organic complexation in Fe behavior in the mixing zone, indicating non conservativeness with
selective and preferential removal of Fe* from colloidal organic matter. By contrast, the
concentration of colloidal Fe oxides measured by EPR is located above the theoretical mixing
line (Figure 26b), indicating also a non-conservative behavior but with preferential gain of Fe
oxides in the colloidal fraction during mixing. Consequently, organo-Fe** complexes and Fe
oxides exhibit opposite behaviors with a common non conservative regime. While colloidal
matter yields a clear signal, the Fe oxides from the particulate fraction exhibit quite scattered

pattern that hinders the clear recognition of a mechanism (Figure 26c, d).
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Figure 26 — Distribution of colloidal, coarse colloidal (Ps) and particulate Fe species throughout Negro
and SolimBes mixing zone (a) concentration of colloidal Fe® complexed to organic matter ([Fe3+-OM]); (b)
colloidal Fe oxides concentration; and (c) coarse colloids (for details see allard et al., 2004) and
particulate Fe oxides concentration. a.u. = arbitrary units; f = fraction of Solimdes River in the mixing zone

7.3.4 Isotopic Artifacts due sample filtration

Problems due to filters membrane clogging, that modify their effective pore size were
addressed by many authors (Viers et al., 1997; Burba et al., 1998; Benoit and Rozan, 1999;
Dupré et al., 1999) and may induce Fe isotopic changes. Bergquist and Boyle (2006) studied
the effect of filtration during several hours on the concentration and isotopic composition of Fe
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in samples from the Solim&es River. No isotopic fractionation was observed on the §°'Fe values
of -0.31+0.06%o. (2SD, n = 13), even considering the significant variation in Fe concentration. In
boreal organic-rich waters, llina et al. (2013) compared 3°’Fe values of the 1KD fraction from
direct and cascade ultrafiltration to evaluate a possible filtration artifact. The authors
demonstrated that both filtration methods produce the same values of §°’Fe within analytical
uncertainty (1.77+0.06 and 1.77+£0.07%o, respectively).

In this study, filtration artifacts on Fe isotopic compaosition were addressed by comparing
filtrates collected at the beginning and at the end of the ultrafiltration procedure (i.e., the first
and last liters). This approach made it possible to evaluate a putative evolution of Fe isotopic
composition through the membranes and the effects of possible membrane clogging and Fe
adsorption on filtration apparatus during filtration. The 8°'Fe values in the different filtration
stages obtained from the <5KD filtrates for the Encl1008 sample show negligible variation,
considering the uncertainities, with 8°’Fe values of 0.987 + 0.038%. and 0.996 * 0.014%.,
respectively. Furthermore, the absence of isotopic fractionation related to filtration is also
supported by the similarity between the calculated value for Enc 1010 bulk sample (8°'Fe of
0.048 = 0.113%o0, Table 9), based on mass balance of the different Fe fractions, and the bulk

water measurement (0.060+0.086%o) reported by Poitrasson et al. (2013).

7.3.5 Iron Isotopic Composition

The isotopic values obtained for each water fraction are given in Table 9 and Figure 27.
Despite the P>0.22um fraction, all water fractions analyzed exhibit contrasting Fe isotopic
composition between the endmembers. The °'Fe values of the permeate fraction <0.22um are
-0.325 + 0.057%0 for the Solimdes River and 1.201 + 0.066%0 for the Negro River. In the
colloidal fraction (5KD < C < 0.22um), the Negro River also yielded a heavy isotopic value of
1.190 + 0.095%0, whereas for the Solimdes River we obtained a §°'Fe value of -0.176 + 0.086%o.
In the same way, the truly dissolved fraction <5KD presents heavy Fe isotopic composition of
1.116 £ 0.040%0 in the Negro River and a light isotopic composition in the Solimdes River of -
0.532 + 0.094%.. The &°'Fe values of the particulate fractions (>0.22um and >0.45um) also
differentiate the end-members, in spite of the smaller isotopic difference if compared to the
dissolved fraction. There is an enrichment of light isotopes in particulate fraction from the Negro

River (i.e., -0.104 + 0.015%o, for >0.22um; and -0.344 £ 0.088%o, for >0.45um) if compared to
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the 8°’Fe values of the Solim&es River (-0.029 + 0.054%o, for >0.22um; and 0.028 + 0.054%., for
>0.45um), which present values closer to the Earth crust mean (i.e. 5°'Fe ~0.1% 0.03%o,
Poitrasson et al., 2006). Although the isotopic behavior of Fe of both rivers falls within what was
first outlined by Bergquist and Boyle (2006), the shift of the results between both studies could
arise from the different filtration methods or more likely from seasonal variations over the years.
The Bergquist and Boyle (2006) samples were collected in March, 2002, before the flood
season, whereas the samples reported herein were collected in September, during the
exceptional low waters of 2010. At the mixing zone, the 8°'Fe values significantly varied
between the end-members for most of the water fractions analyzed, despite the P>0.22um

fraction, as reported in Figure 27.

Table 9 — Fe isotopic composition of Negro and Solimdes Rivers different water fractions and their mixing
zone at the start of the Amazon River

Sample P > 0.45um P >0.22um 5KD < C <0.22um D <0.22um TD < 5KD Bulk®
8Fe n 2SE? 8Fe n 2SE? 8Fe n 2SE? 8Fe n 2SE? 8Fe n 2SE° 5°Fe 2SE?
PalOL03 -0.344 3 0.088 -0.104 6 0.015 1190 3 0.095 1201 3 0.066 1116 3 0.040 0.190 0.068
Enc1013 0.017 3 0.058 0021 6 0.073 0367 6 0.066 0134 3 0.026 n.m. 0.023  0.077
Encl010 0.045 6 0.062 0.026 6 0.073 0335 3 0.108 0.345 3 0.086 1.062 3 0.060 0.048 0.113
ENC1009 0.060 3 0.113 0.083 6 0.060 -0.045 6 0.061 n.m. 0501 6 0.078
Encl008 -0.257 3 0.009 0.034 3 0.045 0710 3 0.086 0870 3 0.050 0996 3 0014 0.109 0.067
Enc1002 -0.053 3 0.063 -0.075 3 0.080 0681 3 0.026 0891 3 0.062 n.m. 0.048 0.101
Man10L03 0.028 3 0.054 -0.029 3 0.093 -0.176 6 0.086 -0.325 3 0.057 0532 3 0.094 -0.031  0.109

a — Two standard error uncertainties (SE) calculated based on the number of analyses using the Student t-correcting factor (Platzner,

1997).

b — values calculated by the mass balance between the dissolved and particulate fraction at 0.22um
n.m. — not measured, P: particulate, D; dissolved, C: colloidal and TD: truly dissolved

7.4 DISCUSSION
7.4.1 Weathering mechanisms and Fe transport

The contrasting Fe concentrations and isotopic composition of the Solimées and Negro
Rivers reveal different weathering mechanisms affecting Fe mobilization and transport in
different pedoclimatic regions (ferralitic vs. podzolic). The heavy isotopic composition in the
dissolved and colloidal phases of the Negro River is related to Fe behavior on the laterites-
podzols transition zone located on the northern side of the Central Amazon Basin that support
the rain forest. The Fe pathway to the Negro River initiates from the dissolution and mobilization
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of iron oxides in the upslope acrisols and waterlogged compartment of laterites, and moves

laterally through the podzols, where it is exported to surficial soil horizons and to the river

network (do Nascimento et al. 2008; Allard et al. 2011). Gradual cyclic redox changes will

partially decrease the dissolved Fe?* pool and increase the Fe** complexation with organic

matter in the waterlogged podzol (Fritsch et al., 2009).
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Figure 27 — Fe isotopic composition of Negro and Solimdes Rivers mixing zone at the start of the Amazon

River in different water fractions

Sorption of Fe*" onto organic compounds is more efficient than Fe®* (Hiemstra and van

Riemsdijk, 2006; Weber et al.,, 2006b and van Schaik et al., 2008). According to previous

theoretical and experimental studies (Bullen et al. 2001; Beard et al, 2010) and natural
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observations (Escoube et al., 2009 and Teutsch et al., 2009), Fe** species are more linked to
heavier isotopes than Fe*" and, therefore, the Fe*-OM-rich colloids will yield heavy Fe isotopic
signatures (Figure 28). Hence, the preferential complexation of heavy Fe isotopes due to their
stronger bond strength with carboxylic and phenolic functional groups may also explain the
higher isotopic composition of the Negro River colloidal organic matter. These observations are
also consistent with the FT-IR and EPR data shown herein (Figure 24 and 25). Although the
type of functional group involved in trivalent Fe binding is not differentiated by EPR, Allard et al.
(2004) argued that the two major reactive groups involving metal binding are the carboxylic and
phenolic types, based on NICA-Donnan model calculations and potentiometric titration
measurements. Quantum mechanical calculations suggested that the heavier isotope
concentrates in the species that has the stiffer bound, i.e. linked with the high oxidation state of
Fe, and that presents coordinated covalent bonds between Fe and carboxyl and phenol
moieties, as inner sphere complexes (Senesi, 1992a; Criss, 1999; Allard et al., 2002; Schauble,
2004; Domagal-Goldman et al., 2009). Recent experimental studies of isotopic fractionation
caused by Fe®* complexation with organic ligands are consistent with this hypothesis. For
example, the isotopic composition of Fe®* associated with organic ligands such as
desferrioxamine-B (DFO-B) is enriched by 0.90+0.23%. relative to the aqueous Fe®" species at
~25° C (Dideriksen et al., 2008). In the same way, the adsorption of aqueous Fe on
phytoplankton cell surface, present in the form of individual Fe-Og octahedra linked to carboxyl
or phosphoryl groups (Gonzalez et al., 2009, 2010), is enriched in the heavy Fe isotope by
2.4+0.6 to 2.9+0.1%o relative to aqueous Fe®" (at pH~6 and ~25° C), and by 0.4+0.2 to
1.0+0.2%o relative to aqueous Fe** (at pH~3 and ~25° C; Mulholland et al., 2010). However,
there have been only few experimental and theoretical studies of Fe isotope fractionation during
interaction with organic ligands and therefore, a systematic understanding of Fe fractionation
during ligand binding is still necessary (Morgan, et al., 2010 and Domagal-Goldman and
Kubicki, 2008). The numerous possible types of organic Fe complexes, their different binding
capacities and isotopic effects can explain the dissimilar Fe isotopic behavior in different
organic-rich rivers. For example, Ingri et al. (2006) outlined the isotopic composition of a riverine
water from a Boreal river in Sweden with Fe**-humic-rich colloids depleted on *’Fe relative to
**Fe isotopes, while Fe hydroxides waters yielded higher &°'Fe values. Since the riverine Fe of

the organic-rich waters from Negro River partially originates from the gradual oxidation and
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complexation of Fe delivered by the dissolution of Fe oxides in the waterlogged ferrasols (do
Nascimento et al. 2008; Fritsch et al., 2009), one can also infer that these soils yield Fe isotopic
composition different from the Earth's continental crust mean (5°'Fe ~0.1+0.03%o; Poitrasson et

al., 2006) and the well-expressed ferrasols studied by Poitrasson et al. (2008) in Cameroon.
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Figure 28 — Correspondence between Fe isotopic composition and [Fe3+—OM] of the colloidal suspended
matter in the Negro and Solimdes Rivers mixing zone

The contrasting isotopic signature between the Negro and Solimbes Rivers also reveals
different types and sources of particulate matter. The lighter isotopic values of the Negro River
particulate coarse fraction (>0.45um) (Table 9 and Figure 27a) can be linked to the reduced and
isotopically light Fe pool in the waterlogged shallow podzol horizons due to the high content of
organic matter arising from vegetation biochemical activity and litter. Accordingly, Wiederhold et
al. (2007) outlined the enrichment of light Fe isotopes in the organic surface layers in topsoil A
and subsoil Bh horizons of two well-drained podzols with preferential translocation of light
isotopes from A to Bh horizons promoted by organic ligands dissolution kinetics of Fe oxides.
The accumulation of light Fe isotopes in the bulk soil horizons A and Bh of podzols can also be
linked to a preferential exportation of isotopically heavier Fe*-OM complexes in the dissolved
and colloidal fraction to surface river waters (Fritsch et al., 2009). The light isotopic values in the
Negro River particulate fraction (Table 9 and Figure 27a) is also likely linked with the source of
the particulate organic carbon that consist mainly of plant debris and degraded soil organic
matter associated with mineral particles, as indicated by Hedges et al. (1986). Guelke and von
Blanckenburg (2007) showed that leaves of strategy | higher plants (trees found in the Amazon
forest) yield an isotopic composition depleted in **Fe relative to **Fe. Thus, one can infer that
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the coarse particulate fraction (i.e., >0.45um) of Negro River is linked with the continuous
exportation of isotopically light plant debris and organic compounds associated with mineral
fractions from reduced horizons of podzols to the river network. The isotopically heavier values
obtained for the 0.22 um compared with the 0.45um particulate fraction (Table 9 and Figure
27a, b) are related to larger proportions of aggregated, small colloidal units, as shown by
Ranville et al. (2000).

The lower Fe isotopic composition of dissolved and colloidal fractions of the Solimdes
River (Table 9 and Figure 27c, d, e) relative to the continental crust mean (i.e. 8°'Fe ~0.1+
0.03%o, Poitrasson et al., 2006) are consistent with previous studies (Fantle and DePaolo, 2004)
which infers that under oxidizing conditions at the Earth's surface, exchangeable Fe with light
isotopic values will be preferentially delivered to riverine water and, therefore, transported from
the continent to the ocean. Since oxidizing environments prevail at the soils of Solimdes
watershed, the dissolved and colloidal Fe isotopic composition is mainly associated with the
dissolution kinetics of Fe-bearing minerals, which causes an enrichment of light Fe isotopes in
early dissolved fractions (Wiedrehold et al., 2006). The riverine colloidal and dissolved phases
becomes further depleted in heavy isotopes due to the preferential precipitation of isotopically
heavy Fe oxyhydroxides under neutral pH and oxidizing environment. The Fe? would
preferentially oxidize and form isotopically heavy Fe®' solid oxyhydroxides, leaving the
remaining solution enriched in light isotopes. Adsorption processes also yield the preferential
scavenging of heavier isotopes in the solid phases, leaving the solution isotopically lighter than
the residual material (lcopini et al., 2004; Teutsch et al., 2005; Crosby et al., 2005). These
observations indicate that the dissolved Fe supplied to organic-poor rivers from parental rock
weathering might be depleted in heavy isotopes compared with the soils and suspended matter
phases, mainly caused by the dissolution kinetic and speciation and adsorption fractionation.
However, this fraction has a small contribution to the total riverine Fe budget, i.e. <1% (Table 8).

The particulate fractions of the Solimdes River have values (Table 9 and Figure 27a, b)
closer to the continental crust mean (i.e., 8°’Fe ~0.1+ 0.03%o; Poitrasson et al., 2006) linked with
Fe oxides and structural Fe*" of clays that are the main species of Fe, as reported by Allard et
al. (2002). These observations suggest that particulate Fe originates primarily from the
mechanical erosion and subsequent weathering in the Andean Cordillera and the well-

developed soils (ferrasols and acrisols) that are the main soil types drained by the Solimbes
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River. Similarly, Fantle and De Paolo (2004) reported that rivers with high contents of
suspended matter (e.g. Yukon and Susitna Rivers, Alaska) yield heavier isotopic values in the
particulate fraction compared with rivers depleted in suspended matter (e.g. Klamath and Eel
Rivers, California).

The ubiquity of microorganisms in tropical environments and their ability to fractionate the
isotope compositions of metals (Gélabert et al., 2006; John et al., 2007; Pokrovsky et al., 2008;
Jouvin et al. 2009; Mulholland et al., 2010) make them prominent candidates for Fe isotopic
fractionation in the Amazon Basin waters and soils. In the waters of the Solimdes River and its
feeding floodplains and lakes, the abundant supply of dissolved major cations in solution
promotes the development of great planktonic bacterial biomass contents (Wissmar et al.,
1981), which provide major sites for Fe binding, accumulation, and deposition in the Amazonian
white waters (Konhauser et al., 1993). On the other hand, in the Negro River, known to have
low content of dissolved major cations and high concentration of stabilized colloidal Fe**-OM
(Figure 25), microorganisms can scavenge metals only to fulfill their physiological requirements
(Konhauser et al., 1993), and therefore, negligible fractionation should be expected through cell-
solution interactions in such black waters. Thus, bacteria mediated isotopic fractionation in the
Negro Basin should be mostly linked with microorganism activities in soils (e.g., organo-Fe
complexes degradation), which isotopic effects are still unknown. In the Solimbes watershed,
the bacteria mediated isotopic fractionation should occur mainly in waters from floodplains and

lakes through uptake and adsorption by phytoplanktonic bacterial.

7.4.2 Iron behavior in the mixing zone

The riverine distribution of colloidal and dissolved Fe along the different mixture
proportions shows that at the end-members junction negligible Fe loss was found (Figure 23a)
while beyond 1 km downstream from end-members junction, Fe began to deviates markedly
from conservative mixing (Figure 23b), with Fe loss ranging from 15 to 43pg/L, i.e., 30 to 50% of
the dissolved and colloidal Fe. Although metal behavior during rivers mixing had been poorly
documented, this phenomenon has long been recognized to occur in most estuarine zones due
to the coagulation of Fe-rich colloids caused by seawater concentrated salts. The estimated Fe

removal in estuaries ranged from 54 to 96% (Boyle et al. 1977; Escoube et al., 2009).
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The Negro and Solimdes Rivers are characterized by contrasting physical and chemical
features (e.g., pH, temperature, and dissolved ions and organic carbon content) known to
control the interaction and stability of organo-metallic compounds in natural waters (Senesi,
1990, 1992b; Benedetti, 1995; Jerzykiewicz et al., 2002). While these rivers mix, the evolution
of physical and chemical features from the acidic, and dissolved major cations-poor waters of
Negro River to the dissolved major cations-rich and neutral waters of the Solimdes River will
influence the Fe*" organic complexes and oxyhydroxides stability. The effects of water mixing
on the stability of organo-Fe complexes is clear on Figure 26a and b, where significant amounts
of Fe*" are lost from organic matter with an opposite gain of solid Fe**-oxyhydroxides. The rise
of free radicals in the mixing zone samples (shown in Figure 25) points to variations in the
guinone—semiquinone—hydroquinone equilibria in the macromolecular matrix of humic acids
known to be sensitive to various chemical factors such as pH, ionic strength, and redox
reactions (Senesi, 1990, 1992b). In addition, the concentration of free radicals increases with
lower amounts of metals ions complexed with humic acids (Jerzykiewicz et al., 2002). Previous
studies investigated the effects of pH and electrolyte concentration on the equilibrium of trace
metals complexed with humic and fulvic acids and showed that the dissociation of organo-
metallic complexes increases toward higher ionic strength and lower pH values (Phoenix and
Cabaniss, 1990; Rate et al., 1993, Rey et al. 1998). Thus, the data reported herein suggest that
the gradual increase of electrolyte concentration and pH from the Negro to Solimbes waters
during their mixture contributes to organo-Fe complexes dissociation, which will release Fe**
from organic moieties and, consequently, increase the semiquinone free radical concentrations
in the macromolecular matrix of the humic acids and the formation of solid Fe** oxyhydroxides
at circa neutral pH waters.

The second mechanism is linked to the destabilization of high-molecular-weight humic
acids and Fe®*-oxyhydroxides through electrostatic interactions. The gradual evolution of
electrolyte concentrations from the Negro River to the Solimdes River increases the ionic
strength causing the chemical destabilization of the colloidal dispersion (i.e., adsorption of
counter ions on the colloid’s surface or particle electrical double layer repression) and the
cation-induced coagulation of negatively-charged humic colloids containing bound iron and
Fe* -oxyhydroxides (Ong and Bisquer, 1968; Eckert and Sholkovitz ,1976; Ledin et al., 1993).
Flocculation of humic acids with mineral suspended solids was also reported by Leenher and
Menezes Santos (1980) at the confluence of the Negro and Branco Rivers. The removal of the
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dissolved and colloidal total Fe (irrespective of its speciation) points to the flocculation and
precipitation of organic complexes containing bound Fe and possibly a fraction of the newly-
formed Fe**-oxyhydroxides, which will incorporate the riverbed sediment downstream. The
irreversible removal of Fe from the colloidal fraction suggests a Rayleigh isotopic fractionation
(where the product is isolated from further isotopic exchange) with preferential removal of
isotopically heavy isotopes from colloidal fraction (Figure 27c, d), since the organo-Fe colloids of
Negro River and the Fe**-oxyhydroxides are preferentially enriched in heavy isotopes.

A third mechanism that should not be neglected is the removal of dissolved Fe bound to
high aromatic, N-rich and fulvic-type organic matter through adsorption onto particulate
suspended solids, as reported by Aucour et al. (2003) for the initial stage of the Negro and
Solimdes mixing zone. Experiments involving dissolved organic matter and alumina particles
performed by Moreira-turcq et al. (2003) showed that adsorption onto particulate minerals is one
of the principal removal mechanisms of dissolved organic carbon downstream from the Negro
and Solimdes River junction, which may also contribute with the transference of isotopically
heavy organo-Fe complexes from colloidal to particulate fraction. Ertel et al. (1986) and Hedges
et al. (1986) also suggested that sorption of humic substances of Negro River onto clay
minerals of SolimBes River occurs during these rivers mixture. A similar process was also
reported by McKnight et al. (1992) at the confluence of Deer Creek with the Snake River
(Colorado).

Despite all processes involving Fe transfer and loss in the mixing zone, the estimated
8°'Fe values of the mixing zone bulk water samples, calculated by the mass balance between
the permeate and retentate (fraction 0.22um), yielded an isotopic composition ranging from -
0.031% 0.109%0 to 0.190+0.068%0 (Table 9). Considering that the Negro and Solimbes Rivers
represent ~70% of the Amazon River discharge at its mouth and that the Amazon entry in the
Atlantic Ocean produces a minor effect on the overall isotopic composition (Bergquist and
Boyle, 2006), it can be concluded that an intertropical river as the Amazon Basin delivers to the
ocean &°'Fe values without significant difference from the continental earth crust mean values
(i.e. 1°"Fe ~0.1+ 0.03%o, Poitrasson et al., 2006), in agreement with previous inferences

(Poitrasson et al., 2008).

7.5 CONCLUSIONS
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This work extensively investigated the chemistry of Fe in the two main tributaries of the
Amazon River and their mixing zone using combined isotopic and spectroscopic techniques.
The Fe isotopic composition and paramagnetic species of the riverine waters provided precise
information about the sources and biogeochemical processes of soils drained throughout an
intertropical basin. The distinct weathering mechanisms occurring in the podzolic and ferralitic
soils deliver to rivers different types of water with contrasting Fe species distribution and isotopic
composition for various filter pore size fractions. Our findings agree with previous theoretical
predictions of Fe isotopic fractionation based on quantum mechanics and vibrational
spectroscopy where dissolved and colloidal Fe*" linked with organic ligands (Fe-O-C bounds)
yield isotopically heavier isotopes in the humic-rich waters of Negro River compared with the
isotopically lighter Fe**-oxyhydroxides (O-Fe-O bounds) from the Solimdes River.

At the waterlogged podzols and headwater rivers interface, the gradual Fe oxidation and
its preferential complexation with moieties present in humic type organic matter export to the
river network Fe with heavy isotopes in the colloidal and dissolved phases. Conversely, organic-
poor riverine waters yield dissolved and colloidal phases with low Fe concentration and
relatively light signatures associated with dissolution kinetic of Fe-bearing minerals and
speciation and adsorption fractionation occurring in the upland soils. The particulate fractions
also present different isotopic signatures and provide additional information about the soils
located in the headwater zones. The mineral particulate-rich waters essentially show an isotopic
composition linked with Fe** oxyhydroxides inherited from intense mechanical erosion in the
Andean Cordillera, whereas in particulate-poor and organic-rich rivers the isotopic composition
is associated with the reduced horizons of podzols caused by the large amounts of organic
matter, mainly originating from higher plants.

The data also demonstrate that the dissolved and colloidal Fe behavior in the mixing
zone of the chemically contrasted Negro and Solimdes Rivers is non-conservative. Iron isotopic
composition and paramagnetic species proved to be good proxies of the mechanisms involving
Fe during rivers mixture. Massive Fe loss is associated mainly with the evolution of the physical
and chemical composition (i.e., pH and ionic strength) during mixing, which influences organo-
Fe** and Fe*-oxyhydroxides stability. The present study described three major processes that
control Fe loss and transfer, i.e.: (a) dissociation of organo-Fe complexes and the subsequent
formation of solid Fe*"-oxyhydroxides and semiquinone free radicals; and (b) destabilization and
flocculation of Fe®*'-oxyhydroxides and humic colloids containing bound Fe. In addition, the
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adsorption of organo-Fe complexes onto particulate suspended solids should not be overlooked
since this process has been evidenced by previous studies.

The mixing processes do not cause significant variation of the total Fe isotopic
composition of the waters that originate the Amazon River. This finding suggests that an
intertropical river that drains mostly ferralitic-type soils will deliver to oceans water with §°'Fe
values close to the Earth's continental crust mean, considering that estuarine regions also
produces negligible variations on the overall isotopic composition. Such a conclusion is of
interest for studies aiming at the influences of major tropical rivers on the iron geochemical
cycling in oceans. Considering that the Fe isotopes composition carries the records of the main
sources and biogeochemical processes in soils, it can also be a promising tool to investigate the

effects of land use modification and climate changes on continental weathering.
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8. CONCLUSAO

Os resultados deste projeto demonstraram claramente que as mudancas da especiacdo
do Fe causadas pelos mecanismos de intemperismo e desgaste mineral dos solos causa
fracionamento isotopico do Fe exportado as aguas superficiais de uma bacia tropical de escala
continental, como a Amazbnica. O intemperismo quimico que envolve, principalmente,
processos de oxi-reducdo e complexacdo com ligantes orgénicos causou variacées nas razdes
dos is6topos do Fe significativamente maiores daquelas observadas em rochas igneas e
similares as observadas em ambientes de baixa temperatura, onde ocorre a transferéncia do
Fe entre diferentes compartimentos. Em contrapartida, os processos de intemperismo
mecanico ndo demonstraram causar variacdes expressivas nas razdes isotopicas, pois
exportam preferencialmente os minerais contidos nos solos aos sistemas fluviais. As aguas dos
rios que drenam solos altamente oxidados e com baixas concentracdes de matéria organica
apresentaram composicdes isotopicas similares as da crosta terrestre.

As &guas dos rios drenados em regides de solos ricos em matéria organica
apresentaram fracionamento isotépico entre as fases dissolvidas/coloidais e as particuladas.
Estas diferengas demonstraram que o Fe contido nas &guas tem origem de processos
biogeoquimicos distintos. Os valores &°'Fe enriquecidos preferencialmente em is6topos
pesados observados nas fragdes coloidais e dissolvidas das dguas com elevada concentragéo
de matéria organica foram associados aos mecanismos de oxidacdo e complexacao do Fe aos
grupos carboxilicos e fendlicos situados nas superficies de macromoléculas humicas. Por outro
lado, as razdes °’Fe/*’Fe isotopicamente leves observadas na fracdo particulada foram
atribuidas ao Fe presente na matéria organica provenientes de residuos vegetais parcialmente
decomposto nos solos e possivelmente, aos solos com caracteristicas tipicamente redutoras
destas regides. Entretanto, para definir precisamente 0s processos responsaveis pelo
fracionamento isotopico observado ainda sdo necessarios estudos relacionados a influéncia da
decomposi¢do da matéria organica e da formacao dos compostos organometalicos nos solos
nas assinaturas isotépicas encontradas nestes ambientes.

Os resultados obtidos nesta tese também demonstram que o processo de adsorcao do
Fe na superficie celular do fitoplancton pode causar variacbes significativas nas razbes
*'Fe/*'Fe através da adsorcdo preferencial de isGtopos pesados de Fe. A acumulagio

preferencial de is6topos pesados na superficie celular foi associada, principalmente, aos
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diferentes tipos de ligacdes encontradas no Fe coordenado a agua e no Fe complexado aos
ligantes organicos presentes na parede celular do fitoplancton. Estas observacdes demonstram
gue os microrganismos aquéticos podem ter influéncia significativa no fracionamento dos
isétopos de Fe em rios, varzeas e lagos de elevada produtividade primaria, como os situados
na planicie de inundacdo Amazobnica, entretando, ainda faz-se necessario uma avaliacdo
sistemética do comportamento dos is6topos de Fe nestes ambientes. A determinacdo dos
efeitos isotOpicos causados pela assimilacdo do Fe, também sdo de extrema relevancia para a
correta avaliacdo deste fendbmeno.

A investigacdo dos processos de mistura entre 0os rios com composi¢cdes quimicas
contrastantes demonstrou que a evolugdo das condi¢des fisico-quimicas da agua (i.e., pH e
carga eletrolitica) pode desestabilizar os oxihidroxidos e os organo-complexos de Fe. Os
principais processos responsaveis pela perda do Fe foram associados a dois processos (a)
dissociacdo dos complexos de Fe-matéria organica e subsequente formacado de oxihidroxidos
de Fe e radicais livres e (b) desestabilizacdo dos oxihidréoxidos de Fe e coloides humicos
contendo Fe associado. A remocéo irreversivel do Fe através destes processos sugere um
fracionamento isotopico Rayleigh através da remocao preferencial de isétopos pesados.
Embora as composic¢oes isotopicas do Fe coloidal e dissolvido apresentem variagdo limitada
durante a mistura, a razao isotopica do Fe-total ndo variou significativamente. Sabendo que a
confluéncia dos rios com o oceano n&o alteram a composicao isotépica do Fe, pode-se concluir
que uma bacia tropical de escala continental transportara para o oceano Fe com valores §°'Fe
similares aos da crosta terrestre, atribuido intenso intemperismo mecéanico dos solos a
montante.

Embora a determinacdo dos mecanismos reguladores da distribuicdo dos is6topos de
Fe em sistemas naturais ainda apresente elevada complexidade, a mensuracdo de suas
razdes isotépicas forneceu informacgdes precisas sobre as fontes e os processos envolvendo o
intemperismo e o transporte do Fe na bacia do rio Amazonas. As distintas razfes isotopicas do
Fe dissolvido observadas nos periodos de 4guas altas de 2009 e baixas de 2010 sugerem que
o Fe também pode ser utilizado com tracador isotopico dos efeitos das variacdes climaticas
sazonais e interanuais nos processos de intemperismo dos solos. Por trazer registros das
principais e fontes e dos principais processos envolvendo o Fe, a analise das razdes de
isétopos de Fe sdo uma promissora ferramenta para avaliar os efeitos das modificagbes do uso

do solo e das mudancgas climéticas no intemperismo continental.
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