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Resumo

A composicdo das aguas aprisionadas nos poros dos sedimentos passa por sistematicas
mudancas durante o soterramento inicial, profundamente relacionadas a diagénese da matéria
organica e a acao de especificos grupos de bactérias. Isso leva a uma sucessdo de processos da
decomposicao da matéria organica por meio da oxidacao, reducdo do nitrato, Mn, Fe e sulfato, e
fermentacdo metanogénica em diferentes ambientes geoquimicos. Os principais produtos dessas
reac6es sao carbonatos, sulfetos e fosfatos diagenéticos. As composi¢cGes elementares e isotopicas
da siderita eodiagenética (FeCOs) podem ser usadas para identificar a composicdo original das aguas
contidas nos poros, como também para discriminar ambientes marinhos e ndo marinhos. O objetivo
desse estudo foi identificar a composicéo precoce das aguas contidas nos poros e suas implicacfes
para os ambientes deposicionais do Complexo Deltaico do Rio Paraiba do Sul (RJ) com base nas
composicdes elementares e isotOpicas, habitos e relagbes paragenéticas das sideritas dos
testemunhos do po¢o UFRJ-2-MU-1-RJ. As rochas estudadas foram separadas composicionalmente
em siliciclasticas, hibridas e carbonaticas, com base na propor¢éo relativa do total de constituintes
carbonéticos intrabaciais contemporéaneos (TCIc), total de constituintes ndo-carbonéticos extrabaciais
nao-contemporédneos (TNCEnc) e o total de constituintes néo-carbonéticos intrabaciais
contemporaneos (TNCIc). As rochas siliciclasticas sofreram processos pedogenéticos que atuaram
logo apds a deposicdo, incluindo: iluviagdo de argilas, bioturbacdo por plantas, dissolucdo de
feldspatos e precipitagdo de Oxidos/hidroxidos de ferro. Os principais produtos diagenéticos sao
sideritas e piritas em diversos habitos. Outros produtos diagenéticos incluem caulinita, esmectita,
pseudomatriz carbonética e argilosa, crescimentos de quartzo, mineral de titdnio diagenético, jarosita
e Oxidos/hidréxidos de ferro. Quatro grupos de sideritas foram reconhecidos. As sideritas esferuliticas
a macrocristalinas do grupo 1 sdo quase puras (94.69%FeCO3z; 1.19%MgCOs3; 2.27%CaCOs;
1.85%MnCQs3). Foram precipitadas por aguas meteéricas em condigbes subdxicas, em rochas
siliciclasticas continentais (3'80 de -10.28 a -5.57 %o e 0'3C de -12.68 a -4.33%..). As sideritas
romboédricas do grupo 2, ocorrentes em packstones e wackestones, sdo zonadas e apresentam
grande substituicdo por Ca e Mg (média de 78.51%FeCOs; 4.22%MgCOs; 15.72%CaCOs;
1.56%MnCO3 no centro e 74.06%FeCOs3; 9.19%MgCO3; 15.63%CaCO0s; 1.12%MnCO3 nas bordas),
além de valores relativamente positivos de 8'3Cvpab (+0.17%0) € 0'80Owpab (-1.96%0). Esses dados
sugerem que as sideritas formaram-se em condi¢cdes subdxicas e a partir de aguas marinhas. O
grupo 3 consiste em sideritas esferuliticas com moderada substituicdo por Ca e Mg (composi¢céo
média 80.16%FeCOs; 7.91%MgCOs3; 11.34%CaCO3; 0.59%MnCO3) e valores de &'80vpas variando de
-5.96 a -7.61%0 e 0*3Cvpar variando de -5.15 a -10.41%.. O grupo 4 é representado por sideritas
microcristalinas, ricas em magnésio (pistomesitas média 57.31%FeCOs; 31.40%MgCOs;
9.58%CaCO0s; 1.71%MnCOs3, 0%3Cuypab +1.43%0 € 08Owvpab -14.09%0). As sideritas do grupo 3 e 4
formaram-se de aguas salobras e em condi¢des suboOxicas, em rochas hibridas e em siliciclasticas.
As variacBes nas composicdes elementares e isotdpicas das sideritas estéo relacionadas a dindmica

do Rio Paraiba do Sul, varia¢Bes no nivel do mar, mudancas climaticas e tectdnicas.



Abstract

The composition of porewaters in the sediments undergo to systematic changes during the initial
burial, deeply related to organic matter diagenesis and to action of specific bacteria groups. This leads
to a succession of decomposition processes of organic matter by oxidation, reduction of nitrate, Mn,
Fe and sulphate and methanogenic fermentation in different geochemical environments. The main
diagenetics products of these reactions are carbonates, sulphides and phosphates. The elemental and
isotopic compositions of eodiagenetic siderite (FeCOs) can be used to identify the original porewaters
composition, as well as to discriminate marine and non-marine environments. The aim of this study
was to identify the early porewaters composition and their implications to depositional environments of
Deltaic Complex of Paraiba do Sul (RJ), based in elementary and isotopic compositions, habits and
siderites paragenetic relationships of cores from UFRJ-2-MU-1-RJ. The rocks studied were
compositionally separated in siliciclastics, hybrids and carbonatics, based on the relative proportion of
total carbonate intrabasinal coeval constituents (TClc), total non-carbonate extrabasinal non-coeval
constituents (TNCEnc) and total non-carbonate intrabasinal coeval constituents (TNClc). The
siliciclastic rocks underwent pedogenetic processes that acted after the deposition, including clay
illuviation, plant bioturbation, and feldspar dissolution and iron oxides/hydroxides precipitation. The
main diagenetic products are siderites and pyrites in several habits. Other diagenetic products include
kaolinite, smectite, carbonate and argillaceous pseudomatrix, quartz overgrowths, diagenetic titatium
mineral, jarosite and iron oxides/hydroxides. Four siderites groups were recognized. The spherulitic to
macrocrystalline siderites from group 1 are almost pures (94.69%FeCOs; 1.19%MgCOs;
2.27%CaCOs; 1.85%MnCQOs3). They were precipitated from meteoric porewaters under suboxic
conditions, in continental siliciclastic rocks (80O of -10.28 to -5.57 %o and 63C of -12.68 to -4.33%.).
The rhombohedral siderites from group 2, occurring in packstones and wackestones, are zoned and
presented wide substitution by Ca and Mg (average composition 78.51%FeCOQOs; 4.22%MgCOs;
15.72%CaCOs; 1.56%MnCOs in the cores and 74.06%FeCOs; 9.19%MgCOs3; 15.63%CaCOs;
1.12%MnCOs in the edges), and relatively positive values of 83Cuypdb (+0.17%0) and &*8Ovpdb (-1.96%o).
These data suggest siderites were formed in suboxic conditions from marine waters. The group 3
consist in spherulitic siderites with moderate substitution by Ca and Mg (average composition
80.16%FeCO3; 7.91%MgCOs; 11.34%CaCOs; 0.59%MnCO3) and &'80ypab values of -5.96 to -7.61%o
and 6%Cypab of -5.15 to -10.41%0. The group 4 is represented by microcrystalline siderites, rich in
magnesium (pistomesites, average composition 57.31%FeCO3; 31.40%MgCOs; 9.58%CaCOs;
1.71%MnCOs, 0*3Cvpdb +1.43%0 and 0'8Ouvpab -14.09%o0). Siderites from group 3 and 4 formed from
brackish porewaters and under suboxic conditions, in hybrid and siliciclastic rocks. The variation of
elemental and isotopic siderites compositions are related to Paraiba do Sul dynamic, sea level

chances, and climatic and tectonic changes.
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Sobre a Estrutura desta Dissertagao:

Esta dissertacdo de mestrado esta estruturada em torno do artigo:
Paleoenvironmental implications of early diagenetic siderites of the Paraiba do
Sul Deltaic Complex, eastern Brazil, submetido para o periddico internacional
Sedimentary Geology. Consequentemente, a organizagcdo dessa dissertacao

compreende as seguintes partes:

a) Introducdo sobre o tema e descricdo do objeto da pesquisa de mestrado,
contendo os objetivos e a filosofia da pesquisa desenvolvida. Uma sintese da
evolucdo do Complexo Deltaico do Rio Paraiba do Sul é apresentada na secao
Contexto Geoldgico. No Estado da arte sdo apresentados aspectos gerais sobre a
siderita eodiagenética, em que estdo sumarizados 0s seus principais habitos e
ambientes deposicionais de ocorréncia, 0S processos organicos e microbiais
relacionados a sua formacdo e a estreita relacdo entre a sua composicdo e 0sS
ambientes deposicionais. Segue-se uma breve descricdo das técnicas e métodos
utilizados para o desenvolvimento desse estudo. Por fim, € apresentada uma sintese

dos resultados e conclusodes.

b) Artigo: Paleoenvironmental implications of early diagenetic siderites of the
Paraiba do Sul Deltaic Complex, eastern Brazil, submetido para o periédico

internacional Sedimentary Geology.

c) Anexos em CD-ROM, compreendendo: (1) tabela de resultados de petrografia
guantitativa e descricdes individuais; (2) documentacdo fotomicrografica; (3)
resultados das analises de microscopia de elétrons retroespalhados (BSE) e de
espectrometria de energia dispersada (EDS); (4) resultados de analises de difracao
de raios-X nos argilominerais e (5) resumos enviados ao 47° Congresso Brasileiro de

Geologia.
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1. INTRODUCAO

A diagénese compreende um amplo espectro de processos fisicos, bioldgicos e
quimicos pos-deposicionais controlados pela temperatura e pressao resultantes do
soterramento crescente e pela quimica da agua intersticial nos poros. A
eodiagénese é 0 estagio que inclui todos os processos que ocorrem sob a influéncia
direta de fluidos deposicionais e que ocorrem em profundidades rasas e
temperaturas baixas (< 70°C; Morad et al., 2000). Essa fase é fortemente controlada
por diversos fatores, como textura dos sedimentos, minerais detriticos, clima,
conteudo organico e quimica das aguas originais dentro dos poros, que sao, por sua
vez, diretamente ou indiretamente relacionados ao ambiente deposicional (Morad,
1998; Stonecipher, 2000).

A agua contida nos poros dos sedimentos depositados sofre mudancas
sistematicas nas composicdes quimicas e isotdpicas abaixo da superficie
deposicional. Essas mudancas ocorrem em zonas que sdo relacionadas a
disponibilidade de matéria organica metabolizavel, Fe- e Mn-6xidos/oxihidroxidos,
alcalinidade e a concentracdo de Oz e SO4?* dissolvido (Curtis, 1967, 1987; Claypool
& Kaplan, 1974; Froelich et al., 1979; Berner, 1981; Coleman & Raiswell, 1993). Os
microbios aproveitam a energia dessas reacdes e estdo possivelmente envolvidos
na maioria delas (Coleman, 1993). Essas reac¢fes vinculadas a diagénese da
matéria organica e a acado de bactérias especificas produzem minerais autigénicos
como os carbonatos, sulfuretos e fosfatos (Curtis, 1987). Os ambientes geoquimicos
correspondentes a esses processos sao, respectivamente: 6xico, suboxico, sulfidico
e metanico (Froelich et al., 1979; Berner, 1981). Qualquer sedimento pode passar,
sucessivamente, durante a deposicdo e soterramento, através de cada um desses
ambientes, dependendo da quantidade de matéria organica disponivel.

A composicao isotopica e elementar da siderita (FeCO3) eodiagenética pode ser
uma fonte de informacgdes sobre a composi¢cdo quimica original das aguas contidas
nos poros, como também pode ajudar a discriminar ambientes deposicionais
marinhos e ndo-marinhos (Mozley, 1989; Mozley & Wersin, 1992; Hart et al., 1992;
Baker et al., 1995; Morad, 1998 e Wilkinson et al., 2000). Deve-se isto a néo
existéncia de polimorfos instaveis da siderita, além da auséncia de recristalizagéo
sobre condi¢cbes diagenéticas normais (Curtis & Coleman, 1986 e Wilkinson et al.,
2000). As condicBes gerais necessarias para a formagédo da siderita compreendem:

ambiente redutor, baixa concentracao de sulfato dissolvido, pH préximo de neutro e
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pressao parcial de CO2 >0.1 Pa (Pearson, 1979; Postma, 1982; Bahrig, 1989). Essas
condicbes fisico-quimicas sdo comuns em ambientes anoxicos em alguns lagos e
em muitos ambientes paralicos e marinhos.

O poco UFRJ 2-MU-1-RJ foi testemunhado na regido do Complexo Deltaico
do Rio Paraiba do Sul, litoral norte do Rio de Janeiro. A siderita eodiagenética esta
presente ao longo de varios intervalos do testemunho, em diferentes facies e
contextos paleoambientais, oferecendo a oportunidade de extrair informacfes
paleoambientais sobre a composicdo quimica das aguas originais contidas nos

poros.

Os objetivos desse trabalho sao:

1) Realizar uma caracterizacéo petrografica sistematica do testemunho UFRJ 2-
MU-1-RJ a fim de trazer informacgdes a respeito das condicfes deposicionais
e diagenéticas das facies descritas por Plantz (2014).

2) Identificar as condi¢cdes geoquimicas para a precipitacdo das sideritas a partir
das suas composices isotopicas e elementares, seus habitos e suas
relacbes paragenéticas com o0s demais constituintes. Com isso, definir a
composicado original da agua contida nos poros e suas modificacées no inicio
da diagénese.

3) Determinar, quando viavel, o significado dessas composicdes para 0s

ambientes deposicionais.
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2. CONTEXTO GEOLOGICO

2.1. Area de estudo

A planicie costeira quaternaria do norte do estado do Rio de Janeiro, também
conhecida como Complexo Deltaico do Rio Paraiba do Sul, apresenta uma éarea de
aproximadamente 3.000 km? e com dimensées maximas de 120 km na direcdo N-S
e de 60 km na direcdo E-W. Esta area é considerada a por¢cdo emersa da Bacia de
Campos e estende-se para o interior do continente até entrar em contato (onlap)
com o Complexo Cristalino ou com sedimentos da Formagao Barreiras, a oeste. As
areas-fonte dos sedimentos fluviais compreendem trés dominios tectono-
magmaticos (Juiz de Fora/Paraiba do Sul, Serra do Mar e Regido dos Lagos) e as
coberturas cenozoicas (CPRM, 2001).

O poco UFRJ 2-MU-1-RJ, objeto deste estudo, estad localizado proximo ao
municipio de Mussurepe no estado do Rio de Janeiro (Fig. 1, coordenadas
geograficas 21°55'17” S e 41°08°24” W). Foi o primeiro poco ha regido a alcancar
200 metros de profundidade, sendo testemunhado e perfilado; porém possui baixa
recuperacdo (~ 45%). A sondagem foi executada no ano de 2003 pela UFRJ por
meio do projeto FINEP/CPETRO/UFRJ n° 65.2000.0038.00, intitulado “Analise
integrada do sistema area fonte, by-pass, zona de acumulacdo do sistema turbiditico
Almirante Camara, Recente, Bacia de Campos”. Desde entdo diversas monografias
foram desenvolvidas sobre o testemunho recuperado, em temas variados, sendo
elas: Bitencourt (2006); Carvalho (2009); Pipa (2010); Juncken (2013); Canellas
(2014) e Plantz (2014).

2.2. Complexo Deltaico do Rio Paraiba do Sul

O Complexo Deltaico do Rio Paraiba do Sul tem sua origem relacionada a
dindmica de processos fluviais e marinhos, onde se destacam a atuagdo do Rio
Paraiba do Sul e os efeitos da oscilagdo do nivel do mar no Quaternario, juntamente
com um ambiente tectdnico favoravel ao desenvolvimento de espessos prismas
sedimentares (Silva, 1987). Essa regido tem sido objeto de diversos estudos
geoldégicos e geomorfoldgicos, dos quais se destacam os trabalhos de Lamego
(1955), Bacoccoli (1971), Araudjo et al. (1975), Argento (1979), Dias e Gorini (1979,
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1980), Dias (1981), Dominguez et al. (1981a, 1981b), Dias et al. (1984 a,b); Martin et
al. (1984 a, b), Silva (1987), Martin et al. (1993) e Martin et al. (1997).
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Figura 1. Mapa de localizacdo do poco UFRJ 2-MU-1-RJ no Complexo Deltaico do Rio Paraiba do
Sul, nordeste do estado do Rio de Janeiro (Modificado de CPRM, 2001).

Martin et al. (1984a) definiram quatro unidades de sedimentacdo para o
Complexo Deltaico do Rio Paraiba do Sul (Fig. 2): (1) terragos marinhos

pleistocénicos e (2) holocénicos; (3) sedimentos lagunares; e (4) sedimentos fluviais.

(1) Terracos marinhos pleistocénicos

Esses terracos sao particularmente bem desenvolvidos na parte sul da
planicie costeira, embora sejam também conhecidos nas partes centrais e norte. As

caracteristicas fotogeoldgicas desses terracos sdo semelhantes as observadas nas
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areas de terracos correlacionaveis, datados de 120.000 anos A.P., encontrados no

litoral baiano.

(2) Terracos marinhos holocénicos

Sao mais recentes que 5.100 A.P., desenvolvidos especialmente na porcéo norte
da planicie costeira em ambos os lados da desembocadura do Rio Paraiba do Sul.
Na metade sul da planicie costeira, os depdsitos arenosos holocénicos séo restritos

a uma barreira arenosa unica de alguns metros a dezenas de metros de largura.

(3) Sedimentos lagunares

Na porcéo central da planicie costeira, ocupando as areas de Sdo Tomé e de
Lagoa Feia, ocorrem sedimentos argilo-organicos ricos em conchas. As datacdes de
radiocarbono mostraram que as idades dessas conchas variam entre 7.000 e 5.000
anos A.P., que correspondem ao periodo de submersdo caracterizada pela
existéncia de um complexo de ilhas-barreiras e lagunas, na area. As conchas
coletadas na zona baixa e alongada paralelamente aos corddes litoraneos na por¢ao
norte da planicie costeira forneceram idades proximas de 2.500 anos A.P. As
conchas amostradas de quatro pequenas paleolagunas situadas na extremidade sul

do terraco holocénico forneceram idades em torno de 3.000 anos A.P.

(4) Sedimentos Fluviais

A porcao central da planicie costeira € ocupada por sedimentos fluviais
repousando diretamente sobre sedimentos lagunares. Esta situacdo foi confirmada
por numerosas perfuracdes rasas (Aradjo et al., 1975). Entre as cidades de Campos
e de Sado Tomé, sdo encontradas "cicatrizes" de numerosos paleocanais. Esses
sedimentos apresentam, todas as caracteristicas de um antigo delta construido pelo
rio Paraiba do Sul dentro de uma antiga laguna (Martin et al., 1984a).

No que diz respeito as diferencas existentes entre o conceito de deltas e
complexos deltaicos, optou-se pela definicdo de Bacoccoli (1971), que diz:

‘o delta €, em esséncia, uma feicdo pouco duradoura, da qual resultam
sequéncias sedimentares relativamente pouco espessas, localizadas. Os
complexos deltaicos, podendo acumular-se em espessuras de milhares de
metros, sdo depdsitos constituidos pelo somatério de inUmeros deltas
situados na mesma area geral de subsidéncia e intercalados com outros

tipos de depdsitos”.
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2.2.1. Os modelos evolutivos do Complexo Deltaico do Rio Paraiba do Sul

Lamego (1944, 1955) foi o primeiro a dedicar-se aos estudos da planicie
costeira construida pelo Rio Paraiba do Sul. Identificou 4 fases evolutivas, nas quais
trés deltas fluviais holocénicos se instalaram: o primeiro, seria do tipo Mississipi, com
0 rio desaguando na borda setentrional da atual Lagoa Feia; o segundo, do tipo
Rodano representa a época em que o rio desaguava um pouco ao sul do cabo Sao
Tomeé; ja o terceiro denominado pelo autor “tipo Paraiba”, coincide com o delta atual.

Araujo et al. (1975) definiram duas fases para essa regido, sendo uma
abandonada e outra ainda atuante, ambas apés o apice da Ultima Transgress&o
(5.100 A.P.). Na primeira fase, o delta teria crescido de NW para SE de forma
alongada e estreita (da cidade de Campos até o Cabo de S&o Tomé) propiciando a
formacéo dos antigos Golfos de Campos e da Lagoa Feia, respectivamente ao norte
e ao sul. A sedimentacdo deltaica da segunda fase preenche o Golfo de Campos,
recobre o paleodelta e obstrui o antigo Golfo da Lagoa Feia. A plataforma sobre o
qual prograda o delta do Rio Paraiba do Sul é caracterizada por areias grossas
conchiferas resultantes de ciclos sedimentares possivelmente de idade
pleistocénica. Os trabalhos de Lamego (1955) e Araujo et al. (1975), por falta de
dados na época, ndo consideraram o papel desempenhado pelas variacées do nivel
marinho nos ultimos milénios (Holoceno).

Ja Silva (1987) define a area como um conjunto de ambientes sedimentares
relacionados a duas principais fases de orientacdo do Rio Paraiba do Sul. A mais
antiga situa-se ao sul do eixo Campos-Cabo de Sdo Tomé e compreende Varios
ambientes sedimentares tais como a Lagoa Feia e o sistema de cristas de praia a
sudoeste de Sédo Tome.

Na regido mais antiga, onde o testemunho do po¢co UFRJ 2-MU-1-RJ foi
extraido, existem em superficie sedimentos tipicamente fluviais, dos quais séo
encontrados vestigios de numerosos paleocanais, observaveis em fotografias
aéreas e imagens de satélite. Todo esse sistema de paleocanais é truncado por uma
faixa formada por uma sucessdo de corddes arenosos. Secdes geoldgicas
apresentadas por Araudjo et al. (1975), a partir de sondagens dispostas em perfis
perpendiculares ao eixo Campos-Sao Tomé, sugerem a existéncia nesta regido de
uma calha relativamente profunda, de orientacdo aproximada NW-SE, que o0s

autores chamam de paleovale plestocénico.
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J4 a segunda fase (ou atual) de orientacdo do Rio Paraiba do Sul (Silva,
1987) desenvolveu-se ao longo das cidades de Campos e Atafona e compreende as
planicies de cristas de praia a Norte e Sul do Rio Paraiba do Sul, onde se localizam
lagoas, como as Salgada e das Ostras, brejos e manguezais.

Martin et al. (1993) admitiram que esta planicie se desenvolveu segundo o
modelo geral de evolucdo paleogeografica e paleoclimatica proposto para o litoral
brasileiro entre Macaé (RJ) e Macei6 (AL), até a sexta fase (Fig. 3). A partir da sexta
fase, detalharam a evolugcdo holocénica da planicie costeira do Rio Paraiba do Sul,
caracterizando-se pela alternancia de fases construtivas e erosivas, resultantes de
modificacbes no sentido das correntes de deriva litoranea, compreendendo o0s
seguintes estagios:

- 1° estagio - Corresponde a fase de sedimentacdo continental terciaria
(Plioceno) da Formacédo Barreiras, quando o clima era semiarido e o nivel marinho
provavelmente bem abaixo do atual.

- 2° e 3° estagios - Essas fases correspondem, respectivamente, a
Transgressao Antiga e a deposicdo de leques aluviais coalescentes pos-Barreiras
(idade pleistocénica).

- 4° estagio - Maximo da Pendultima Transgressao, ocorrida ha 123.000 anos
A.P. Nesta época, o mar situava-se 8+2 m acima do atual. Os sedimentos da
Formacéao Barreiras foram erodidos e formou-se uma falésia. O curso inferior do Rio
Paraiba do Sul formava um estuério e a porcéo inferior de outros vales da regido
também foi afogada.

- 5° estagio - Formacédo dos terracos pleistocénicos: Encostadas nas falésias
esculpidas nos sedimentos da Formacdo Barreiras, na fase anterior, foram
depositadas cristas praiais ao mesmo tempo em que as desembocaduras de muitos
vales eram fechadas por barras arenosas formando-se lagunas. A configuracdo das
cristas praiais da regido de Quissama sugere que elas tenham sido construidas em
diversas fases ligadas a mudancas do nivel marinho, como as que ocorreram nos
altimos 5.000 anos. Uma rede hidrogréafica, no prolongamento dos vales entalhados
nos sedimentos da Formacgao Barreiras ou orientada pelas cristas praiais, instalou-
se sobre os terracos pleistocénicos.

- 6° estagio - Maximo da ultima transgressdo marinha, erodindo os terragos
marinhos pleistocénicos (7.000 a 5.100 anos A.P.). Reconstrucdes paleogeograficas
permitiram evidenciar a existéncia de um antigo sistema de ilhas-barreiras/laguna e

de um paleodelta intralagunar.
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Figura 2. Mapa geoldgico esquematico da planicie costeira do Rio Paraiba do Sul (ES): (1) terrago
marinho holocénico, (2) sedimentos lagunares, (3) sedimentos fluviais (delta intralagunar), (4) terraco
pleistocénico, (5) sedimentos continentais terciarios (Formacédo Barreiras), (6) embasamento cristalino
pré-cambriano (7) alinhamentos de cristas praiais holocénicas; (8) alinhamentos de cristas praiais
pleistocénicas e (9) paleocanais fluviais. Extraido de Martin et al. (1984a).

- 7° estagio - Lagunas formadas na fase anterior foram assoreadas pelo

desenvolvimento de deltas intralagunares. Concomitantemente, a laguna foi
assumindo um carater de lago de agua doce, podendo formar depoésitos de turfas e
areas pantanosas.

- 8° estagio - Formacgéao de terracos marinhos holocénicos a partir das ilhas-

barreira e transformacao das lagunas em lagos e lagoas (< 5.100 anos A.P.).
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Figura 3. Estagios evolutivos da sedimentacdo litorAnea, por mecanismos eustéticos e
paleoclimaticos, desde o fim do Terciario até hoje para o litoral brasileiro entre Macaé (RJ) e Maceio
(AL). Extraido de Martin et al., 1993.

3. ESTADO DA ARTE — SIDERITA EODIAGENETICA

A siderita € um confiavel indicador da composi¢cdo quimica das aguas contidas
nos poros durante sua precipitacéo, pelas razdes elencadas em Mozley & Carothers
(1992): (1) as condi¢cdes geoquimicas sob as quais ela se forma sdo bastante
restritas, ou seja, baixos potenciais de oxidagcdo juntamente com concentracdes
altas de bicarbonato e muito baixas de sulfuretos (Garrels & Christ, 1965; Hem,
1985); (2) ndo ha polimorfos instaveis da siderita e, consequentemente, sob
condi¢des diagenéticas normais, a siderita ndo sofre recristalizacdo e reequilibrio,

como é comumente reportado para a calcita (Curtis et al., 1975; Gould & Smith,
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1979; Matsumoto & lijima, 1981; Gautier, 1982; Pearson, 1985; Curtis & Coleman,
1986); (3) a composicao isotépica de carbono e oxigénio da siderita pode ser usada
para determinar as fontes de carbono e a origem da agua ou temperatura da sua
formacdo (Gautier & Claypool, 1984; Carothers et al., 1988); e (4) as composicdes
elementares das sideritas refletem a composicao quimica das aguas dos quais elas
precipitaram. Para sideritas eodiagenéticas, isso € geralmente uma funcdo do
ambiente deposicional e/ou mistura precoce das aguas de diferentes ambientes
(Matsumoto & lijima, 1981; Curtis & Coleman, 1986; Carpenter et al., 1988; Mozley,
1989).

Essas razdes, juntamente com a combinacdo de informacdes de paragénese
mineral (evidéncia petrogréafica), permitem inferir variacbes existentes na quimica
das 4guas dos poros durante a evolugcdo das sucessdes sedimentares e, em alguns
casos, discriminar entre ambientes marinhos ou nao-marinhos (Mozley, 1989;
Mozley & Wersin, 1992 e Hart et al., 1992). A variacdo na composi¢cdo elementar e
isotopica nesse carbonato pode ser induzida muitas vezes pela variacdo do nivel do
mar, enfatizando o papel da siderita autigénica como um indicador paleoambiental.

Essa secdo apresentard uma revisao tedérica das propriedades fisicas e quimicas
da siderita (FeCOs3), principais habitos e os ambientes de ocorréncia, processos
organicos e microbiais relacionados a sua formacdo e as zonas geoquimicas de
ocorréncia. Ainda, serd desenvolvida uma breve discusséo a cerca das variacdes da
composicdo quimica da siderita e dos seus significados em termos de origem e
evolucao das aguas contida nos poros durante a diagénese rasa.

3.1. Siderita eodiagenética: uma abordagem teorica

A siderita, um carbonato de ferro (FeCOz3), foi nomeada por Wilhelm Karl von
Haidinger em 1845. A palavra tem origem grega, oidnpog (sideros), que significa
ferro, em alusdo a sua composi¢cdo. Em termos cristalogréficos, pertence ao grupo
da calcita, cujo sistema é trigonal-hexagonal. Sua estrutura é similar a da calcita,
mas com dimensdes menores das células devido ao raio i6nico do Fe2* ser menor
qguando comparado com o Ca?* (Deer et al., 1992).

Em relacdo a composicdo elementar da siderita, a substituicdo do Fe*? por
outros ions metélicos é comum, fazendo com que seja raramente encontrada pura
como FeCOs. Ambos Mn*? e Mg* comumente substituem o Fe*?, e ha completa

solucéo solida entre a siderita e a rodocrosita e entre a siderita e a magnesita. A
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substituicdo do Fe?* por Ca*? aparenta ser limitada até 10-15% de CaCOs,
provavelmente devido a apreciavel diferenca dos raios desses ions (Deer et al.,
1992). Essas diferencas composicionais aparecem nos cristais de siderita como
zonagOes, observaveis muitas vezes somente por imagens de elétrons

retroespalhados obtidas em Microscopio Eletrénico de Varredura (Fig. 4).

] L
Figura 4. Sideritas com zonac¢des composicionais. (A) Segunda geragdo de siderita zonada com
substituicdo marginal de MgCOs, expandindo grdo de muscovita. Escala € 20 um. Extraido de Larsen
& Friis (1991). (B) Imagens elétrons retroespalhados (BSE) de sideritas zonadas, Slc e S2c
representam duas geracdes de siderita. Extraido de Rossi et al., 2001.

3.2. Habitos e ambientes deposicionais de ocorréncia

Diferentemente da calcita e da dolomita, a siderita raramente ocorre como
cimento extensivo preenchendo poros (Fig. 5A), mas € comum como esferulitos (Fig.
5B e 5C), cristais romboédricos pequenos e discretos (Fig. 5D), nédulos dispersos e,
cristais grossos com clivagens romboédricas (Morad, 1998; Tucker, 2009). Contudo,
outros habitos séo possiveis para a siderita, como franjas (Fig. 6), aciculares e
globulares (Fig. 7) (McKay et al., 1995; Pye et al., 1990).

A siderita é o constituinte mais abundante em sedimentos proterozoicos e
fanerozoicos ricos em ferro. Frequentemente encontrada em depoésitos sedimentares
acamados organicos associados a folhelhos, argilas e camadas de carvdo. Também
€ encontrada em rochas sedimentares metamorfizadas como material cristalino,
como um mineral de ganga primaria em depositos hidrotermais, em pegmatitos e em
depositos de pantanos (Ralph & Chau, 2014). No Recente, a siderita se forma em
argilas de intermarés pantanosas ricas em matéria organica, planicies deltaicas

pantanosas e ambientes lacustres (Tucker, 2009). Em sedimentos fluviais, a siderita
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preferencialmente forma-se em planicies de inundacdo de granulometria fina, em
crevasse splays ou em sedimentos de meandros abandonados e charcos. A
presenca de restos de plantas em regides semi-aridas a semi-umidas aumenta a

oportunidade de sua formacgao (Morad, 1998).
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Figura 5. (A) Imagem de elétrons retroespalhados (BSE) mostrando cristais de siderita zonada (S)
como cimento; engolfando calcita (Ca); extraido de Ketzer et al. (2003). (B) Imagem de BSE de um
esferulito de siderita, mostrando calcita ferrosa (c) na por¢do escura com estrutura radial e a siderita
em por¢do mais clara (s). O material preto € quartzo (q); extraido de Browne & Kingston (1993). (C)
Esferulitos de siderita (S) na Formacdo Showgrounds, polarizadores paralelos. A escala (canto
direito) é de 0,4 mm. Extraido de Baker et al.,, 1995. (D) Imagem de BSE mostrando cristais
romboédricos de siderita com faces curvas e escalonadas; extraido de Ketzer et al. (2003).
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Figur 6. (A)Siderita como franjas (Sid) e calcita (Lc) posteriorménte br
de 1 mm, polarizadores descruzados. Extraido de McKay et al. (1995).
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Figura 7. Imagens de elétrons secundérios (SE) mostrando a natureza globular (A) e acicular (C) do
cimento de siderita. B e D séo imagens de elétrons retroespalhados (BSE) de sec¢Bes polidas. A
escala € 10 pum. Extraido de Pye et al. (1990).

3.3. Processos organicos e microbiais relacionados a formacéo da siderita
eodiagenética

Uma significativa fracdo dos produtos da diagénese da matéria organica €
solivel em &gua. Muitos desses produtos reagem diretamente para precipitar
minerais autigénicos: carbonatos, sulfuretos e fosfatos. O mais simples produto da
degradacdo da matéria organica solivel em agua é formado pela sua completa
oxidacao do dioxido de carbono (COz2) (Curtis, 1987). O diéxido de carbono dissolve
rapidamente na agua formando bicarbonato (HCO3’) e subsequentemente pode ser
incorporado por carbonatos como a calcita (CaCO3) e a siderita (FeCO3).

Uma “sucessao ecolégica” estratificada de processos diagenéticos pode ser
reconhecida em sedimentos rasos (Claypool & Kaplan, 1974) devido a estratificacao
dos nutrientes que sao progressivamente usados por organismos microbianos. 1sso
faz com que a assembleia bacteriana mude para usar o elétron aceptor mais
proximo e eficiente. A profundidade de penetracdo do oxigénio, a qual define a base
da zona aerdbica, € limitada pela sua taxa de difusdo na agua dos poros e pelas
atividades dos organismos bioturbantes (Curtis, 1987). Eventualmente o consumo do
oxigénio atinge o seu maximo e ndo h& penetracdo abaixo dessa profundidade.
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Assim, outros componentes sdo usados na seguinte ordem: nitrato, manganés, ferro
e, eventualmente, sulfato (Fig. 8, com as respectivas reacdes simplificadas). Depois
disso, nenhum aceptor de elétrons esta disponivel e somente fermentacao
bacteriana e metanogénese do CO2 e Hz sdo possiveis (Clayton, 1994). Um modelo
simplificado para explicar a energia necessaria durante a degradagdo da matéria
organica e o seu potencial de preservacao é apresentado por Froelich et al. (1979).

A producdo total dos solutos potencialmente mineralizantes de cada zona
microbial depende da taxa da degradacdo da matéria organica e do tempo de
operacdo da reacdo na zona. Este ultimo controle é uma fungcédo da espessura da
zona e da taxa de soterramento (Curtis, 1987). Taxas de acumulacdo de sedimentos
extremamente baixas favorecem a intensa degradacédo, ou até mesmo eliminacéo da
matéria organica. A mesma situacao sob condicdes anoxicas marinhas, entretanto,
favorece extensiva degradacdo da matéria organica por reducdo de sulfato. Isso
gera grandes quantidades de CO:2 e H2S, favorecendo a mineralizagdo. Por
contraste, soterramento rapido leva os sedimentos rapidamente para a zona
metanogénica onde a degradacdo € menos extensiva (Curtis, 1987, Fig. 9).

A classificagdo em zonas geoquimicas oferece a possibilidade de relacionar
0s minerais autigénicos formados nessas condi¢cdes com o0s processos biolégicos
ocorrentes em sedimentos, devido a importancia das reacdes de oxidacao-reducéo
para ambos (Berner, 1981). Os ambientes geoquimicos eodiagenéticos podem ser
divididos nas seguintes zonas: Oxica, suboxica, sulfidica e metanica (Froelich et al.,
1979; Berner, 1981). A formacao da siderita é favorecida em dois desses ambientes,
um sobre condi¢des levemente redutoras (zona subdxica) e, noutro, sobre condicdes
fortemente redutoras (zona metanogénica).

As condigbes subodxicas sdo favorecidas em ambientes marinhos que
mostram relativamente baixa concentracdo de matéria organica e baixas taxas de
sedimentacdo (Berner, 1981; Coleman, 1985), como também em sedimentos
sujeitos a alternancia de condigbes andxicas e Oxicas nas aguas dos poros (e.g.

sedimentos proximos a costa e intermarés; Coleman, 1985).
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Figura 9. Influéncia da taxa de sedimentacdo na preservacdo da matéria organica: soterramento
rapido carrega o material para zonas de baixa atividade microbial. Extraido de Curtis (1987).

A precipitagcdo da siderita na zona de metanogénese ocorre em uma
variedade de sedimentos marinhos e continentais. Essa zona €& favorecida sob
baixas concentracdes de sulfato, altas taxas de sedimentagao e altas concentracoes
de matéria organica (Coleman, 1985). Por essa razdo, a formagdo metanogénica da

siderita € muito mais comum em sedimentos continentais do que em sedimentos
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marinhos (Berner, 1981). Em ambientes metedricos, a producdo de H2S é
normalmente inibida por baixos niveis de sulfato dissolvido disponivel para reducéo
por bactérias, favorecendo a precipitacdo da siderita (Pye et al., 1990). Em
condicbes marinhas, a siderita pode se formar antes da reducdo do sulfato, sob
condicbes subdxicas ou sob condicoes fortemente redutoras, durante a
metanogénese. O aumento dos niveis de reducdo de sulfato favorece a precitacao
de sulfetos de ferro (pirita) em preferéncia a siderita. Em contrapartida, pode ocorrer
a concomitancia, em termos de génese, da siderita e da pirita (Laenen & Craen,
2004). Isso ocorre quando a taxa de reducéo de Fe no sistema ultrapassa a taxa de
producao de sulfuretos (Curtis, 1995), possibilitando a formacéo de siderita.

De acordo com as reacbOes envolvidas em cada zona geoquimica
eodiagenética (Berner, 1981), CO2 com diferentes razdes isotopicas de carbono sera
geracao (Irwin et al. 1977, Fig. 10). As reacdes de oxidacao bacteriana e de reducao
de sulfato imp6em relativamente pouco fracionamento isotopico. A fermentacéo
impbe um forte fracionamento por meio da metanogenése bacteriana, com CO:
produzido enriguecido em 13C. A descarboxilagdo térmica produz CO2 mais rico em
13C do que a oxidacédo e a reducdo de sulfato, mas ainda leve em comparacéo com

a fermentacao bacteriana.
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Figura 10. Raz0bes isotopicas do CO:2 gerado nas diferentes zonas diagenéticas. Extraido de Irwin et
al. (1977).
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3.4. Relacéo entre o ambiente deposicional e a composicdo da siderita
eodiagenética

As concentracbes dos principais cations presentes nas sideritas
eodiagenéticas variam consideravelmente entre aguas marinhas e metedricas.
Aguas marinhas contém mais Ca*? e Mg*?, menos Fe*2 e Mn*2, e altas razbes
Mg*?/Ca*?, do que as dguas metedricas tipicas. Além disso, a atividade do Fe*? em
condicbes marinhas eodiagenéticas € geralmente mantida muito baixa pela
precipitacdo de pirita (Gautier, 1985). Por causa da baixa atividade de sulfato nas
Adguas metedricas, a formacéo da pirita é inibida, consequentemente, mais Fe*? esta
disponivel para a precipitacdo de siderita.

E possivel verificar que sideritas formadas em diferentes ambientes podem
ser distinguidas pelas suas composi¢cdes geoquimicas mediante o uso de razdes
elementares, por meio do uso de diagramas ternarios para caracterizar os diferentes
dominios (Fig. 11; Mozley, 1989). A siderita de origem marinha € sempre muito
impura, devido a extensiva substituicdo por Mg (acima de 41 mol% de MgCOQOs) e,
subordinadamente, por Ca (acima de 15 mol% de CaCOs) do Fe na estrutura da
siderita, além de conter baixas concentracdes de Mn (<1 mol% de MnCOs3) (Mozley,
1989). J4 a siderita de ambientes de 4gua metedrica sdo comumente muito puras
(isto €, >90 mol% de FeCO3s), frequentemente atingindo o membro final FeCOs. Além
disso, possuem altas concentracfes de Mn (>2 mol% de MnCQO3s) e altas razdes de

Ca/Mg comparadas com as sideritas marinhas.

Ca Mg Ca Mg

Figura 11. Diagramas ternarios CaCO3-MgCOs-FeCOs elaborados por Mozley (1989) para sideritas de
origem marinha (A) e para sideritas de origem metedrica (B). E possivel observar que as sideritas de
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origem marinha sdo geralmente menos puras e tem alta raz8o Mg/Ca que as sideritas de origem
metedrica, que por sua vez contém mais FeCOs e MnCOs.

Apesar das tendéncias composicionais existentes para ambos os ambientes,
h& consideravel variagdo, particularmente em sideritas marinhas. H&a diversas
causas possiveis para essa variagdo, incluindo as seguintes: (1) A mistura precoce
de aguas marinhas e meteodricas; (2) A alteracdo diagenética precoce da
composicdo quimica das aguas dos poros. Por exemplo, a precipitacdo ou a
dissolucdo de minerais enriquecidos em Fe*?, Ca*?, Mn*2 e Mg*? pode afetar a
concentracdo desses cations nas &guas marinhas nos poros (Gieskes, 1974,
Froelich et al., 1979) e a precipitacdo da siderita por si s6 é capaz de mudar as
razdes Fe*?/Mg*? das aguas dos poros (Curtis & Coleman, 1986); (3) Andlises
envolvendo siderita mesodiagenética precipitada de aguas evoluidas.

No que tange a composicao isotopica, as sideritas de origens marinha ou néo-
marinha sao caracterizadas por tendéncias composicionais que podem ser
distinguidas entre si (Fig. 12, Mozley & Carothers, 1992). As sideritas de origem
marinha geralmente abrangem desde valores muito baixos de 3'3C e valores
relativamente altos de 320 a valores relativamente altos de 5'3C e valores baixos de
0%0. Geralmente as sideritas ndo-marinhas tem valores de 8'3C mais altos que as
marinhas.

Em ambientes marinhos, os valores negativos de carbono para a siderita
diagenética podem ser gerados durante a reducdo do Fe*® (condiges subdxicas;
Maynard, 1982; Walker, 1984 e Mozley & Carothers, 1992) e durante ou
imediatamente depois da reducdo do sulfato (Gautier & Claypool, 1984; Curtis &
Coleman, 1986; Pye et al., 1990 e Mozley & Carothers, 1992). Valores positivos de
carbono sdo diagnésticos da zona de metanogénese (Gautier, 1982; Curtis &
Coleman, 1986). Em sideritas de ambientes continentais, os valores de 3*3C tendem
a ser positivos, por causa das baixas concentragbes de sulfato. O pouco sulfato
presente é totalmente reduzido nas por¢des rasas dos sedimentos, ficando a matéria
organica disponivel para a decomposicéo por metanogénese bacteriana.

Recomenda-se, entretanto, que ndo se observe somente os valores de 813C,
pois sideritas com valores de 5'3C mais negativos do que -8%. podem ter origem
nao-marinha (Baker et al., 1995). Outro exemplo é o trabalho de Kantorowicz (1990),
que encontrou valores de 0'°C tdo baixos quando -16,2%. para concrecbes

esferosideriticas de origem nao-marinha. Deve-se analisar o0 conjunto de
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informagdes, como a composicdo elementar, isotdpica (5*3C e 580) e o contexto

geoldgico para inferéncias de contexto paleoambiental na eodiagénese.
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Figura 12. Diagrama de valores 3Owpdb Vvs. 0Cvpdb para sideritas de ambientes marinhos e
continentais. Extraido de Mozley & Wersin (1992).

4. TECNICAS E METODOS
4.1. Levantamento bibliografico

Intensa compilacao de informacdes referentes a siderita eodiagenética no que
tange sua composicao isotopica e elementar, além da forma de ocorréncia, habitos,
processos precursores e formadores. Literatura sobre depoésitos mistos
siliciclasticos-carbonéticos foi consultada devido a problematica da caracterizacao
das rochas hibridas onde ocorrem parte das sideritas estudadas. Além disso, foram
compilados de trabalhos referentes ao Complexo Deltaico do Rio Paraiba do Sul, a

fim de contextualizar e colaborar na discussdo dos dados obtidos.

4.2. Analise petrologica quantitativa

Laminas delgadas foram preparadas a partir de amostras impregnadas com

resina epoxy azul e foram analisadas sistematicamente com microscopio
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petrografico convencional com charriot acoplado (AXIO Imager.A2m Zeiss®). A
quantificacdo (analise modal) foi executada pela contagem de 300 pontos em cada
lamina, de acordo com o método Gazzi-Dickinson (Zuffa, 1985). A analise incluiu a
descricdo da textura, composicao detritica, composicdo e seqiéncia diagenética,
tipos de poros, classificacdo e interpretacdo de proveniéncia, com o uso do software
Petroledge® (De Ros et al., 2007). As amostras muito fridveis foram descritas
somente qualitativamente, pois ndo foi possivel observar aspectos texturais e
estruturais, nem a relacdo paragenética dos constituintes. A discriminacdo da
composicao dos carbonatos foi feita pelo tingimento com uma solucéao de Alizarina e
Ferricianeto de Potassio (Tucker, 1988). As amostras quantificadas foram
classificadas em um diagrama ternario de primeira ordem a fim de separar os
diferentes grupos composicionais. Apés isso, as rochas siliciclasticas e hibridas
foram classificadas textural e composicionalmente de acordo com Folk (1968). As
carbonaticas de acordo com Duham (1962) modificado por Embry & Klovan (1971).
Os aspectos micromorfolégicos dos paleossolos foram descritos conforme Brewer
(1964) e Bullock et al. (1985).

4.3. Microscopio Eletrénico de Varredura

Andlises composicionais e imagens de elétrons retroespalhados (backscatter
electrons - BSE) e de elétrons secundarios (secondary eletrons - SE) das sideritas
foram realizadas no Microscopio Eletrénico de Varredura FEI Quanta 40 com EDS
(energy-dispersive spectrometer) Bruker® acoplado, localizado no Centro de
Tecnologia Mineral (CETEM). Foram utilizadas oito laminas delgadas e duas secodes

polidas, revestidas por carbono.

4.4. Isotopos Estaveis (Carbono e Oxigénio) nas sideritas

Andlises de isétopos de oxigénio (80O e °0) e de carbono (*3C e *?C) foram
executadas em carbonatos de 9 amostras. A notagdo usada para isotopos estaveis
em carbonatos é VPDB (Vienna Pee Dee Belemnite). Para as analises isotopicas
nas sideritas eodiagenéticas, as amostras foram digeridas em 100% de &cido
fosforico por 6 dias a 50°C (Al-Aasm et al., 1990). O fator de fracionamento do acido
fosforico usado foi 1,010454 (Rosenbaum & Sheppard, 1986). O gas de CO:
evoluido foi analisado para is6topos de carbono e oxigénio no espectrbmetro de
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massa Thermo Finnigan Delta Plus® usando dupla porta para multicoletores,
localizado no Laboratério de Isétopos Estaveis de Ciéncias da Terra e Ambientais da
Universidade de Windsor (Canada). Os dados de isétopos de carbono séo

apresentados na notacao normal relativa a PDB (Craig, 1957).

4.5. Difracdo de Raios-X

A mineralogia das argilas das fracdes <20 um de sete amostras foram
determinadas por difracdo de raios-X em um Difratbmetro D5000 Siemens
Kristalloflex. As analises foram feitas no Laboratério de Difracdo de Raios-X da

Universidade Federal do Rio Grande do Sul.

5. SINTESE DOS RESULTADOS E INTERPRETACOES

e O estudo petroldgico dos depdsitos do Complexo Deltaico do Rio Paraiba do
Sul permitiu identificar trés grupos composicionais de rochas: siliciclasticas,
carbonaticas e hibridas. Esses grupos foram baseados na proporcéo relativa
do total de constituintes carbonaticos intrabaciais (TClIc), total de constituintes
nao-carbonaticos extrabaciais nao-contemporaneos (TNCEnc) e total de
constituintes ndo-carbonéticos intrabaciais contemporaneos (TNCIc).

e A composicdo original das rochas siliciclasticas e hibridas corresponde a
arcésios a subarcésios. Em termos texturais, sdo arenitos lamosos finos a
grossos, levemente conglomeréticos, pobremente selecionados com
predominio de grdos subangulares e com média esfericidade. As estruturas
deposicionais geralmente estdo modificadas por processos pedogenéticos e
por intensa bioturbacgéao.

e As rochas carbonaticas consistem em mudstones, wackestones e packstones.
Suas estruturas sedimentares sao laminagdes paralelas dadas pela
intercalagdo de mudstones a wackestones com lentes de arenitos finos e
intensa bioturbacéao.

e A distribuicdo c/f dos paleossolos é principalmente gefarica, por vezes
porfirica e enaulica. Cutans de iluviagdo e glébulas sdo comuns. Estruturas
concéntricas sdo relacionadas a estruturas de bioturbacdo ou pedoturbacao

do qual promove as separagfes do plasma. Os processos pedogenéticos
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incluem iluviagéao de argilas, bioturbacdo por plantas, dissolucao de feldspatos
e precipitacdo de oOxidos e hidroxidos de ferros. Esses processos atuaram
imediatamente apds a deposicdo dos depdsitos fluviais e afetaram a fabrica
deposicional dos sedimentos.

As alteracdes diagenéticas ocorrem somente na eodiagénese, dominado pela
autigénese de siderita e pirita. Outros produtos diagenéticos sao caulinita,
esmectita, pseudomatriz argilosa e carbonatica, crescimentos de quartzo,
oxidos de titanio, jarosita e 6xidos/hidroxidos de ferro.

A compactacéo é limitada a feicbes mecéanicas, como o fraturamento de graos
rigidos, deformacdo de micas e a formacdo de pseudomatriz pela
compactacado de intraclastos. Em geral, as rochas siliciclasticas apresentam
empacotamento frouxo devido aos efeitos da pedogénese.

A porosidade é predominantemente primaria intergranular. A porosidade de
contracdo ocorre em argila mecanicamente infiltrada, matriz carbonatica,
matriz-S, pseudomatriz argilosa e intraclastos de solo. Porosidade por
dissolucdo dos constituintes primarios e fraturas sdo comuns, principalmente
em quartzo, ortoclasio e microclinio.

Quatro grupos composicionais-texturais de sideritas foram reconhecidos.

As sideritas do grupo 1 sao esferuliticas, localmente macrocristalinas e
blocosas, e substituem biotita, quartzo, muscovita, matriz argilosa detritica,
matriz-S e matrix margosa. Esse grupo é representado por sideritas puras
(composicdo  média  94.69%FeCOs; 1.19%MgCOs; 2.27%CaCOsg;
1.85%MnCQO3) relativamente enriquecidas em MnCOs (até 4 mol%) nas
amostras a 9,20 m, 48,70 m, 104,00 m, 109,60 m e 114,30 m. A zonacéao
composicional observada nas sideritas desse grupo esta relacionada a
seletiva remocdo do Fe*? do sistema devido a sua inicial precipitacao,
promovendo a deplecdo da razdo Fe*’/Mg*? das aguas dos poros. Séo
precipitadas de &aguas de origem metedrica em rochas siliciclasticas
continentais (valores de 3'Ovpdab variam de -10.28 a -5.57 %o e valores de
O'3Cypdb de -12.68 a -4.33%o).

As sideritas do grupo 2 sdo romboédricas e substituem matriz margosa e
biotita somente em rochas carbonaticas. Apresentam nucleos avermelhados
(composicdo  média  78.51%FeCOs3; 4.22%MgCOs;  15.72%CaCOs;
1.56%MnCOs3) e bordas com leve substituicdo por Ca e Mg (composi¢cao
média 74.06%FeCOs; 9.19%MgCOs; 15.63%CaCOs; 1.12%MnCO3). As
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sideritas desse grupo foram precipitadas de aguas marinhas em packstones e
wackestones como indicado pela substituicdo por Ca e Mg e pelos valores de
O3Cupdb (+0.17%o0) € 3*80 vpdb (-1.96%).

e As sideritas do grupo 3 constituem em esferulitos irregulares com moderada
substituicdo por Ca e Mg (composicdo média 80.16%FeCOs; 7.91%MgCOs;
11.34%CaCOs3; 0.59%MnCOs3) ocorrendo nas amostras a 41.50 m, 43.20 m e
78.50 m, somente em rochas siliciclasticas. Os valores de 380vpdb Variam de -
5.96 a -7.61%0 e d'3Cypdb de -5.15 a -10.41%0.. Essas sideritas substituem
matriz-S, muscovita, quartzo e ooides argilaceos, raramente preenchem poros
intergranulares.

e As sideritas do grupo 4 sao microcristalinas, ricas em Mg (pistomesitas), que
ocorrem ao longo das clivagens de biotitas expandidas. Essas sideritas sao
representada pela amostra de 58.00 m, com composicdo meédia
57.31%FeCOs; 31.40%MgCOs; 9.58%CaCOs3; 1.71%MnCOs3 e valores de
013Cupdb +1.43%0 € de 5*8Ovpdb -14.09%o.

e As sideritas do grupo 3 e 4 tem origem de 4guas salobras em rochas hibridas
e siliciclasticas. Todas as sideritas estudadas precipitaram sob condi¢cbes
suboxicas, com diferentes composicoes de aguas nos poros.

e Os diferentes habitos da siderita, seus sedimentos hospedeiros e suas
relagBes paragenéticas associados com as informacgfes de quimica elementar
e dos isétopos estaveis ajudaram a entender a composicdo quimica e suas
mudancas nas aguas dos poros.

e As variacbes na composicdo elementar e isotopica das sideritas
eodiagenéticas estdo relacionadas com a dinamica do Rio Paraiba do Sul,
mudancas do nivel do mar e variagdes climaticas. Esses fatores determinam
a quantidade do aporte de siliciclasticos (taxa de acumulacdo dos
sedimentos), preservacdo e quantidade de matéria organica e composicao

das aguas contidas nos poros.
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Abstract

Abundant early diagenetic siderites occur as spherulites, rhombohedral
microcrystalline and macrocrystalline crystals in the cores of UFRJ-2-MU-1-RJ well,
drilled in the Paraiba do Sul Deltaic Complex, Rio de Janeiro, eastern Brazil. The
host sediments of the siderites are siliciclastic, hybrid and carbonate deposits.
Intense pedogenetic processes affected the siliciclastic sediments immediately after
deposition, comprising clay illuviation, plants bioturbation, feldspars dissolution, and
iron oxide/hydroxide precipitation. Siderite and pyrite are the main diagenetic
products. Other products are kaolinite, smectite, argillaceous and carbonate
pseudomatrix, quartz overgrowths, diagenetic titanium minerals, jarosite and iron
oxides/hydroxides. Early diagenetic siderites were separated in four groups based on
their elemental and stable isotopic composition, and on their paragenetic relations
with other constituents and with host sediments. Spherulitic to macrocrystalline
siderites from Group 1 are almost pure (average composition: 94.69%FeCOs;
1.19%MgCOs3; 2.27%CaCOs3; 1.85%MnCOs) and precipitated from meteoric
porewaters in continental siliciclastic rocks (8®Ovpdb Values range in -10.28 to -5.57
%o and the d'3Cypdb Values in -12.68 to -4.33%..). Compositional zonation by Fe-rich
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cores with Mg enrichment towards the edges in these group represent the change of
chemistry of porewaters due removal of Fe?* from the system during their initial
precipitation. Microcrystalline rhombohedral Group 2 siderites with zonation due to
substantial Ca and Mg substitution (core average: 78.51%FeCOs; 4.22%MgCOs;
15.72%CaCOs; 1.56%MnCOs3; edge average: 74.06%FeCOs; 9.19%MgCOsg;
15.63%CaCOs; 1.12%MnCO0O3), and 6*3Cvpdb and 3*¥Ovpab values of +0.17%o and -
1.96%o, precipitated from marine porewaters in carbonate packstones/wackestones.
Group 3 is represented by irregular spherulitic siderites with moderate Ca and Mg
substitution (average composition 80.16%FeCOs; 7.91%MgCOs3; 11.34%CaCOs;
0.59%MnCO3z) and 5'8Owpdb values range is -5.96 to -7.61%o. and &'3Cypdb values
range is -5.15 to -10.41%.. Group 4 microcrystalline siderites are magnesium-rich
(pistomesite; average compositional 57.31%FeCOs; 31.40%MgCOs3; 9.58%CaCOs;
1.71%MnCO3; &' 3Cvpdb +1.43%0 and 3'8Ovpab -14.09%0). Groups 3 and 4 siderites
were formed from brackish porewater in hybrid and siliciclastic rocks. These
variations in the elemental and isotopic composition of early siderites are related to
the Paraiba do Sul River dynamics, to sea level changes and to climatic variations

that took place during the Quaternary.

Keywords: diagenesis; siderite; Quaternary; Campos Basin; sedimentary

petrography

1. Introduction

Diagenesis comprises a wide spectrum of post-depositional physical, chemical
and biological processes governed by low surface temperature and pressure and
their increase during progressive burial, as well as the chemistry of interstitial
porewaters. The eodiagenesis stage includes all processes that occur under direct
influence of depositional fluids, at shallow depths and low temperatures (between ~
30°C and 70°C; Morad et al., 2000). The principal factors controlling these
parameters during eodiagenesis include the depositional setting (e.g. rate of
deposition, porewaters composition, hydrogeology, climate, latitude and sea-level
fluctuation), the organic matter content, the texture and detrital composition of the
host sediments, which are directly or indirectly related to the depositional
environment (Morad, 1998; Stonecipher, 2000).
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Porewaters imprisoned within sediments undergo systematic changes in chemical
and isotopic compositions during initial burial, deeply linked to organic matter
diagenesis and to action of specific bacteria groups. This leads to a succession of
processes of organic matter decomposition through oxidation, reduction of nitrate,
Mn, Fe, and sulphate, and methanogenic fermentation in oxic, suboxic, sulfidic, and
methanic environments (Froelich et al., 1979; Berner, 1981). The recognition that the
same microbial processes operate within distinctly stratified depth intervals,
generating important water-soluble mineralizing agents (HCOs, H2S, H3POas) has
helped researchers to understand the patterns of diagenetic mineral assemblages in
ancient sediments (Irwin et al., 1977). The main products of these reactions are
carbonates, sulphides and phosphates (Curtis, 1987).

Eodiagenetic siderite (FeCOs) occurs in a wide range of sedimentary
environments (e.g. marshes, swamps, lakes and tidal flats) and it is used as an
indicator of reduction conditions in the sediments (Berner, 1971, 1981; Maynard,
1982). Its precipitation requires an anaerobic environment with low redox potential,
sufficiently low sulfide concentrations, and a Fe/Ca molar ratio exceeding 0.05, so
that neither iron sulfide nor calcite is preferentially precipitated (Armenteros, 2010).
The isotopic and elemental compositions of eodiagenetic siderite can be used to
identify the original porewater composition, helping to discriminate marine and non-
marine depositional environments (Mozley, 1989; Mozley and Wersin, 1992; Hart et
al., 1992; Baker et al., 1995; Morad, 1998; Wilkinson et al., 2000).

There are two distinct geochemical environments promoting eodiagenetic siderite
precipitation, one under slightly reducing conditions (suboxic zone) and another
under strongly reducing conditions (methanic zone). The suboxic conditions are
favoured in marine environment with relatively low organic matter concentration and
low accumulation rates (Berner, 1981; Coleman, 1985), as well as in sediments
subjected to alternation of anoxic and oxic conditions in the porewaters (e.g. coastal
and intertidal sediments; Coleman, 1985). However, siderite precipitation in methanic
zone occurs in a variety of marine and continental sediments. This zone is
characteristic of low dissolved sulphate concentrations, high accumulation rates and
high organic matter concentration (Coleman, 1985). For this reason, the
methanogenic siderite formation is more common in continental sediments than in
marine sediments. Siderite tends to retain its isotopic and chemical signatures when

precipitated. Therefore, its compositions can be combined with mineral parageneses
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to infer variation in porewaters chemistry during sedimentary basins evolution
(Mozley and Carothers, 1992).

The objective of this study was to identify the composition of early porewaters and
their implications to the depositional environments of a section from the Paraiba do
Sul Deltaic Complex, eastern Brazil, based on the elemental and isotopic
compositions, habits, and paragenetic relations of siderites in cores from the UFRJ 2-
MU-1-RJ well.

2. Geological Setting

The Paraiba do Sul Deltaic Complex is located at the Rio de Janeiro State NE
coast, eastern Brazil (Fig. 1), with a 3,000 km? area and up to of 120 km along N-S
and 60 km along E-W. It is considered part of the onshore portion of Campos Basin
and extending westward to the Crystalline Basement Complex or to the Barreiras
Formation. These deposits are the result of fluvial and marine processes; favoured
by the interplay among the Paraiba do Sul River, the relative sea-level change and
the tectonic environment during Quaternary (Silva, 1987).

The origin of Campos Basin is related to the Gondwana supercontinent breakup
and the opening of the South Atlantic Ocean, which began during Early Cretaceous.
The basin sedimentary infill can be separated into five depositional mega-sequences
(Winter et al., 2007): continental rift (Early Neocomian to Late Aptian), transitional
evaporitic (Middle Aptian to Middle Albian), shallow marine (Early-Middle Albian),
marine transgressive (Late Albian to Early Paleogene) and marine regressive (Early
Paleogene to Recent).

The initial evolution models of the Paraiba do Sul Deltaic Complex (Lamego,
1955; Araujo et al., 1975) recognized different phases related of a general SW-NE
direction of migration of holocenic deltas. Lamego (1955) models did not consider the
role of sea-level changes. Araujo et al. (1975) recognized that the delta prograded
over a platform of shell-rich coarse sands probably of Pleistocene age. They also
suggested the existence of a relatively deep trough with approximate NW-SE
orientation.

Silva (1987) subdivided the Deltaic Complex in a set of sedimentary environments
related to two main orientation phases of the Paraiba do Sul River. The older phase
is localized at south of the Campos — Sdo Tomé Cape axis and comprises several

sedimentary environments such as the Feia Lagoon and the beach ridge system at
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southwest of the Sd&o Tomé Cape. In this area, numerous traces of paleochannels
are found and truncated by a track formed by a succession of sand ridges. The
current phase, developed along the Campos and Atafona cities, comprises the beach
ridges plains of North and South of the Paraiba do Sul River, lagoons (e.g Salgada
and Ostras Lagoons), marshes and mangroves.

Martin et al. (1997) detailed the Holocene evolution of the coastal plain of the
Paraiba do Sul River in eight stages. The first stage corresponds to the continental
sedimentation of Barreiras Formation (Pliocene), under semi-arid conditions and a
lower sea level position than the Present. The second and third stages are
represented by the Pleistocene alluvial fan sedimentation. The fourth stage
corresponds to 123,000 years B.P. transgression when the sea level was 8+t2 m
higher than the present one eroding the Barreiras Formation. Several valleys were
drowned, forming estuaries. In the fifth stage, beach ridges were deposited and
several valleys were closed by sandy bars, forming lagoons. A hydrographic system,
in the incised valleys or driven by beach ridges, settled on Pleistocene plateau. The
sixth stage corresponds to the maximum of the last transgression, eroding the marine
Pleistocene plateaus (7,000 to 5,100 years B.P.). In this stage a barrier-island/lagoon
system with a delta were formed. In the seventh stage, the lagoons were silted up by
development of deltas. The eighth stage is marked by the formation of marine
Holocene plateaus (<5,100 years B.P.) from the barrier islands and transformations
of the lagoons into lakes and ponds.

The UFRJ 2-MU-1-RJ well is located near to Mussurepe district of the Campos
city at northeast of Rio de Janeiro State (21°55’17” S and 41°08’24” W). The well
comprises 200 m of sedimentary rocks, poorly-recovered (~45%) due to the friable
nature of the material. Drilling has not reached the basement. Radiocarbon dating
method was tried in three levels: 13.20 m (shell); 37.70 m (shell) and 59.00 m
(organic matter), but all samples showed ages older than 40,000 years (Plantz,
2014). Sedimentary column is inferred to be of Quaternary age down to
approximately 77.00 m (mostly pleistocenic deposits, probably associated with
~120,000 years B.P. transgression) and of Neogene age below that. The main types

of deposits recognized in the cores are depicted in Figure 2.

3. Materials and Methods
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Detailed petrographic analysis was performed in 71 thin-sections prepared
from samples representative of the several sedimentary facies. The thin sections
were prepared with blue epoxy-impregnated samples, polished and examined with a
standard petrographic microscope. Carbonate species were identified with help of
staining with a solution of potassium ferricyanide and Alizarin Red-S (Tucker, 1988).
The quantification of primary and diagenetic constituents, and pore types was
executed by counting 300 points in each of 52 thin-sections, using the Gazzi-
Dickinson method (cf. Zuffa, 1985) and the Petroledge® software (De Ros et al.,
2007). The clay mineralogy of the <20 uym fraction from 7 samples was determined
by X-ray diffraction using the D5000 Siemens® Kristalloflex diffractometer of the
Universidade Federal do Rio Grande do Sul.

The chemical composition of siderites was determined with a Bruker® Quantax
800 energy-dispersive spectrometer (EDS) associated to a FEI Quanta 400 scanning
electron microscope at the Centro de Tecnologia Mineral (CETEM, Brazil). EDS
analysis and back-scattered electron images (BSE) were performed on eight carbon-
coated thin sections and two polished sections. The operating conditions were an
acceleration voltage of 15-20kV, a measured beam current of 6 nA, and a beam
diameter of 4.5-6.0 ym.

The oxygen and carbon isotopic analysis were performed in corresponding
samples from these same levels. The stable isotopes results were referred to in
relation to the VPDB (Vienna Pee Dee Belemnite) standard. For the stable-isotope
analysis of diagenetic siderites, the samples were reacted with 100% phosphoric acid
for 6 days at 50°C (Al-Aasm et al., 1990). The phosphoric acid fractionation factor for
the siderite used was 1.010454 for the siderite (Rosenbaum and Sheppard, 1986).
The evolved CO2 gas was analyzed for carbon and oxygen isotopes in a Thermo
Finnigan® Delta Plus mass spectrometer using dual inlet with multiport at the Earth

and Environmental Sciences Stable Isotope of the University of Windsor (Canada).

4. Results

4.1. Texture and primary composition

The primary composition of the analyzed samples includes siliciclastic and
carbonate constituents. Quartz grains (4-73 bulk volume %, average= 29%) are

dominantly monocrystalline, rarely polycrystalline. Microcline (0-9 vol%, av.= 3%),
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orthoclase (0-7 vol%, av.= 4%) and plagioclase (0-3 vol%, av.= 1%) grains are
partially replaced by kaolinite and dissolved. Muscovite (0-7 vol%, av.= 1%) and
biotite (0-9 vol%, av.= 1%) are the most common accessory grains.

Heavy minerals (0-5 vol%, av.= 2%) grains of zircon, tourmaline, amphibole
(hornblende), rutile, monazite, epidote, pyroxene, garnet, staurolite and opaque
minerals are common. Carbonaceous fragments (0-7 vol%, av.= 1%) usually occur in
fine-grained rocks rich in detrital argillaceous or marly matrix. Argillaceous and
phosphatic peloids (0-8 vol%, av.= 1%) and detrital matrix (0-17 vol%, av.= 1%)
occur in some intervals.

Minor primary constituents are argillaceous soil intraclasts, mud intraclasts,
chert fragments, detrital argillaceous matrix and argillaceous ooids. Argillaceous soll
intraclasts are differentiated from mud intraclasts by reddish to yellowish colours,
silky appearance and shrinkage pores contraction due dehydration. Argillaceous
ooids with regular concentric structure, and low birefringence indicating a probable
berthierine/chamosite composition, are commonly compacted and fractured.

Major constituents of carbonate and hybrid deposits comprise micrite and
marly matrix, constituted by microcrystalline carbonate and nannofossils
(coccolithophorids and tunicates spicules), and together with undifferentiated detrital
clay minerals. Most common carbonate bioclasts comprise benthonic and planktonic
foraminifera, echinoids, bivalves, gastropods, brachiopods, solenoporacea and
coralinacea algae, sponge spicules, bryozoans and ostracods. Carbonate mud
intraclasts are rare, commonly compacted to carbonate pseudomatrix.

The analyzed samples were classified in a first-order compositional ternary
diagram (Fig. 3A) as clastic, hybrid or carbonate rocks based on the relative
proportion of total carbonate intrabasinal coeval constituents (TClc), total non-
carbonate extrabasinal non-coeval constituents (TNCEnc) and total non-carbonate
intrabasinal coeval constituents (TNCIc).

The original extrabasinal composition of siliciclastic and hybrid rocks
corresponds to arkose to subarkose sensu Folk (1968; Fig. 3B). Texturally, hybrid
and siliciclastic rocks consist of very fine to coarse, slightly conglomeratic muddy
sandstones (Fig. 4A-E). Fine-grained rocks, such as siltstones and claystones, occur
rarely. Siliciclastic sandstones and hybrid arenites are very poorly- to well-sorted,
dominantly poorly sorted (Fig. 4C), with angular to rounded, mainly sub-angular

grains, with moderate sphericity. Depositional structures are commonly disturbed by
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widespread bioturbation (Fig. 4D) and by pedogenetic processes. Preserved plane-
parallel lamination defined by grain-size variation is rare (Fig. 4E).

Carbonate rocks (Fig. 4F) consist of mudstones and fine-grained wackestones
and packstones (Dunham, 1962; Embry and Klovan, 1971). Sedimentary structures
are parallel lamination given by intercalation with fine sandstone lenses. Generally,
these rocks feature intense burrowing and subparallel orientation of elongated

bioclasts.

4.2. Pedogenetic and diagenetic constituents

Siliciclastic rocks commonly show variable intensity of pedogenetic processes.
The fabric of paleosols vary between homogeneous and heterogeneous. The latter
display pedal and apedal domains, affected or not by the development of aggregates
or peds, sometimes stained by iron oxides/hydroxides. The degree of pedality
development varies from moderate to weak. The c/f distribution (coarse/fine, sensu
Stoops and Jongerius, 1975) is mainly gefuric (Fig. 5A), where the finer material
occurs only as bridges linking the coarser constituents. Sometimes, the distribution is
porphyric (Fig. 5B), where the finer material fills all interstitial spaces between the
coarser constituents, and rarely enaulic, where the finer material occurs as distinct
aggregates in the intergranular spaces between the coarser components. llluviation
cutan (Fig. 5C, 5D and 5F) and glaebules (Fig. 5E) are common. Concentric
orientations are related to bioturbation or pedoturbation structures, which promote
plasma separations. Iron oxides/hydroxides impregnate both the sand and mud
fractions, creating amorphous and diffuse accumulations or nodules, lining pores,
and staining grains. Micas, mainly biotite, are commonly expanded by such oxides.
The porosity is filled and coated by amorphous organic matter, planar porosity by
matrix-S shrinkage, sometimes forming channels. Dissolution of feldspar, mainly
microcline, is common.

Argillaceous pedogenetic cutans (0-36 vol%, av.= 6%, Fig. 6A and 6B) are
characterized as multiple clay films, coating siliciclastic grains, and as pendular
aggregates, and filling intergranular pores. Sometimes, they are stained by iron
oxides/hydroxides, deformed by mechanical compaction and with shrinkage pores
and plant bioturbation. The composition of clay minerals is kaolinite, based on DRX

analysis.
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S-Matrix (0-53 vol%, av.= 12%, Fig. 6C) is formed by kaolinite, defined by DRX
analysis. It occurs filling intergranular pores and displacing grains, in rocks with loose
packing. It is replaced by iron oxides/hydroxides, sometimes forming heterogeneous
halos. Glaebules occur commonly associated with S-matrix, they are characterized
as a differential concentration of soil material generally with prolate form (Fig. 5E).

Iron Oxides/Hydroxides (1-8 vol%, av.= 1%), occur as coating covering primary
constituents (quartz mainly), as microcrystalline and macrocrystalline crystals, filling
intergranular and shrinkage pores and replacing MIC, S-matrix (Fig. 6D), carbonate
matrix, argillaceous pseudomatrix and siderite.

In the hybrid and carbonate rocks, siderite (0-45 vol%, av.= 5%) occurs as
discrete rhombohedral crystals (7-110 um, Fig. 7A) and microcrystalline crystals (Fig.
7B), replacing carbonate matrix, biotite, muscovite and carbonaceous fragments.
Generally, siderite is replaced by microcrystalline hematite and framboidal pyrite (Fig.
7A). In the siliciclastic rocks, siderite occurs as irregular aggregates to radial
macrocrystalline crystals with typical carbonate cleavage (100-250 um long axis, Fig.
7C), as small and large spherulitic aggregates (50-800 um, Fig. 7D and 7E), as
imperfect rhombohedral crystals (approx. 70 ym, Fig. 7F) and as microcrystalline
crystals. These siderites occur as singular crystals or, more frequently, aggregates,
engulfing and replacing siliciclastic grains, argillaceous cutans and authigenic clay,
S-matrix, detrital matrix and argillaceous pseudomatrix. The habits, locations,
paragenetic relations, elemental and isotopic compositions of the diverse types of
siderites occurring in the succession are detailed in section 4.4 ahead.

Kaolinite (0-14 vol%, av.= 2%, Fig. 6E and 6F) occurs as booklets and as
lamellar crystals replacing muscovite, biotite, feldspars, argillaceous cutans, S-matrix
and soil intraclasts, and rarely filling intergranular pores. Kaolinized micas display
expanded textures. Kaolinite occurs in all types of rocks, but it is more abundant in
the siliciclastic rocks.

Argillaceous pseudomatrix (0-16 vol%, av.= 1%, Fig. 8A) derived from the
compaction of argillaceous mud intraclasts, soils intraclast and argillaceous peloids
occurs only in siliciclastic rocks. Carbonate pseudomatrix (0-35 vol%, av.= 2%)
derived from the compaction of carbonate intraclasts occurs only in hybrid rocks (Fig.
8B).

Pyrite (0-17 vol%, av.= 2%, Fig. 8C and 8D) occurs generally as
macrocrystalline and framboidal habits, replacing intergranular constituents (micritic,

marly and siliciclastic matrix, carbonate pseudomatrix and rarely MIC, detritalquartz,
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siderite, carbonaceous fragments, biotite and muscovite. Framboidal pyrite
commonly replaces and fills intraparticle pores in bioclasts (e.g. benthonic
foraminifers, bryozoans and echinoids). Rarely, pyrite fills primary intergranular, and
shrinkage pores.

Other minor diagenetic constituents are diagenetic titanium minerals and quartz
overgrowths. Diagenetic titanium minerals (0-1 vol%, av.= <1%, Fig. 8E) occur as
prismatic and microcrystalline crystals, filling intergranular pores and replacing biotite,
rutile, MIC, Matrix-S and detrital matrix. Rare and thin quartz overgrowths cover
discontinuously quartz grains (0-2 vol%, av.= <1%, Fig. 8F). Jarosite occur as
microcrystalline crystals replacing framboidal pyrite and detrital argillaceous matrix in
63.00 m. Authigenic smectite occurs only in 9.20 m sample, replacing detrital
matrix, distinguished by its low birefringence and brown colour in PPL and identified

by DRX analysis.

4.3. Porosity and Compaction

Compaction is limited to mechanical features in the studied samples, as
evidenced by fracturing of rigid grains, bending of mica grains and formation of
pseudomatrix by deformation of intraclasts. In general, the siliciclastic samples
present a loose packing due the effects of pedogenesis.

Primary intergranular porosity is partially and heterogeneously preserved (0-22
vol%, av.= 5%, Fig. 9A). Shrinkage porosity (0-13 vol%, av.= 4%, Fig. 9B) occurs in
argillaceous cutans, carbonate matrix, S-matrix, argillaceous pseudomatrix and soll
intraclasts. Partial dissolution of quartz, orthoclase and microcline (Fig. 9C) is
common (0-5 vol%, av.= 1%). Matrix-S, argillaceous cutans, argillaceous
pseudomatrix, argillaceous ooids and carbonaceous fragment are rarely dissolved (0O-
5 vol%, av.= 0.6%). Grain fractures (0-6 vol%, av.= 1%, Fig. 9D) generally occur in

guartz and feldspar (mainly microcline).

4.4. Chemical and isotopic composition of siderites

The siderites in analyzed samples show a heterogeneous range in major
elemental composition, from almost pure FeCOs to types with substantial Fe
substitution by Ca and Mg (Fig. 10). Minor amounts of Si and Al detected in the EDS

are due to clay minerals and detrital grains engulfed and replaced by the siderite.
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Siderites were separated in four distinct groups integrating their petrographic
attributes, elemental and isotopic composition, and host type sediment.

Group 1 is represented by spherulitic, locally macrocrystalline and blocky
siderite crystals, replacing biotite, quartz, muscovite, detrital argillaceous matrix, S-
matrix and marly matrix. They are commonly oxidized, showing a distinctive red to
brown colour. This group is represented by nearly pure siderites, with average
composition 94.69%FeCOs; 1.19%MgCOs3; 2.27%CaCOs; 1.85%MnCOs, relatively
enriched in MnCOs (until 4 mol%) and with low to no substitution by Ca and Mg in
09.20 m (Fig. 7E, 11A); 48.70 m; 104.00 m; 109.60 m; 114.30 m (Fig. 7C, 11B)
samples. The 6'3C vpab values from group 1 siderites are -12.68, -5.61, -5.22, -4.33%o
and 5'80vpdb values are -10.28, -9.74, -7.25 and -5.57 %o. Siderites are common in
siliciclastic affected by pedogenetic processes and in carbonate rocks.

Three distinct compositional growth zones are possible to identify in the siderites
from the 9.20 m sample (Fig. 7E, 11A). A reddish core rich in Si and Al (engulfed and
replaced siliciclastic nucleus), is covered by Fe-rich zone with a slight enrichment in
Ca (average composition 86.28%FeCOs; 3.59%MgCOs; 8.31%CaCOs;
1.82%MnCOs3), and a thin outer zone of pistomesite, a magnesian variety of siderite,
due their enrichment in MgCOs (average composition 57.35%FeCOs3; 31.11%MgCOs3;
10.81%CaCOs; 0.73%MnCOs3).

Group 2 corresponds to rhombohedral siderites from 32.70 m (Fig. 7A, 11C),
which replace marly matrix and biotite, only in carbonate rocks. These siderites are
zoned, with reddish cores (average composition: 78.51%FeCOs3; 4.22%MgCOs;
15.72%CaCOs; 1.56%MnCO3) and edges with slightly more Ca and Mg substitution
(average composition 74.06%FeCOs3; 9.19%MgCOs; 15.63%CaCOs; 1.12%MnCOs3).
The 5*3Cypdb and 5*8Ovpdb values are +0.17%o0 and -1.96%o respectively.

Group 3 is represented by irregular spherulitic siderites with moderate Ca and Mg
substitution (average composition 80.16%FeCOs3; 7.91%MgCOs3; 11.34%CaCOs;
0.59%MnCO3), occurring in samples at 41.50 m, 43.20 m (Fig. 7D, 11D and 11E)
and 78.50 m, only in siliciclastic rocks, especially those affected by pedogenetic
processes. These siderites replace S-matrix, muscovite, quartz, and argillaceous
ooids and rarely fill intergranular pores. The isotopic values are 3*3Cypdb -10.41; -8.87
and -5.15%o and 3*0vpdb -5.96; -6.76 and -7.61%eo.

Group 4 is represented by microcrystalline pistomesites that occurs along the
cleavages of expanded biotite (Fig. 7B, 11F). Sometimes it is replaced by pyrite,
forming pseudomorphs. These magnesian siderites are represented by the 58.00 m
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sample, with average composition 57.31%FeCO3s; 31.40%MgCOs3; 9.58%CaCOs;
1.71%MnCOs. The isotopic values are 33Cvpab +1.43%0 and 5®Ovpdb -14.09%o.
Microcrystalline crystals replacing argillaceous intraclast were not analyzed, because
they could have been formed in previous sedimentary cycles, not corresponding to
the chemistry in situ of porewaters.

The values of 3*3Cvpab and 3*8Ovpab of all siderites studied are listed in Table 1 and

are plotted in Fig. 12.

5. Discussion

5.1. Overall diagenetic evolution

The observed diagenetic alterations occurred during eodiagenesis, near the
surface, when the chemistry of the interstitial waters was controlled mainly by the
depositional environment (Choquette and Pray, 1970; Worden and Burley, 2003).

Pedogenetic processes acted immediately after the deposition of the fluvial
and deltaic deposits, mainly in floodplain areas. The illuviation process, observed in
almost all siliciclastic deposits studied, represents a transportation of clay within the
different soil horizons (Lepsch, 2011). The conspicuous cutans were formed where
clays in suspension, infiltrating through the vadose zone, covered grains and other
substrates in the paleosols (Andreis, 1981). This process is equivalent to the
mechanical infiltration of clays observed in several continental successions (Moraes
and De Ros, 1990; 1992). Another process of secondary introduction of clays in the
studied deposits was concentration from colloidal suspension as matrix-S (Brewer,
1964).

Pedogenetic clays (kaolinite) were formed by the alteration and replacement of
other silicate minerals such as feldspar and micas in tropical soil where leaching is
intensive (Worden and Burley, 2003; Tucker, 2009). Moreover, there is a precipitation
of ferrous oxides and hydroxides as the latest products of weathering, related to
dissolution of ferromagnesian primary minerals, as biotite. Iron oxides act as
pigments that coat detrital grains, form halos around ferromagnesian minerals,
pervade and stain clay matrix. The detrital original composition was strongly modified
by these processes, thus a provenance evaluation (cf. Dickinson, 1985) is not

possible.
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Compaction of soft grains (argillaceous and carbonate intraclasts) by
pseudoplastic deformation at shallow depths, producing pseudomatrix (Geslin, 1994;
Morad et al., 2010) is a process mainly common in the hybrid and carbonate rocks.

Smectite authigenesis is related to high activity of K*, Mg?*, Na* and Ca?* in
the porewaters due the volume of meteoric water is strongly limited under semi-arid
to arid climatic conditions and inefficient ions removal (Dutta and Suttner, 1986,
Ketzer et al., 2003). This clay mineral occurs only in the top of section indicating a
change from humid to semi-arid climate conditions.

Kaolinite authigenesis occurred before significant compaction, as indicated by
the expanded texture of kaolinized micas (Ketzer et al., 2003; Worden and Morad,
2003: Morad et al., 2010). Likewise, the booklets and lamellar aggregates of kaolinite
that replaced feldspars, micas, matrix-S and argillaceous cutans were formed in
shallow eodiagenetic conditions, under humid climatic conditions by the action of low-
pH groundwaters on detrital aluminosilicate minerals (Emery et al. 1990; Worden and
Morad, 2003).

The siderite origin is related to reducing conditions produced by degradation of
organic matter by different groups of bacteria during early diagenesis (Berner, 1981,
Curtis, 1987). Their timing and significance to the deposition of the Paraiba do Sul
Deltaic Complex are contemplated in the next section.

Framboidal pyrite aggregates are interpreted as a result from the microbial
reduction of detrital ferric iron and dissolved sulphate (Love, 1967, Berner, 1981,
Coleman et al., 1993). Framboidal pyrite was commonly altered to goethite/limonite
on weathering conditions.

Quartz origin is related to the dissolution of feldspars providing silica, as well
as the mineral transformations feldspar to kaolinite (Worden and Morad, 2000;
Tucker, 2009). Quartz authigenesis is likely to be a kinetically controlled process
such that small amounts may develop slowly even at low temperatures (Worden and
Morad, 2000). The formation of diagenetic titanium minerals occurred due to the

alteration of detrital heavy minerals and biotite (Morad et al., 1994).

5.2. Environmental implications of siderite geochemistry

The dominant elemental composition of the siderites from the Paraiba do Sul
Deltaic Complex is similar to the ones formed under meteoric water influence

(Mozley, 1989) represented by high FeCOs mol% and low substitution by Ca and
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Mg*2. Group 1 better represents this tendency. However, siderites from groups 2, 3
and 4 show a significant substitution by Ca and Mg indicating that there was a strong
contribution of mixture of marine waters during their precipitation (Pye, 1984, Mozley,
1989). Thereby, the significance of these compositional changes will be discussed
separately in each siderite group.

The recognition and characterization of significant small-scale zonation within
the siderite are important to the interpretation of the geochemical data (Mozley and
Carothers, 1992). Center-to-margin compositional zonation has been noted in
concretionary siderites from a variety of sedimentary rocks (Curtis et al., 1986;
Mozley, 1989; Mozley and Hoernle, 1990; Mozley and Carothers, 1992; Huggett et
al., 2000). Compositional zonation of spherulitic siderites at 9.20 m (Group 1)
represents the change of chemistry of porewaters during the siderite precipitation.
Relative intensity variation of cations clearly demonstrates that the Mg/Fe ratios
increase from the center toward the edge. The reason of this is that the precipitation
of Fe-rich minerals can decrease the Fe/Mg ratio of porewaters through the selective
removal of Fe*? from the system and it is not associated with a marine origin of
porewaters (Curtis and Coleman, 1986). The source of Fe for the precipitation of
siderite was the dissolution of authigenic smectite and detrital biotite.

The high values of FeCOs and MnCOs of group 1 siderites are consistent with
precipitation from freshwaters, which typically show MnCOs higher than 2 mol% (cf.
Mozley, 1989). These siderites were probably formed in the zone of microbial Fe
reduction with low concentration of sulphide (suboxic, Froelich et al., 1979; Berner,
1981). In the 104.00 m, there is a zonation represented by a nucleus with lower Fe
than edges (Fig. 13). The reason of this change is associated with posterior oxidation
due the long exposition of the core to contact with air, forming microcrystalline
hematite (Berner, 1971, Pye et al., 1990; Coleman et al., 1993). Another product of
these conditions is the hydration and oxidation of pyrite, forming jarosite
(KFes*3(S04)2(OH)e), as demonstrated in Fig. 14.

Siderites at 9.20, 104.00, 109.60 and 114.60 m occur typically at the tops of
fining upward sandstone-siltstone/mudstone cycles in a fluvial system, where more
organic matter is available to bacterial degradation (Pearson, 1979, Postma, 1982
and Browne and Kingston, 1993). While siderites from 48.70 m occur in coastal
deposits with little marine influence, due their high values FeCOs typical of meteoric

porewaters origin.
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The 3'80vpdb values from group 1 siderites (-10.28, -9.74, -7.25 and -5.57 %o)
are indicative of precipitation from*®QO-depleted porewaters (Ufnar et al., 2004), with
strong meteoric influence. Negative 3*3Cypab values (-12.68, -5.61, -5.22, -4.33%o) are
typical for porewaters in which dissolved carbon is derived from alteration of organic
matter under suboxic conditions (McArthur et al., 1986).

Group 2 siderites with extensive Ca and Mg substitutions and with relative
high values of d3Cupdb (+0.17%0) and d8Ovpdb (-1.96%0) indicate that siderites were
precipitated from marine porewaters (Irwin et al., 1977, Berner, 1981; Coleman,
1993). Higher positive carbon values in marine siderites are diagnostic of
precipitation in the methanogenic zone (Gautier, 1982; Curtis and Coleman, 1986;
Mozley and Wersin, 1992). In contrast, the framboidal pyrite replaces siderite
rhombs, indicating that siderites formed in suboxic conditions (Froelich et al., 1979;
Berner, 1981). However, both modern and ancient organic-rich marine sediments
contain solid iron sulphide in excess of that initially present in the deposited sediment
(Goldhaber and Kaplan, 1980). This excess seems to arise from two processes,
which occur associated in these deposits: (1) bioturbation in the overlying aerobic
zone, and (2) molecular diffusion. In Figure 14 it is possible to identify pyrite
associated in bioturbated zones.

The extensive Ca and Mg substitutions of Group 3 siderites indicate
precipitation from brackish porewaters, with significant contribution of seawater (Pye,
1984; Mozley, 1989; Mozley and Carothers, 1992). Oxygen isotopic ratio from
siderites from 41.40; 43.20 and 78.50 m (3®Ovpdb=-6.76;-5.96 and -7.61%o,
respectively) associated with Ca and Mg substitution indicate mixture of fresh and
marine waters (Postma, 1982). Their carbon isotopic ratio (3'*Cuvpdb= -5.15; -10.41
and -8.87%o respectively) indicated siderites formed in suboxic zone of iron reduction.
Deltaic environment defined for this interval has abundant carbonate concretions
because of availability of organic matter in the sediments for reactions involving
microorganisms (Curtis and Coleman, 1986), as presented by spherulites of the
43.20 m sample. Argillaceous ooids and biotite were the source of Fe for the
siderites. These data, jointly with marine overlapping these delta deposits, reflect a
sea level rise, probably associated with the 120 Ky transgression (Martin et al.,
1984).

Group 4 siderites, represented by 58.00 m sample, show wide substitution of
Fe by Mg. This data associated with petrographic data and 3'3Cupdb (+1.43%0) and
0®0wpdb (-14.09%0) values indicate that these siderites were formed in brackish
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porewaters in a suboxic zone. Microcrystalline pyrites replace partially, sometimes
totally, siderite rhombs (Fig. 15). The pyrite presence in suboxic conditions is
explained by incorporating of sulphide after deposition by bioturbation action
(Gautier, 1985). Source of Fe for these siderites was the biotite that was replaced

and expanded by kaolinite.

6. Conclusions

1. Petrographic examination of deposits from the Paraiba do Sul Deltaic
Complex allow to identify three compositional rock types (siliciclastic,
hybrid and carbonate) based on the relative proportion of total carbonate
intrabasinal coeval constituents (TClic), total non-carbonate extrabasinal
non-coeval constituents (TNCEnc) and total non-carbonate intrabasinal
coeval constituents (TNCIc).

2. Pedogenetic processes which acted immediately after the deposition of the
fluvial deposits, included clay illuviation, bioturbation by plants, dissolution
of feldspar and iron oxide/hydroxide precipitation that altered their
depositional fabric of these sediments.

3. The diagenetic alterations observed in the sediments occurred in
eodiagenetic phase, dominated by authigenesis of siderite and pyrite.
Different siderite habits, host type sediments and paragenetic relations
associated with elemental and stable isotopic data helped to understand
the composition and evolution of porewaters. Other diagenetic products
are kaolinite, smectite, argillaceous and carbonate pseudomatrix, quartz
overgrowths, diagenetic titanium minerals, jarosite and iron
oxides/hydroxides.

4. Siderites from the Paraiba do Sul Deltaic Complex were precipitated under
suboxic conditions, with different porewater composition. The
compositional zonation observed in group 1 siderites is related to selective
removal of Fe?* from the system to precipitation of authigenic minerals
promoting the depletion of Fe?*/Mg?* ratio of porewater. Siderites from this
group are precipitated from meteoric porewaters in continental siliciclastic
rocks. Siderites rhombs of group 2 show Ca and Mg substitution, 3'3C =
+0.17%0 and 30 = -1.96%. were precipitated from marine porewaters in

packstones/wackestones. Group 3 and 4 siderites were formed from
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brackish porewaters in hybrid and siliciclastic rocks. Group 4 siderites are
Mg-rich (pistomesite).

5. The variations in elemental and isotopic composition of early siderite are
related to the Paraiba do Sul River dynamics, sea level changes and
climatic variations. These factors determine the amount of siliciclastic input
(rate of sediments accumulation), preservation and quantity of organic

matter, and porewaters composition.
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9. Table

Table 1. Major elemental and stable carbon and oxygen isotope composition of analyzed siderites.

Level FeCOs (moI %) MgCOs3 (mol %) CaCOs3 (mol %) MnCOs (mol %) 8580smow | 00pps | 8%Crps
9.20 - 9.30 S'de”tea\fgﬁgg‘ea' edge | |\ _3 57.34 31.11 10.81 073
Range 52.25 - 66.93 19.76 - 37.60 9.27 - 12.42 0.41-0.89
S'de”tgv‘;‘?gggl edge | |\ _ 13 86.28 3.59 8.31 1.82
Range 59.80 - 92.56 0.00 - 28.69 5.20 - 13.99 0.88 - 2.80
Overall 20.87 -9.74 -4.33
32.70 Siderite edge average | n=4 74.06 9.19 15.63 1.12
Range 71.86 - 76.08 8.32 - 10.62 14.47 - 16.63 1.00 - 1.25
Siderite core average | n=4 78.51 4.22 15.72 1.56
Range 77.57 - 80.96 3.21-6.38 13.97 - 16.70 1.10-1.86
Overall 28.89 -1.96 0.17
41.40 - 41.50 Siderite average n==6 87.61 5.42 6.73 0.24 23.94 -6.76 -5.15
Range 83.08 - 91.97 1.32-7.59 5.32-8.57 0.05-0.44
43.20 - 43.40 Siderite average n=22 80.36 8.61 10.68 0.36 24.76 -5.96 -10.44
Range 73.65 - 96.40 1.02-12.72 2.58-15.54 0.00- 1.53
48.70 - 48.85 Siderite average n=10 92.56 2.17 4.27 1.00 25.17 -5.57 -5.22
Range 85.16 - 95.95 0.68 - 4.58 1.97-11.40 0.18-2.91
58.00 Siderite average n=12 57.32 31.34 9.83 1.51 16.38 -14.09 1.43
Range 52.53 - 64.31 22.12-41.30 4.57 - 18.49 0.87 -2.64
78.50 Siderite average n=16 77.09 7.88 13.98 1.05 23.07 -7.61 -8.87
Range 72.12 - 84.93 2.53-11.37 7.22 - 17.69 0.19-5.77
104.00 Siderite average n=22 96.71 1.18 0.54 1.58 20.31 -10.28 -5.61
Range 94.84 - 98.50 0.22 - 1.80 0.10-1.88 0.88 - 3.04
109.60 Siderite average n=13 96.64 1.34 0.57 1.45 23.43 -7.25 -12.68
Range 95.24 - 97.27 0.97 - 2.02 0.42-0.72 1.05 - 2.05
114.30 Siderite average n=14 96.57 0.11 0.12 3.21
Range 94.53 - 98.18 0.00-0.33 0.00-0.20 1.16 - 5.18
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10. Figures
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Figure 1. Geomorphological map of the Paraiba do Sul Deltaic Complex (in coastal
Rio de Janeiro State, eastern Brazil), showing the location of the UFRJ 2-MU-1-RJ
Well, where RJ= Rio de Janeiro State, ES= Espirito Santo State and MG= Minas
Gerais State (modified from CPRM, 2001).



UFRJ 2-MU-1-RJ Cores

w
Z
['4
09 < -
B X
) N
S 2-;;- _
x —
20 - ;fé —
<§> —
<] —
©, —
w04 Y 8 =
z X -
s 8 -
] -
60 - % =
:bz =
1O ]
- -+ ? =
e —
[0 —
3z %07 -
E
< =
o
()
a
o -
O
O 1004
1204 w -
Z —_
4
<
=
z
(@]
=z
1404
160 - =
180 — =
200 - -

Figure 2. Schematic description of the deposits
Modified from Plantz (2014).
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in the UFRJ 2-MU-1-RJ well cores.
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TClc: Carbonate bioclasts and other allochems, micritic and marly matrix
TNCEnc: Siliciclastic grains
TNClc: Argillaceous and mud intraclasts and other grains
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Figure 3. Compositional diagrams. (A) First-order compositional plot of types of
sedimentary rocks studied. (B) Present essential primary composition of siliciclastic
and hybrid rocks plotted on Folk (1968) diagram, where Q: quartz; F: feldspars, L:
rock fragments.
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Figure 4. Main textural, structural and fabric aspects of analyzed samples. (A) Very
fine-grained hybrid arenite, with abundant carbonate pseudomatrix in intergranular
pores (plane polarized light, PPL, depth 14.10 m). (B) Medium sandstone, poorly
sorted and massive, with gefuric distribution c/f (crossed polarized light, XPL, depth
157.15 m). (C) Fine-grained, slightly conglomeratic sandstone, with grain-size
lamination (bivalve bioclasts and detrital quartz), PPL, depth 19.45 m. (D) Plant
bioturbation in fine sandstone, PPL, depth 46.30 m. (E) Coarse-grained, poorly
sorted sandstone, parallel grain size lamination with argillaceous pseudomatrix filling
intergranular pores, PPL, depth 66.10 m. (F) Bioclastic packstone with foraminifer,

echinoid and bivalve fragments, XPL, depth 36.05 m.
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Figure 5. Main aspects of textures and structure of paleosols. Gefuric (A) and
porphyric (B) fabrics, depths 95.05 m and 107.35 m respectively. Illuviation cutans
(C) and (D), depth 118.80 m respectively. (E) Glaebules as segregates nodules in S-
matrix, depth 190.55 m. (F) Compacted illuviation cutans, replaced by
microcrystalline ferrous oxides/hydroxides, depth 95.05 m. Photomicrographs (A),
(C), (D) and (E) are taken with crossed polarized light (XPL) and (B) and (F) with
plane polarized light polarizers (PPL).
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Figure 6. Photomicrographs of pedogenetic and diagenetic constituents. (A) Multiple
argillaceous cutans covering primary constituents, with shrinkage features, XPL,
depth 169.60 m. (B) Pendular, multiple illuviation cutans showing shrinkage cracks,
PPL, depth 86.80 m. (C) Abundant, homogeneous S-matrix, XPL, depth 110.20 m.
(D) Iron oxides/hydroxides replacing S-matrix, PPL, depth 105.00 m. (E) Vermicular
kaolinite replacing argillaceous pseudomatrix. XPL, depth 74.70 m. (F) Muscovite

expanded and replaced by lamellar kaolinite, XPL, depth 169.60 m.
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Figure 7. Photomicrographs of siderite habits. (A) Small rhombohedral siderite
crystals, XPL, depth 32.70 m. (B) Microcrystalline siderite crystals in kaolinized and
expanded biotite, XPL, depth 58.00 m. (C) Irregular aggregates of macrocrystalline to
radial crystals with typical carbonate cleavage, XPL, depth 114.30 m. (D) Large
spherulite, displacing and engulfing quartz grains, XPL, depth 43.20 m. (E) Small
spherulitic siderite; replacing detrital and authigenic smectite, PPL, depth 09.20 m.
(F) Irregular spherulitic siderite within intragranular pores in expanded biotite, partially

replaced by microcrystalline pyrite, PPL, depth 80.90 m.
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Figure 8. Photomicrographs of diagenetic constituents. (A) Argillaceous intraclast
compacted into pseudomatrix. Spherulitic siderite expanding mica, PPL, depth 80.90
m. (B) Carbonate intraclasts compacted into pseudomatrix, PPL, depth 14.10 m. (C)
Framboidal pyrite replacing carbonate pseudomatrix and carbonaceous fragments,
PPL, depth 23.45 m. (D) Pyrite and siderite replacing S-matrix, PPL, depth 179.10 m.
(E) Diagenetic titanium minerals replacing biotite, PPL, depth159.60 m. (F)
Discontinuous quartz overgrowths, XPL, depth 163.50 m.
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Figure 9. Main pore types. All photomicrographs with parallel polarized light (PPL).
(A) Primary interparticle porosity preserved in hybrid sandstone, depth 29.90 m. (B)
Shrinkage porosity in argillaceous cutans, depth 111.75 m. (C) Intragranular pores in
dissolved microcline and shrinkage porosity in argillaceous cutans, depth 86.80 m.
(D) Fracture porosity in detrital quartz and intergranular pores, depth 74.70 m.
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Figure 10. Major elemental composition (from EDS analysis) of siderites from the
Paraiba do Sul Deltaic Complex, plotted as relative mole percentages of: (A) FeCOs-
CaCO03-MgCOs; (B) MNnCO3-CaCO3-MgCOs.
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Figure 11. Scanning electron microscopy images of siderites representative of each
identified compositional group. (A) Backscattered electrons (BSE) image of
spherulitic siderite of group 1, showing three distinct compositional zones: an
aluminous core of replaced siliciclastic nucleus (1), a Ca enriched zone (2) and a thin
outer zone enriched in Mg (3). (B) BSE image of homogeneously Fe-rich
macrocrystalline siderite of group 1. (C) BSE image of group 2, showing small
rhombs with an iron-rich core and edges with a extensive Ca and Mg substitution. (D)
BSE image of compositionally homogeneous siderite spherulite, with a relatively wide
Ca and Mg substitution, engulfing and replacing siliciclast grains, group 3. (D)
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Secondary electrons (SE) image from concretionary siderite of group 3, engulfing

siliciclastic grains. (E) Microcrystalline siderite filling intragranular pore in expanded

biotite, group 4.
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Figure 12. Plot of 5'3Cvrps versus d'®Ovpps values for authigenic siderites from the

Paraiba do Sul Deltaic Complex.
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Figure 13. Marginal oxidation of spherulitic concretionary siderite due to prolonged
core exposition to air contact, (A) in optical photomicrograph, PPL, depth 104.00 m

and (B) in BSE image.

Figure 14. (A) and (B) present bioturbated zones with pyrite, indicated incorporation
of sulfur after deposition. In areas not bioturbated, it was identified only siderite, PPL,
depth 63.00. Microcrystalline crystals of jarosite are a product of pyrite oxidation due

prolonged core exposition.
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Figure 15. BSE images (A) and (B) show microcrystalline Mg-rich siderites replaced
by pyrite, forming pseudomorphs at depth 58.00 m.
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8. ANEXOS (CD-ROM)

1) Tabela de resultados de petrografia quantitativa e descri¢coes individuais

2) Documentacao fotomicrografica

3) Resultados das analises de microscopia de elétrons retroespalhados (BSE) e de
espectrometria de energia dispersada (EDS)

4) Resultados de andlises de difracao de raios-X nos argilominerais

5) Resumos enviados ao 47° Congresso Brasileiro de Geologia.



