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Resumo
O Paleoceno caracteriza-se por um intervalo que sucede o evento de extingdo em massa
do K/Pg, o qual afetou diversos grupos fosseis. Seu estudo, portanto, revela ndo apenas
padrdes sequenciais de radiacdo evolutiva como processos relacionados a complexa
recuperagdo dos ecossistemas marinhos. Devido a suas caracteristicas ecoldgicas os
foraminiferos planctonicos sdo uma importante ferramenta paleoceanografica para a
compreensdo da evolugdo fisico-quimica dos sistemas pelagicos, bem como da evolugdo
do grupo ao longo do Paleoceno. Neste contexto, este trabalho objetiva a caracterizagao
bioestratigrafica e paleoecologica com base em foraminiferos planctonicos
paledgenos do testemunho DSDP Site 356 (Leg 39), localizado no Atlantico Sul

ocidental.

Palavras chave: Foraminiferos planctonicos, Paleoceno, Bioestratigrafia, Paleoecologia.



Abstract

The Paleocene is characterized by an interval that succeeds the K-Pg mass extinction
event which affected several fossil groups. In its study reveals not only a sequential
pattern of evolutionary radiation but also processes related to the complex recovery of
marine ecosystems. Due to their ecological characteristics the planktonic foraminifera
are an important paleoceanographic tool for the understanding of the physicochemical
evolution of marine pelagic systems as well as the evolution of the group along the
Paleocene. In this context, this paper aims to conduct a biostratigraphic and
paleoecological analysis based on Paleogene planktonic foraminifera assemblages

(Danian/Seladriano) from the DSDP Site 356 (Leg 39) drilled in the western South

Atlantic.

Key words: Planktonic foraminifera, Paleocene, Bioestratigraphy, Paleoecology.
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1. INTRODUCAO

Os foraminiferos sdo organismos protistas (eucariontes), que podem ter habito
de vida bentonico, vivendo na interface agua/sedimento (epifaunais), nos primeiros
centimetros de sedimentos (infaunais), ou planctonico, que habitam a coluna d’agua
(Loeblich & Tappan 1988, Sen Gupta 1999, Molina 2004). Os foraminiferos
planctonicos sdo exclusivamente marinhos (zoopldncton) e secretam uma carapaga
calcaria facilmente preservada nos sedimentos, tendo sua ocorréncia controlada por
condi¢des ecoldgicas, tais como: temperatura, salinidade, profundidade da lamina
d’4gua, nutrientes e teor de CaCO; (Boltovskoy & Wright 1976, Hemleben et al. 1989,
Sen Gupta 1999). Os foraminiferos planctonicos sdo heterotroficos, que consomem
tanto protistas autotroficos e heterotroficos, pequenos metazoarios e detritos organicos
(Hemleben et al. 1989). Ao mesmo tempo, algumas formas possuem simbiontes
fotossintéticos como forma de complementar a alimentagdo (Molina 2004). Sua alta
taxa de especiacdo, ao longo do tempo geoldgico, faz dos foraminiferos planctonicos
um dos grupos fosseis mais estudados em sucessoes sedimentares marinhas (Armstrong
& Brasier 2005). Devido a estas caracteristicas, os foraminiferos planctonicos sao de
grande  importancia para estudos paleoceanograficos, paleoecologicos e
bioestragraficos, servindo como excelente ferramenta na datacdo de estratos

sedimentares (Molina 2004, Boudagher-Fadel 2012).

O Paleoceno (entre 66,04 Ma e 56 Ma.; Gradstein et al. 2012) caracteriza-se
por apresentar condigdes paleoceanograficas consideradas estdveis e quentes
(Oberhdnsli & Hsii 1986). A tendéncia climatica global entre o Neocreticeo
(Maastrichtiano) e o Eoeoceno (“Eocene Climatic Optimum”) assinalam temperaturas

mais elevadas, bem como um baixo gradiente latitudinal de temperatura, decorrentes da



condicao climatica greenhouse, dominante neste periodo. Sobreposta a esta tendéncia,
varios eventos paleoclimaticos de curta duracdo sdo observados em diferentes
configuracdes paleogeograficas, designados eventos hipertermais (Quillévéré et al.
2008, Vandenberghe et al. 2012). Além disso, este periodo é caracterizado por uma
extingdo em massa na sua porcdo inferior, limite Cretaceo/Paledgeno (K/Pg), que
culminou com o desaparecimento de aproximadamente 81% da biota global (Ogg et al.
2008), estando entre as cinco maiores extingdes do planeta (Vandenberghe et al. 2012).
Este evento afetou significativamente os padrdes fisico-quimicos e biologicos dos
oceanos, com profundas alteracdes no ciclo do carbono marinho apds o K/Pg (D'Hondt
2005), cujos efeitos principais foram : (i) uma queda no teor e acumulagdo de carbonato
de célcio nos sedimentos marinho; (ii) colapso entre as dguas superficiais e profundas,

com impacto no gradiente isotopico de carbono (3"°C).

No limite K/Pg, o ecossistema marinho foi seriamente afetado, marcado no
registro fossil pela extingdo de mais que 50% dos géneros em ambientes pelagicos
(Sepkoski 1996, D'Hondt 2005). Durante o intervalo ocorreu a reducdo de
aproximadamente 90% da diversidade de espécies de foraminiferos planctonicos, das
quais sobreviveram, somente aquelas com caracteristicas oportunistas (estrategistas-r)
e/ou comuns de ambientes de altas latitudes (Bown 2005). A diversidade da fauna de
foraminiferos planctonicos, anterior a este evento, foi de aproximadamente 50 espécies,
que incluiram géneros de tamanho grande e ornamentados, como: Contusotruncana,
Racemiguembelina, Abathomphalus e Globotruncana (Caron 1985). Estes géneros
extintos sdo considerados formas especialistas (estrategista-K) no sistema pelagico
marinho (Molina 2015), estando por sua vez, relacionados a uma boa oxigenacdo da
coluna d’agua (coluna d’agua bem estratificada; em ordem de profundidade na zona de

mistura, termoclina e subtermoclina).



Apbs o limite K/Pg, somente cinco espécies de foraminiferos planctonicos
sobreviveram ao evento de extin¢cdo (Olsson ef al. 1999, Liu & Olsson 1992): (a) com
carapaga perfurada normal (macroperfurada; Aze et al. 2011, Birch et al. 2012),
representada pelas espécies Hedbergella holmdelensis ¢ H. monmouthensis; (b) com
carapaga microperfurada, representada pelas espécies Guembelitria cretacea,
Rectoguembelina cretacea e Zeauvigerina waiparaensis. As primeiras espécies que
surgiram na  base do Paleoceno s3o:  Paleoglobigerina  alticonusa,
Parvularugoglobigerina longiapertura, Parvularugoglobigerina eugubina, Woodrigina
claytonensis e Paleoglobigerina fodina. Estas espécies sdo amplamente distribuidas,
uma vez que a maoir parte pode ser encontrada na maioria das se¢des estudadas. Com
exce¢do da Wodrigina claytonensis, as demais foram extintas nas primeiras fases do

Paleoceno (Molina, 2015).

De acordo com Coxall et al. (2006), dois estagios de expansdao evolutiva dos
foraminiferos planctonicos sdo propostos, relacionados a reestruturagdo do ciclo do
carbono marinho: (i) uma répida fase que estabeleceu formas de carapaga simples e com
baixa diversidade; (ii) surgimento de espécies com quilha e murica (tipo de
ornamentacdo) na textura da carapaca (géneros: Morozovella, Acarinina e Igorina),
aproximadamente 4 Ma. apd6s o evento de extingdo, relacionado a presenca de
simbiontes fotossintéticos (Norris 1996). Os eventos de radiacdo evolutiva que sucedem
o K/Pg tem fundamental importancia para datagdo dos sedimentos marinhos, com ampla
aplicabilidade na bioestratigrafia. Estes bioeventos permitem subdividir o Paleoceno em
sete zonas (PO a P5) e em oito subzonas (Pla,b,c; P3a,b; P4a,b,c), de acordo com o

esquema zonal de Berggren et al. (1995).



O Paleoceno representa um intervalo de aproximadamente 10 Ma. que sucede
um evento de extingdo em massa, cujo estudo revela padrdes sequenciais de radiacao
evolutiva, sobrevivéncia, extingdo entre varios grupos fosseis, permitindo a
compreensdo do complexo processo de recuperagdo do ecossistema marinho,
amplamente afetado na extingdo do K/Pg Dada suas caracteristicas, os foraminiferos
planctonicos fornecem proxies para a compreensao da evolugdo fisico-quimica do
sistema pelagico marinho, nos estudos paleoceanograficos, bem como o entendimento

dos processos evolutivos envolvidos no Paleoceno.

No contexto da recuperacdo do ecossistema pelagico global e do grau de
complexidade dos parametros ambientais que influenciam a dindmica populacional da
biota de foraminiferos planctonicos (ex.: estruturacao da zona fotica e temperatura), este
trabalho visa contribuir na compreensdao dos eventos paleoceanograficos do Atlantico
Sul ocidental para o Paleoceno, tendo em vista o numero reduzido de trabalhos com

base em foraminiferos planctonicos (ex.: Koutsoukos 1996 e 2014) para a regido.

1. OBJETIVOS

Este estudo consiste na analise da assembleia de foraminiferos planctonicos
recuperados em um testemunho do DSDP (Deep Sea Drling Project), com o proposito
de identificar variagdes na diversidade e abundancia da biota, correlacionando-as com

possiveis flutuacdes nas condi¢des do sistema pelagico marinho.

Os principais objetivos propostos neste trabalho sdo:

(a) Realizar estudo biostratigrafico da secao estudada, tendo em vista a alta taxa

evolutiva dos foraminiferos planctonicos neste intervalo;



(b) Correlacionar eventos paleoceanograficos com base na frequéncia relativa
dos taxons, segundo grupos de afinidade ecolodgica estabelecida para o
Paleoceno, além das analises bioestatisticas, integrando-as com as discussoes
paleoecoldgicas e tendéncias evolutivas das biotas de foraminiferos

planctonicos.

2.  AREA DE ESTUDO

O testemunho analisado (Leg 39, Site 356) foi perfurado na por¢ao leste do Plato
de Sao Paulo (Lat.: 28°17.22°S; Long.: 41°05.28’ W), em uma profundidade de 3.175 m
(Figura 1). O Platd de Sao Paulo ¢ uma fei¢do fisiografica, cuja area e significancia
geologica lhe conferem importincia equivalente as demais provincias, apresentando
uma influéncia significativa na evolucdo estrutural e sedimentar da Bacia de Santos
(Freitas 2006). Esta feicdo estende-se desde o paralelo 20°S, na altura da Cadeia de
Vitéria-Trindade, até o paralelo 28°S, na por¢ao final da Bacia de Santos, que alcanga
uma largura de 500 km (Freitas 2006). O limite superior do Platdé de Sao Paulo situa-se
a profundidades que variam de 1.600 a 2.900 metros e sua borda externa, entre 3.000 e

3.300 metros profundidade (Alves 1999).

eoite 356




Figura 1. Reconstituicdo paleogeografica do Atlantico para o intervalo do K/Pg, com a localizagdo do
testemunho DSDP Site 356 (modificado de www.paleomap.scotesse.gov/eu).

O embasamento do platd ¢ constituido por crosta continental estirada, com intensa
intrusdo de material vulcanico. Sua evolucdo estd relacionada ao soerguimento crustal
de origem termal na margem sudoeste do Brasil, e posteriormente, aos esforcos
distensivos do rifte, ja no inicio da ruptura do Gowdwana (Macedo 1990). Kumar &
Gamboa (1979) e Meisling et al. (2001) sugerem a presenca de uma cadeia vulcanica
com direcdo SW-NE na porcao mais distal do plato, que corresponderia a uma falha na

cadeia meso-oceanica em um dominio de crosta continental estirada.

O registro sedimentar do Platd de Sdo Paulo pode ser dividido em sete unidades
litoestratigraficas, abrangendo as idades do Albiano ao Recente (Persch-Nielsen et al.
1977), observado com base no estudo do testemunho DSDP Leg 39 Site 356. Dada a
sua localizacao, a sedimentagao do Platdo de Sao Paulo em relagdo a Bacia de Santos,
possui evidente afinidade genética, tendo uma correlagdo direta com esta bacia. A
seqiiéncia cenozodica (Unidades 1 a 4) estudada no presente trabalho, ¢ constituida por
sedimentacdo carbonatica hemipelagica e por intercalagdes de argilitos e vazas de

radiolarios e diatomaceas (Persch-Nielsen et al. 1977).

3.  ARCABOUCO TEORICO

O Paleoceno, entre 66,04 Ma. e 56 Ma. (Gradstein et al. 2012), ¢ uma Era
caracterizada por uma extingdo em massa no seu limite inferior, que afetou
aproximadamente 81% da biota do planeta (Ogg et al. 2008). O intervalo de tempo que
sucede esta extingdo em massa evidencia uma ampla recuperacdo dos ecossistemas
globais. A recuperacdo quase continua do material recuperado e a excelente preservagao

das carapacas permitem a realizagdo de um estudo detalhado na compreensdo dos



bioeventos envolvidos durante o Paleoceno. A partir da interpretacdo paleoceologica,
baseada na composi¢cdo faunistica e na interpretagdo de dados bioestatisticos, este
trabalho propdem relacionar os eventos paleoceanograficos ocorridos na porgao
Ocidental do Atlantico Sul com as zonas reconhecidas, bem como fornecer uma revisao

e discussao bibliografica a cerca da se¢do analisada.

4.1 Taxonomia e radiacdes evolutivas

Levando em consideracdo a sistematica filogenética dos seres vivos, o0s
organismos podem ser classificados em trés grandes dominios: Bacteria, Archaea e
Eucarya, este Gltimo caracterizado por apresentar o nucleo celular separado por uma
membrana (eucariontes). Conceitualmente os foraminiferos sdo eucariontes, pertencem
ao Reino Protozoa, Filo Granuloreticulosa, Supergrupo Rhizaria, Classe Foraminifera
e Ordem Globigerinina (Olsson et al. 1999) o qual incluem os foraminiferos com habito
de vida planctonico (Fig. 2). No entanto os foraminiferos podem ser agrupados segundo
diferentes sistematicas encontradas na literatura com base em caracteres morfologicos
(Loeblich & Tappan 1988, Sem Gupta 1999, Olsson et al. 1999, Mikhalevich 2004,

Kaminski 2005) e com base em dados genéticos (Pawlowski ef al. 2013) (Tabela 1).

TABELA 1. Classificagdo dos foraminiferos (habito planctonicos) com base em diferentes autores.
Sistematica com base em critérios morfologicos (Loeblich & Tappan 1988, Sem Gupta 1999, Olsson et

al. 1999, Mikhalevich 2004, Kaminski 2005) e genéticos (Pawlowski ef al. 2013).

Loeblich & Sen Gupta Olsson et al. Mikhalevich Kaminski Pawlowski et al.
Tappan (1988) (1999) (1999) (2004) 2005) (2013)
Classe Classe
Foraminifera Globothalemea

Ordem Ordem Ordem Ordem Ordem Ordem

Foraminiferida Foraminifera Globigerinina Foraminifera Foraminifera Rotalia
Subordem Subordem Classes Subordem

Globigerinina Globigerinina Rotaliata Globigerinida

Globigerinana



Os foraminiferos planctonicos sdo onivoros se alimentando de diatomaceas,
algas, bactérias, particulas organicas ou larvas de metazodrios. Ao mesmo tempo,
algumas formas possuem simbiontes fotossintéticos como forma de complementar a
alimentacdo (Hemleben, et al, 1989). De forma aniloga com algas encontradas em
corais, ¢ outros invertebrados marinhos, a simbiose em foraminiferos planctonicos
fornece carbono orginico e nutriente para o acolhimento “em troca” de suporte
estrutural e protecdo. Em foraminiferos planctonicos modernos a fotossimbiose sdo
crisofilas e/ou dimoflagelados, e podem viver tanto no citoplasma ou entre os espinhos
risopodiais (Hemleben, et al., 1989). Fotossimbiose parece ser estreitamente
relacionado ao habitat como a maioria dos foraminiferos planctonicos com fotosimbiose
sdo encontrados em aguas superficiais oligotréficas, em regides tropicais e subtropicais.
Nessas regides, onde a disponibilidade de nutrientes muitas vezes limita produtividade,
a presen¢a de fotosimbiose pode incorrer em uma vantagem ecoldgica e / ou evolutiva
seletiva. Através da atividade fotossintética da simbionte, a maior parte do carbono
organico necessarios para o crescimento e respiragdo do hospedeiro ¢ fornecida e,
durante os periodos de escassez de alimentos, digestao dos simbiontes pode melhorar as

chances de sobrevivéncia (Hemleben, ef al., 1989).

A taxonomia, realizada com base nas caracteristicas morfologicas das carapacas
dos foraminiferos planctonicos (Figuras 3, 4 e 5), ¢ de fundamental importincia para a
interpretagdo quali-quantitativa dos dados gerados para o estudo destes organismos. A
identificacdo taxondmica apresentada no presente estudo, fundamenta-se no trabalho de

Olsson et al. (1999).

A taxonomia dos foraminiferos planctonicos do Paleoceno inferior ¢
problematica por diversas razoes (Pearson 1993). Primeiro, os individuos sao muito

pequenos e em sua maioria ndo especializados, cujo conjunto de caracteres que ajudam
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a delinear os taxa, ndo sdao abundantes. Segundo, dentro desta problematica, as
populacdes deste periodo parecem possuir uma plasticidade morfogenética incomum,
mais curta, fator que ndo se verifica nas linhagens posteriores ¢ que pode indicar a
ocorréncia de grupos que passaram por uma rapida radiagdo adaptativa. Um terceiro
ponto a ser considerado, que no limite K/Pg ¢ constatada com frequéncia a ocorréncia
de um gap estratigrafico ou uma variacdo litologica, sendo que as faunas possuem

geralmente baixa preservagdo e sdo aparentemente misturadas com as formas

retrabalhadas do Cretaceo.
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Figura 2. Consenso filogenético dos eucariontes (modificado de Baldauf 2008).

Olsson et al. (1999 e 1992) diferenciam os foraminiferos planctonicos em dois

grandes grupos: carapaca microperfurada (diametro do poro <1 pum) e perfurada normal



(diametro do poro entre 1 e 8 um), esta tltima também designada como macroperfurada
(ex.: Aze et al. 2011, Birch et al. 2012). Neste contexto, os foraminiferos planctonicos
do Paleoceno podem ser classificados em quatro grandes grupos: (1) microperfurados;
(2) perfurados normais com textura lisa; (3) perfurados normais com textura cancelada e

com espinhos; (4) perfurados normais com textura cancelada e sem espinhos.

A classificagdo taxondmica dos macroperfurados (perfurados normais) ¢€
realizada de acordo com a textura da parede da carapaca, normalmente agrupada em: (i)
cancelada com espinhos, incluindo os géneros FEoglobigerina, Parasubbotina e
Subbotina; (i1) cancelada (praemuricada) e sem espinhos, incluindo os géneros /gorina e
Praemurica; (i11) parede lisa, incluindo os géneros Hedbergella e Globanomalina; (1v)
textura muricada, incluindo os generos Acarinina € Morozovella. A classificagdo dos
taxons  microperfurados  inclui  os  géneros  Guembelitria,  Globoconusa,
Parvularugoglobigerina, ~Woodringina, Chiloguembelina, Rectoguembelina, ¢

Zeauvigerina.
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Figura 3. Esquema com textura e ornamentagdes da carapaca de foraminiferos planctonicos

macroperfurados ou perfurados normais, sem espinhos, pertencentes as familias Hedbergellidaea e
Truncorilaloididade. . 1a-¢: Globanomalina planocompressa (356-28-6,76-77.5;407,26m). d. detalhe
mostrando a textura lisa da carapaga, sem a presenca de espinhos. 2a-c: Praemurica nikolasi (356-29-1,
75-78; 409,25m). d: detalhe da textura da carapaga cancelada sem a presenca de espinho. 3a-c:

Praemurica taurica (356-28-6,76-77.5;407,26m). d: detalhe da textura cancelada sem espinho. 4a —c:
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Igorina albeari(356-23-5,68-70;357,68m). 5a —c: Morozovella velascoensis (356-23-6,359,36m). d:

detalhe mostrando a presenca de murica na carapaga, juntamente a sua periferia. 6a —c: Acarinina

strabocella (356-23-1,74-75.5;352,24m).

Figura 4. Esquema com textura e ornamentacdes da carapaca de foraminiferos planctonicos
macroperfurados ou perfurados normais, com presenca de espinhos, pertencentes a familia
Globigerinidae. 1a-c: Parasubbotina varioespira (356-22-4, 74-76; 347,24m). d: detalhe da textura
cancelada com presenga de espinho. e: detalhe na superficie cancelada, mostrando uma pequena
perfuracdo do espinho. 2a-c: Eoglobigerina edira (356-28-6, 76-77.5;407,26m).b: detalhe na textura da
carapaga mostrando a carapaga cancelada com espinhos. 3a-b. Subbotina trivialis (356-29-3, 25-27,;
411,75m).

Em relagdo a filogenia, sdo estabelecidas oito linhagens para os foraminiferos
planctonicos (Ordem Globigerinina) sendo, quatro para perfurados normal ou
macroperfuradas (Olsson et al. 1999) e quatro para microperfuradas (Liu & Olsson
1992). Para espécies macroperfuradas (Figura 6) sdo reconhecidas: (i) linhagem com
espinhos e textura cancelada, representada pelos géneros Eoglobigerina-Parasubbotina-

Subbotina (Familia Globigerinidae); (i1) linhagem sem espinhos e com textura

cancelada, representada pelos géneros Praemurica e Igorina (Familia
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Truncorotaloiddidae); (ii1) linhagem sem espinhos e com textura muricada,
representada por Acarinina € Morozovella (Familia Truncorotaloiddidae); (iv) linhagem
sem espinhos e com textura lisa, representada pelo género Globanomalina (Familia

Hedbergellidae).

Figura 5. Esquema com textura e ornamentagdes da carapaca de foraminiferos planctonicos

microperfurados, pertencentes as familias Guembelitriidae, Heterohelicidae e Chiloguembellinidae. 1a:
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Guembelitria cretacea (356-29-2,145-148; 411,45m). b: detalhe da textura lisa com a presenca de “pore
mounds”. 2a-c: Parvularugoglobigerina longiapertura (356-29-2, 145-148; 411,20m). d: detalhe da
textura da carapaca lisa a fracamente pustulosa. 3a —b: Globoconusa daudjergensis (356-29-2,95-97;
410,95m). c: detalhe mostrando a presenga de pustulas pontiagudas na superficie. 4a: Reactoguembelina
cretacea (356-26-3,76-78;383,76m). b. detalhe mostrando a textura lisada carapaca. 5a-b: Woodringina
hornerstownensis (356-28-6, 76-77.5; 407,56m). c. detalhe mostrando a textura lisa da carapaga; 6a-b:
Chiloguembelina midwayensis (356-27-2, 77-78.5; 391,77m). ¢. detalhe mostrando a textura lisa da
carapaca

Na linhagem contendo as espécies microperfuradas (Figura 7) sao reconhecidas:
(1) linhagem com textura lisa a fracamente pustulosa, representada pelos géneros
Guembelitria e Woodringina (Familia Guembelitriidae) e Chiloguembelina (Familia
Chiloguembeliniidae), das quais o género Guembelitria pode apresentar “pore mounds’;
(i1) linhagem com textura hispida e pustulas pontiagudas, trocoide a bilobada,
representada por Globoconusa (Familia Guembelitriidae); (iii) linhagem pustulosa a
lisa, representada pelo género Parvularugoglobigerina (Familia Guembelitriidae); (iv)
linhagem  Parvulagoglobigerina  alabamiensis  [inicialmente reportada como
Guembelitria por Liu & Olsson (1992)], derivada da espécie G. cretacea, com
desenvolvimento de uma carapaga trocoespiral, porém com pouca modificagdo na
textura da parede. A diferenciacio morfoldgica dos géneros Chiloguembelina
(Chiloguembelinidae) e Woodringina (Guembelitridae), nem sempre ¢ de facil
diagnose, onde a textura microperfurada, a abertura assimétrica e o eixo do enrolamento
“torcido” caracterizam o género Chiloguembelina. No entanto, a caracteristica que
distingue Chiloguembelina e Woodringina, ¢ dada pelo tipo de enrolmento: bisserial em
Chiloguembelina e inicialmente trisserial nas camaras iniciais, tornando-se bisserial nas
camaras finais do género Woodringina (Olsson et al., 1999). A familia Heterohelicidae,

representada pelos géneros Rectoguembelina e Zeauvigerina, caracteriza-se por
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apresentar textura pustulosa a lisa, com enrolamento das camaras bisserial a trisserial

(trocoide) e sobrevivente ao limite K/Pg.

GENERO  Acarinina Morozovella Globanomalina Hedb. Praemurica Igorina Parasubbotina Eoglobigerina Subbotina
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Figura 7. Relagdo filogenética dos foraminiferos planctonicos microperfurados do Paleoceno e sua
amplitude estratigrafica [modificado de Liu & Olsson (1992) e Olsson et al. (1999)]. Abreviagdes:

C.MO.: Caracteristicas Morfolédgicas; D.: Daniano: S.: Seladiano; T.: Tanetiano.

4.2 Bioestratigrafia do Paleoceno
As unidades bioestratigraficas sdo propostas, principalmente, com base no
surgimento (primeira ocorréncia), extingdo (Ultima ocorréncia), amplitude parcial e
amplitude total de um determinado tidxon. Cabe ressaltar que estes critérios sdo
empregados com sucesso em amostras de testemunhos e afloramentos, cujo método de
coleta torna nula a possibilidade de contamina¢do das amostras, uma vez tomados

rigorosamente os cuidados adequados no processo de preparacdo da amostra.

Esquemas zonais elaborados com foraminiferos planctonicos baseiam-se
essencialmente na afinidade paleobiogeografica das espécies, por sua vez, relacionada a
temperatura dos oceanos e/ou latitude. Para as se¢des do Paleoceno, existe uma extensa
gama de trabalhos consagrados que aplicam os esquemas zonais nas diversas bacias
sedimentares. Para baixas latitudes, podem ser enumerados os esquemas zonais de Bolli
& Premoli Silva (1973), Blow (1969 e 1979), Berggren & Van Couvering (1974),
Toumarkine & Luterbacher (1985), Berggren & Miller (1988), Berggren et al. (1995),
Berggren & Pearson (2005) e Wade et al. (2011), todos relacionados a fauna de zonas
Tropical/Subtropical. Jenkins (1985) faz relacdo aos esquemas zonais aplicados em
latitudes maiores que 30° (Hemisfério Sul), correlacionando a fauna de foraminiferos

planctonicos com aquelas de zonas Subpolares e Polares (altas latitudes).

Os trabalhos de Berggren et al. (1995), Berggren & Pearson (2005) e Wade et al.
(2011) realizados com base em marcadores cronoestratigraficos, deram grande
contribui¢do para o detalhamento da bioestratigrafia do Cenozoico. Berggren et al.

(1995) propdem trés esquemas bioestratigraficos com foraminiferos planctonicos para
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aguas tropicais/subtropicais, transicionais e subantarticas; Berggren & Pearson (2005)
aplicam os esquemas zonais para as zonas tropicais/subtropicais, enquanto Wade et al.
(2011) fazem uma revisdo detalhada das zonas tropicais, com base em dados
magnetoestratigraficos. Também, merece destaque, a revisao detalhada do Geological
Time Scale de Gradstein et al. (2012), com base em marcadores estratigraficos. Com o
objetivo de estabelecer melhor posicionamento cronologico dos marcadores
bioestratigraficos dos foraminiferos planctonicos para o Paleoceno (Figura 8), sera
aplicado, no presente trabalho, o zoneamento proposto por Berggren et al. (1995), tendo

como base os bioeventos de Gradstein et al. (2012).

Para as sec¢Oes sedimentares nas bacias brasileiras do Paleoceno, diversos
esquemas zonais foram elaborados com foraminiferos planctonicos, como Noguti &
Santos (1972), Noguti (1975) e Beurlen (1982). Estes trabalhos apresentam um
zoneamento bioestratigrafico realizado com base em pogos da margem continental
brasileira, cujo critério de zoneamento ¢ a extingdo dos taxons, ou seja, zonas de ultima
ocorréncia das espécies marcadoras. Noguti & Santos (1972), revisado por Noguti
(1975), subdividiram o Paleoceno em cinco (5) zonas, enquanto Beurlen (1982) propoe
a atualizacdo do esquema bioestratigrafico de Noguti & Santos (1972), apresentando

uma compilagdo do zoneamento das se¢des marinhas.
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Figura 8. Bioestratigrafia e bioeventos descritos por Gradstein ez al. (2012); Zonas bioestratigraficas de

Berggren et al. (1995). A notagao “P” (Berggren & Miller, 1988) refere-se ao Paleoceno.
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3.3 Discussoes Paleoceanograficas

Por definicdo a paleoceanografia ¢ o estudo dos oceanos pretéritos, cujo
entendimento do contexto paleoceanografico esta diretamente relacionada e/ou depende
de uma ferramenta, a qual represente variaveis ecoldgicas/ambientais das condi¢des
marinhas. No sedimento marinho os foraminiferos representam uma importante
ferramenta para a reconstituicdo paleoceanografica, tanto através da sua assembleia,
como por meio da assinatura isotopica e elementar na sua carapaca. Desta maneira,
varios proxies podem ser obtidos com base nas caracteristicas morfologicas e
geoquimicas das carapacas dos foraminiferos planctonicos (CaCOs;) depositados e

preservados nos sedimentos marinhos (Wefer et al. 1999, Mulitza et al. 2003).

4.3.1 Paleoecologia dos foraminiferos planctonicos (relacio 8'*0 e 5"°C)

As espécies e/ou géneros de foraminiferos planctonicos sdo distribuidas
verticalmente nas diferentes camadas ou profundidades da coluna d’agua (ex.: quente e
menos densa na zona de mistura, torna-se gradativamente mais fria e densa com
aumento da profundidade na termoclina e subtermoclina). Neste contexto, a analise da
assembleia ou grupos com preferencias ecoldgicas servem como uma importante
ferramenta para interpretacdes das condi¢des da parte superior da coluna d’agua, como:
temperatura e condi¢des troficas. Os foraminiferos planctonicos calcificam sua carapaca
(CaCO;) a partir da dgua do mar onde habitam, portanto, a sua assinatura geoquimica
(oxigénio e carbono) reflete principalmente o sinal isotdopico dos oceanos (Mulitza et al.

2003, Kucera 2007).

O volume e/ou espessura da zona de mistura e da termoclina diminuiu de baixas
latitudes nas regides tropicais para as altas latitudes (polos), onde a diversidade de
foraminiferos planctonicos também diminui (Bé 1977), devido a uma progressiva
eliminagdo (restri¢ao), dos tropicos em dire¢do aos polos, dos nichos ecoldgicos
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disponiveis para os foraminiferos planctonicos (Petrizzo 2002) (Figura 9). Com a
diminuicdo da latitude, ocorre uma perda progressiva das espécies de foraminiferos
planctonicos menos tolerantes (especialistas; estrategista-K), constituidas por
morfologias complexas e individuos de maior tamanho. Como consequéncia, as
assembleias de altas latitudes acabam dominadas por espécies cosmopolitas, mais
tolerantes as variaveis ecologicas (oportunistas; estrategista-r), caracterizadas pelo
tamanho reduzido e pela morfologia simples (Hemleben et al. 1989). A distribui¢do
vertical e horizontal dos foraminiferos planctonicas ¢ controlada por condigdes bidticas
(ex.: capacidade de reprodugdo, presengca ou auséncia de simbiontes e nutrientes) e
abidticas (ex.: parametros fisicos e quimicos das massas de dgua). Embora, as relagdes
entre todos esses fatores ndo estejam ainda totalmente compreendidas, ¢ de consenso
que a diversidade dos foraminiferos planctonicos nos habitats estd estritamente

relacionada ao suprimento de alimentos, potencial reprodutivo e tamanho (Hallock

1987).
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Figura 9. Modelo latitudinal na variagio da temperatura da coluna d’agua. Agua mais quente e
estratificada em baixas latitudes e menos estratificada em altas latitudes. Gradiente de temperatura da

coluna d’agua relacionado diretamente a latitude (modificado de Garrison 2012).
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Os foraminiferos planctonicos possuem duas formas principais de estratégia de
vida, de acordo com o ambiente em que vivem (Figura 10): (i) os ambientes ricos em
nutrientes (agua eutr6fico=condi¢des instaveis), permitem a proliferacdo das espécies
planctonicas oportunistas (estrategista-r), capazes de aumentar rapidamente as suas
densidades populacionais através de uma reprodugdo mais acelerada, produzindo como
consequéncia, individuos de tamanho reduzido (Hallock 1985); (ii) os ambientes de
baixa disponibilidade e/ou pobres em nutrientes (dgua oligotréfica=condi¢des estaveis),
constituem o0 meio mais propicio para o desenvolvimento de espécies e/ou géneros
especialistas (estrategista-K), caracterizados por individuos de vida longa e com baixo
potencial reprodutivo, compostos geralmente por individuas de tamanho maior (Caron

& Homewood 1983; Hallock ef al. 1991).

Hallock (1987) sugere que a diversidade do habitat possui relagdo inversa a
disponibilidade de nutrientes, devido: (i) a extensdo e complexidade das cadeias
alimentares, que tendem a ser uma fun¢do inversa da reposicdo de nutrientes; (ii)
ambientes eutroficos (ricos em nutrientes) sdo inerentemente instaveis; (iii) em maiores
profundidades, com baixa disponibilidade de nutrientes (oligotroficos) na zona eufbtica,
onde ha grande disponibilidade de luz, existe um maior potencial para a especializagdo

do que nos niveis mais rasos da coluna d’agua.

Os isotopos de um determinado elemento quimico apresentam o mesmo numero
de protons e elétrons, diferenciando-se unicamente no nimero de néutrons, cuja
propor¢do ¢ responsavel pela alteracdo da massa atomica e/ou peso atomico de um
determinado elemento quimico. Em fun¢do da composi¢do quimica da carapaga dos
foraminiferos (CaCOs) , os isotopos de oxigénio (O) e carbono (C) sdo amplamente
utilizados para a realizacdo de diversas interpretacdes ambientais e inferéncias
paleoceanograficas.
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Figura 10. Sistema tréfico na superficie dos oceanos (“Trophic Resouce Continuum” TRC; adaptado de
Hallock 1987 e Hallock et al 1991), estratégias ecoldgicas (Koutsoukos 1996) e esquema de distribuigdo

dos foraminiferos planctonicos na coluna d’agua segundo assinaturas isotdpicas.

Os estagios isotopicos de oxigénio utilizados nos estudos paleoceanograficos sao
0 ¢ 0, correspondendo a 99,63% e 0,1995% do oxigénio da Terra, respectivamente
(Faure, 1986). Os estigios isotopicos de carbono sio “C e “C, representando,
respectivamente, 98,89% e 1,11% do carbono do planeta (Faure, 1986). Neste contexto,
a precisao do valor quantificado ¢ dada pelos is6topos mais raros € menos abundantes,
caso do O e C, determinados pela relagdo entre a concentragdo do isétopo leve e
pesado (*C/™C e "0/'°0) (Ravelo & Hillaire-Marcel 2007). A diferenca de proporgio

verificada na amostra em comparagdo com o padrdo ¢ expressa pelo valor de delta (5):
80 = {[(*0/"°O)amostra - (**0/"°O)padrao] / [(**O/'°O)padrao]} x 1000
81°C = {[(C/"C)amostra - (*C/"*C)padrao] / [(*C/**C)padrao]} x 1000

Os valores de 80 e 8"°C tém unidades de concentragdo muito pequenas, sendo
expressos em partes por mil (%o), motivo pela qual os resultados da proporcao isotopica
sao multiplicados por 1000. Os padrdes utilizados nas analises sdo calibrados e
referenciados internacionalmente, onde sdo estabelecidos o padrio VPDB (Vienna
PeeDee Belmenite) e VSMOW (Vienna Standard Mean Ocean Water). Tendo em vista

a equacdao do sinal isotdpico em uma amostra, o aumento no valor de o reflete um
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aumento no contetido isotdpico pesado e o inverso, com a diminuigdo de o, refletird uma

diminui¢do no contetido do isotopo pesado.

Com base na assinatura geoquimica da carapaca e nas informagdes geograficas
(paleogeograficas) sobre a preferéncia ambiental dos foraminiferos planctonicos ¢
possivel estabelecer zonas de preferencias ambientais para cada espécie e/ou géneros, ao
longo da coluna d’agua (Figura 11). As assinaturas geoquimicas (3"°C e 8'0) na
carapaca dos foraminiferos planctonicos refletem, em parte, a quimica da agua do
ambiente no momento da calcificagdo, bem como o fracionamento do carbono

inorganico dissolvido, a partir do qual os foraminiferos constroem suas carapagas

(Hemleben ef al. 1989).

Temperatura (°C)

0 5 10 15 20 25 30 Concentragao ,
0 1 1 | | | MINIMO MAXIMC
r 9 - -
ENRIQUEGIDO ;
Zona de mistura ..'.
50 | o
ZONA EUFOTICA e -"'..
..................................................................... B T LT LT L amommmmme
ZONA MAXIMA > i T
100 DE CLOROFILA R
p=4 13 -
2 _ T 5°C
] L) . Termoclina
150 m - Termocling| .
£
3 /
: Y
----------------------------------------------------------------- o e
200 % Sub-termocling
ZONAMESOFOTICA *
DEPLETADO .
250 = Agua Profunda
m— Nutrientes Clorofila ===+ Oxigénio dissolvido
ENRIQUECIDD s S15(7) ) 51 ETADO ?

Figura 11. Foraminiferos planctonicos e sua distribuigio na coluna d’agua. Sinal isotopico de §"°C e 8'*0

utilizado para reconstituigdes dos habitats ecologicos no meio pelagico marinho.

O 8"C varia com a massa d’agua ¢ a profundidade na coluna d’agua, onde
apresenta indice mais pesado (enriquecidos) proximo a superficie, na zona de mistura,
em funcdo da remocdo de carbono mais leve por parte da fotossintese. Em

profundidades maiores (termoclina, subtermoclina e aguas profundas), devido ao baixo
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consumo, o '°C se torna mais enriquecido em comparagio a superficie (Figura 12). Dois
processos principais condicionam a assinatura do 8"°C na carapaca dos foraminiferos, os
quais influenciam na afinidade ecoldgica de ecogrupos: (i) simbionte fotossintético
(fotossimbiose), presenga de algas em torno dos simbiontes nos foraminiferos tendem a
aumentar os niveis mais pesados do isotopo de carbono (8"°C), refletindo no
enriquecimento de 8"C na carapaga (Spero & Deniro 1987); (ii) tamanho da carapaca,
onde formas pequenas <I50 pm, estdo metabolicamente sujeitas a influéncia do
microambiente, podendo resultar em valores de isotopos de carbono mais leve (Figura
10) (Norris 1996). A razio isotopica de oxigénio (5'°0) reflete a assinatura isotopica da
agua do mar com um fracionamento significativo, relacionado a temperatura (Aze et al.
2011). Foraminiferos que habitam 4guas mais superficiais (zona de mistura; mais
quentes e menos densa) apresentam isétopos mais leves (depletado em §'°0) em relagio
os espécimes que se calcificam em dguas mais frias e/ou profundas

. . . . 1
(termoclina/subtermoclina), por sua vez, enriquecidas em §'°O.

Gradiente de 5"°C
Coluna d’agua

2,5
Depletado
em &"C sem simbiose
2— Sub-termoclina ©
2
u i o
15— |= Termoclina e &
o .. 25
E 4 - Transicional o
7 . )
O = m Zona de mistura o g
. . Superficie 22
Le] [ ] c Q
0,5 - . i 83
L] [ ] =
= ©
O— - ] n = L (O]
Enriguecimento
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05— 0000 e »
Y (I) | [
-1 1 2 3
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Figura 12. Modelo hipotético para a variagao de 3'80 ¢ 6"°C, com base em observagdes para espécies
com ¢ sem simbiontes fotossintéticos (simbiose; Modificado de Norris 1996) e¢ modelo para
interpretagdes de habitats dos foraminiferos planctdnicos na coluna d’agua (ex.: Pearson et al. 2001; Aze
etal 2011;Birch2012; Birch et al. 2013, Sexton et al. 2006).
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A combinacdo de assinaturas isotopicas com as zonas de preferéncias em
determinado limite geografico, permite distinguir as diferentes afinidades da fauna de
foraminiferos planctonicos (TABELA 2). Aze et al. (2011) estabelecem quatro grandes
grupos de preferencia ecoldgica para espécies macroperfuradas (perfurados normal) do
Paleoceno: (1) oceano aberto zona de mistura tropical/subtropical, com fotossimbiontes;
(2) oceano aberto zona de mistura tropical/subtropical, sem fotossimbiontes; (3) oceano

aberto termoclina; (4) oceano aberto termoclina.

TABELA 2. Defini¢do dos ecogrupos com a composi¢do quimica associada e/ou limite geografico das
assinaturas utilizadas neste trabalho. A defini¢do dos grupos 1 a 4, com textura macroperfurada
(perfurados normais), utilizam como base as assinaturas geoquimicas de Aze ef al. (2011). Os grupos 5 e
6, referem-se as espécies com textura microperfurada e HETEROHELICIDAE. Abreviagdes: MACRO:

Macroperfurados; MICRO: Microperfurados.

Carapaca gErzc[;;: Profundidade/preferéncia Assinatura isotopica
i 13,
1 Zona de mistura com fotossimbiose Muito pesado 5°C
Relativamente leve &0
MACRO 2 Zona de mistura sem fotossimbiose &"C mais leve do as espécie com fotossimbiose
| Relativamente leve "0
3 Termoclina Leve em &"C e relativamente pesado em &0
4 Sub-termoclina Muito leve em §"C e muito pesado em §'°O
5 Zona de mistura 00 muito leve
MICRO - - T
6 Preferéncia a termoclina "0 relativamente leve

As espécies de foraminiferos planctonicos que apresentam textura da carapaca
microperfurada e sobreviventes ao limite K/Pg, podem ser incluidas em dois ecogrupos:
(5) microperfurados, zona de mistura; (6) microperfurados, com preferéncia a
termoclina. Estas espécies (oportunistas/estrategista-r) se caracterizam por apresentar
razio de 50 leve ou relativamente leve, habitando as camadas mais superficiais da

coluna d’agua, entre a zona de mistura e a termoclina. Estes dois grupos incluem as
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familias Guembelitriidae (Globoconusa, Guembelitria, Parvularugoglobigerina e
Woodringina), caracterizadas por habitarem as camadas mais superficiais da coluna
d’agua, e Chiloguembelinidae (Chiloguembelina), com preferéncia a aguas mais
profundas (termoclina). Ainda, dentro dos microperfurados, se enquadra a familia
Heterohelicidae (Rectoguembelina = zona de mistura; Zeauvigerina = termoclina),
sobreviventes ao evento K/Pg.

Uma vez definidos os ecogrupos, ¢ possivel relaciona-los aos padrdes evolutivos
dos foraminiferos planctonicos no Paleoceno (TABELA 3 e 4) e inferir condi¢gdes no
padrdo de estratificacdo da coluna d’4dgua, vinculando-os aos eventos
paleoceanograficos deste periodo. Por fim, os eventos sdo individualizados dentro da
respectiva zona e/ou subzona reconhecida neste intervalo para a por¢do oeste do

Atlantico Sul.
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TABELA 3. Relagdo das espécies com seus respectivos ecogrupos e referencias bibliograficas das

assinaturas geoquimicas. Ecogrupos de 1 a 2 definidos por Aze et al. (2011).

Espécie

Referéncia

Acarinina mckannai

Acarinina nitida

Shackleton et al. (1985)

Acarinina strabocella

D'hondt et al. (1994)

Acarinina coalingensis

Aze (2011)

Acarinina soldadoensis

Acarinina subsphaerica

Pearson (1993; 2001a)

Igorina pusilla

Igorina tadjikistanensis

Aze (2011)

Morozovella acuta

Berggren & Norris (1997)

Morozovella acutispira

Shackleton et al. (1985)

Morozovella aequa

Berggren & Norris (1997)

Morozovella angulata

Lu & Keller (1996); Berggren & Norris (1997)

Morozovella apanthesma

Boersma & Premoli Silva (1983); Shackleton et al. (1985)

Morozovella conicotruncata

Lu & Keller (1996); Berggren & Norris (1997)

Morozovella gracilis

Boersma & Premoli Silva (1983); Berggren & Norris (1997)

Morozovella occlusa

Aze (2011)

Morozovella pasionensis

Morozovella praeangulata

Shackleton et al. (1985); Lu & Keller (1986)

Morozovella subbotinae

Shackleton et al. (1985)

Morozovella velascoensis

D'hondt et al. (1994)

Berggren & Norris (1997)

Praemurica inconstans

Praemurica pseudoinconstans

Berggren & Norris (1997); Boersma & Premoli Silva (1983)

Praemurica taurica

Aze (2011)

Praemurica uncinata

Berggren & Norris (1997); D'hondt & Zachos (1993)

Berggren & Norris (1997); Shackleton et al. (1985)
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TABELA 4. Relagdo das espécies com seus respectivos ecogrupos e referencias bibliograficas das
assinaturas geoquimicas. Ecogrupos de 3 ¢ 4 definidos por Aze et al. (2011), grupos 5 ¢ 6 (oportunistas)

estabelecidos com base em assinaturas isotopicas e textura da carapacga.

. Eco-

Espécie grupo Referéncia
Eoglobigerina edita Aze (2011)
Eoglobigerina eobulloides Berggren & Norris (1997); D'hondt & Zachos (1993)
Eoglobigerina spiralis
Globanomalina archeocompressa Aze (2011)
Globanomalina australiformis
G;‘obanoma!."na chapmani Olsson et al. (1999)
Globanomalina compressa
Gfobanomai’.':na ehrelnbergi Aze (2011)
Globanomalina ovalis
Globanomalina planocompressa 3 Olsson et al. (1999)
Globanomalina planoconica Aze (2011)
Globanomalina pseudomenardii Olsson et al. (1999)
Hedbergella holmdelensis Aze (2011)
Hedbergella monmouthensis Berggren & Norris (1997)
Parasubbotina varianta Olsson et al. (1999); Pearson et al. (2001a)
Parasubbotina variospira Olsson et al. (1999); Pearson et al. (2001a)
Subottina triloculinoides Berggren & Norris (1997); Coxall et al. (2000)
Subom.na trivialis Coxall et al. (2000)
Subottina cancellata
Subottina velascoensis Berggren & Norris (1997); Coxall et al. (2000)
Parasubbotina aff pseudobulloides 4 Pearson et al. (2001a); D'hondt & Zachos (1993)
Parasubbotina pseudobulloides D'hondt & Zachos (1993); Berggren & Norris (1997)
Woodrinida claytonensis Olsson et al. (1999)
Woodrinida hornerstownensis Olsson et al. (1999); D'hondt & Zachos (1993)
Parvularugoglobigerina alabamensis
Parvularugoglobigerina eugubina 5 Olsson et al. (1999); D'Hondt & Zachos (1993)
Parvularugoglobigerina extensa
Guembelitria cretacea Boersma & Premoli Silva (1983); D'Hondt & Zachos (1993)
Globoconusa daudjergensis Boersma & Premoli Silva (1983)
Ractoguembelina cretacea Huber & Boersma (1993)
Chiloguembelina crinita
Chiloguembelina wilcoxensis
Chiloguembelina midwayensis Boersma & Premoli Silva (1983); D'hondt & Zachos (1993)
Chiloguembelina morsei 6
Chiloguembelina subtriangularis
Zeauvigerina aegyptiaca Huber & Boersma (1993)
Zeauvigerina teuria

4. MATERIAIS E METODOS
O testemunho analisado no presente trabalho apresenta uma recuperacdo de

aproximadamente 98 m (base = 412,24 m; topo = 314,35 m; (Figura 13), do qual serdo
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analisadas 56 amostras. A descri¢dao e simbologia litologica segue de forma fidedigna a
proposta por Persch-Nielsen et al. (1977), referente ao [Initial Report (Figura 13). O
método utilizado na preparacdo das amostras e retirada dos microfosseis calcarios foi
modificado de Molina (2004), que consiste em: (a) pesagem da amostra
(aproximadamente 15 g); (b) desagregacdo mecanica das amostras; (c¢) adicdo de
peréxido de hidrogénio (H,O, a 29%) até cobrir a amostras, por 24 horas, com o
objetivo de desagregar os graos através da oxidacdo da matéria organica; (d) lavagem
em agua corrente através de peneiras de malhas 38 pum; (e) secagem em estufa a 60°C;
(f) triagem de no minimo 400 espécimes de foraminiferos planctonicos; (g)

identificagdo taxondmica das espécies em microscopia optica e eletronica de varredura

(MEV).

Para a identificacdo taxondmica da fauna de foraminiferos planctonicos sera
utilizada a classificagdo especifica e genérica de Olsson et al. (1999). A partir do
reconhecimento taxonomico da fauna, sera realizada a caracterizacdo bioestratigrafica
com base no esquema zonal de Berggren et al. (1995) e revisada cronologicamente por
Gradstein et al. (2012). Este trabalho também propdem correlacionar eventos
paleoceanograficos com base nas frequéncias relativas dos foraminiferos planctonicos,
segundo o padrdo de distribuicdo biogeografica de Olsson et al. (1999) e Boersma &
Premoli-Silva (1983), bem como caracterizar e categorizar as preferéncias ecoldgicas

com base em ecogrupos (p.ex.: Aze et al. 2011 e Olsson et al. 1999).

Para auxiliar nas interpretacdes paleoceanograficas e paleoecoldgicas, foram
utilizadas diferentes ferramentas bioestatisticas, como: abundancia relativa, diversidade
e equitabilidade dos taxas, além de analise de agrupamentos (Cluster). Estes métodos
estatisticos auxiliam a quantificar e avaliar a influencia dos diferentes fatores biodticos e

abioticos na comunidade de foraminiferos planctonicos, bem como reconstituir o
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cendrio de tendéncias pelaoceanograficas (Ottens & Nederbragt, 1992). Para a

realizacdo destas analises estatisticas sera utilizado o software PAST (Harper, 1999).

A abundancia relativa representa a contribui¢ao percentual de uma espécie em
relacdo a assembleia total. Ela explica se a assembleia apresenta maior ou menor

dominancia de uma ou mais espécies. Pode ser calculada através da seguinte equagao:
pi (%) =100* n/N

Onde, “n” ¢ o numero total de individuos pertencentes ao taxon “i” e “N”
corresponde ao numero total de foraminiferos planctonicos contados na amostra. Como
as espécies de foraminiferos planctonicos apresentam diferentes respostas as condi¢des
ambientais (por exemplo: temperatura), estas irdo influenciar os valores de dominancia

da assembleia.

O indice de diversidade - Shannon-Wiener analisa a forma como uma espécie
estad distribuida no ecossistema, a qual pode ser estimada através da seguinte equagao:

H=-Xplnp
Onde, p ¢ a proporg¢ao das diferentes espécies i na amostra (p = ni/N), “N” ¢ o

numero total de individuos (foraminiferos planctonicos) na amostra e ni corresponde a o
numero de espécimes “i” na amostra (Shannon & Wiener, 1949).

A Equitabilidade refere-se a distribuicdo dos individuos entre as espécies, sendo
proporcional a diversidade e inversamente proporcional a dominancia. A medida de
Equitabilidade ou Equidade compara a diversidade de Shanon-Wiener (H’) com a
distribui¢do das espécies observadas que maximiza a diversidade (Buzas & Gibson,
1969). Este indice € obtido através da equagao:

E’=H’/Hax
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Onde, A’ ¢ o indice de diversidade de Shannon-Wiever.

Leg Site Core

Segao

Intervalo (cm) Volume Profundidade

Topo Base (cmi) (metros)
1 85 a7 20 314.35
2 74 77 20 315.74
19 3 74 76 20 317.24
4 74 7 20 318.74
5 74 76 20 320.24
6 74 75.5 20 321.74
1 74 76 20 323.74
20 2 74 78 20 325.24
3 74 76 20 326.74
1 95 96.5 20 333.45
21 2 74 73 20 334.74
3 74 76 20 336.24
4 75 77 20 337.75
1 100 101.5 20 343

2 74 75.5 20 344.24
29 3 74 755 20 345.74
4 74 76 20 347.24
5 74 775 | 20 348.74
6 74 75.5 20 350.24
1 74 75.5 20 352.24
2 74 73.5 75 353.74

23 3 70 715 | 20 355.2
4 74 75.5 77 356.74
5 68 70 20 357.68
6 36 38 20 359.36
1 73.5 75 20 361.73
24 2 74 75.5 20 363.24
3 74 77 20 364.74

o 1 140 143 20 371.9
2 2 75 77 20 372.75
25 3 77 78.5 20 374.27
4 735 75 20 375.73
5 74 755 | 20 377.24
1 76.5 78 20 380.76
2 74 76 20 381.24
26 3 76 78 20 383.76
4 74 76 20 385.24
5 77 78 20 386.77
6 77 78.5 20 388.27
1 74 76 20 390.24
2 7 78.5 20 391.77
27 3 7 79 20 393.27
4 76 775 20 394.76
5 73.5 75 20 396.23
6 74 75.5 20 397.74
1 77 79 20 399.77
2 77 78.5 20 401.27
28 3 77 79 20 402.77
4 76 775 | 20 404.26
5 73 75 20 405.73
6 76 77.5 20 407.26
1 75 78 20 409.25
2 77 78.5 20 410.77
2 95 97 20 410.95

29 2 120 123 20 411.2
2 145 148 20 411.45
3 25 27 20 411.75
3 32 34 20 411.82
3 74 75 20 412.24
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Figura 13. Perfil litologico da secdo estudada, com a posi¢do do nivel estratigrafico das amostras

analisadas. Modificado de Persch-Nielsen et al. (1977).
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7. RESULTADOS - MANUSCRITO

Os resultados finais aqui mostrados sdo referentes aos dados desta dissertagdo, a qual

foi submetida a revista Marine Micropaleontology.

O presente manuscrito sera submetido a revista Marine Miropaleontology, pois vem de

encontro a discussdo abordada neste estudo.
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Abstract

In the present study the distribution of the planktic foraminifera in a section recovered
between the Cretaceous/Paleogene (K/Pg) boundary and the end of the Paleocene
(Daniano/Seladian), from core DSDP site 356, Sao Paulo plateau (South Atlantic), is
analyzed. The results point towards a gradual recovery of the marine pelagic ecosystem,
in the aftermath of the K/Pg mass-extinction event. The changes in distribution patterns
and composition of the Danian planktic foraminiferal assemblages are primarily related
to the instability and changing conditions of oceanic surface waters. The quantitative
analyses of the planktic foraminifera allowed the reconnaissance of a series of
speciation events that happened in the Danian, immediately after the K/Pg boundary,
marked by three distinct main intervals: (i) in the Pa zone, evidenced by the
predominance of specimens that likely inhabited the most superficial portions of the
water column (mixed layer), represented mostly by microperforated taxa (Globoconusa,

Guembelitria, Parvularugoglobigerina and Woodringina). The occurrence of this group
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suggests poorly stratified water masses and a water column with meso-eutrophic
conditions. In this interval, the first appearance of spines in the planktic foraminifera
(Eoglobigerina, of the family Globigerinidae) evidences the development of a
carnivorous habit; (ii) between zones Pla and P2 there is a progressive increase of
specimens that inhabited the lower portions of the water column, in the thermocline and
sub-thermoline, suggesting the recovery of the pelagic ecosystem with the development
of a more stratified water column in mesotrophic to oligotrophic conditions; (iii) from
zone P3 onwards, most of the planktic foraminifera inhabited the lowest portions of the
water column, together with the first occurrences of mixed-layer endosymbiont-bearing

species such as Morozovella, Acarinina and Igorina.

Key words: Planktonic foraminifera, Paleocene, DSDP Site 356, Assemblages

distribution, Pale oceanographic conditions.

1. Introduction

The Cretaceous/Paleogene (K/Pg) boundary event is one of the most widely studied as it
is the most recent of the 5 major mass extinctions, dated to ca. 66.04 Ma (Vandenberghe
et al., 2012). It constitutes one of the most significant biological crises in geological
history, which is used to define the boundary between the Mesozoic and Cenozoic Eras
(Molina, 2015). One of the most severely affected marine groups were the planktic
foraminifera, with about 95 % of species disappearing at the boundary (D’Hondt et al.,
1996; MacLeod et al., 1997). The post K/Pg boundary event, in the Paleocene interval

(66.05 to 56.00 Ma.; Gradstein et al., 2012), was a time of global warming, high oceanic
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productivity and increasing depth-related specialization of the planktic foraminiferal

communities (Quillévéré and Norris, 2003).

These general patterns were associated with an explosive radiation of the trochospiral
planktonic foraminifera following the K/Pg event. Many of the major morphological
and ecological patterns became established during the earliest Paleocene (Quillévéré
and Norris, 2003). During the mass extinction there was a drastic collapse in the organic
flux to the sea bottom and in the marine calcium carbonate production (D’Hondt, 2005).
The progressive rhythm of biotic recovery resulted from major changes in the marine
ecosystem in the K/Pg aftermath. The biogeochemical recovery allowed opportunities to
the evolution of a diversified marine biota, among them the planktic foraminifera

(D’Hondt, 2005).

Based on the reorganization of the global pelagic ecosystems and on the complexity of
environmental parameters which influenced the planktic foraminifera population
dynamics (e.g., the photic zone reorganization and temperature) this work aims to assess
the paleoceanographic effects in the planktic foraminifera assemblages in the aftermath

of the K/Pg event.

2. Geologic Setting

DSDP Site 356 is located on the southeastern part of the Sao Paulo Plateau
(28°17.22°S/41°05.28°W; 3175 m water depth), a physiographic feature that extends
from 20°S (Vitoria-Trindade Chain) to 28°S (southern boundary of the Santos Basin, an

area affected by salt tectonics) (Fig. 1). Stretched continental crust composes its
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basement and several volcanic intrusions occur, probably related to the process of

thermal crustal uplift associated with the breakup of Gondwana (Macedo, 1990).

The sedimentary record of the Sdo Paulo Plateau at Site 356 was divided in seven
lithostratigraphic units (Units 1 to 7), ranging from the Albian to the Recent (Persch-
Nielsen et al., 1977). The sequence that encompasses the interval of the Paleocene (Unit
4), studied here, is constituted by hemipelagic carbonate sedimentation, predominantly
composed by nannofossil and nanofossil-foraminifera chalk (Persch-Nielsen et al.,

1977).

3. Material and Methods

For this study, 55 samples of Site 356 were used, between depths 411.82 mbst (356-29-
3,32-34) and 314.35 mbsf (356-17-3, 74-77), with sample spacing varying between
0.07m, close to the K/Pg boundary, and 8.70m, in the higher portions of the section. The
preparation of the samples designated for microfossils recovery consisted of the
following steps: (1) weighing of approximately 15g of sample material,; (i1)) mechanical
breakdown of the samples; (iii) addition of hydrogen peroxide (H,O, at 29%) until it
covered the samples, for 24 hours; (vi) washing through a 38um-mesh sieve; (v) picking
of at least 400 specimens of planktic foraminifera. For the taxonomic identification of
the planktic foraminifera the specific and generic classifications of Olsson et al.(1999),
Liu and Olsson (1992) and Koutsoukos (2014) were used. Using the species and genera
recognized, The biostratigraphic study was based on the zonal scheme of Berggren et al.

(1995), revised by Gradstein et al. (2012). The Shannon-Wiener (H’) and equitability (J)
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analyses were done with the software PAST — Paleontological Statistics (Hammer et al.,

2001).

To measure the preservation degree of the planktic foraminiferal assemblages, the
following criteria, used by Huber & Leckie (2011), were adopted: E = excellent (sample
includes “‘glassy’’ shells with no evidence of recrystallization or secondary mineral
infilling or overgrowth); G = good (‘‘frosty’’ shells with minor recrystallization, but no
evidence of secondary mineral infilling or overgrowth); M = moderate (opaque shells
with minor to significant shell recrystallization, presence of secondary mineral infilling
or overgrowth); P = poor (shells strongly recrystallized and infilled or strongly

fragmented).

4. Results

The good preservation of the Paleocene planktic foraminiferal assemblages present on
the 56 studied samples allowed for the identification of 43 species, distributed in 15
genera and 6 families. Three microperforate genus which survived the K/Pg boundary

were found: Guembelitria, Zeauvigerina and Rectoguembelina.

4.1 A Biostratigraphy Reappraisal

Based on the zonal scheme of Berggren et al. (1995), seven zones were identified in this

study (from Pa to P3b) for the lower and upper Paleocene (Fig. 2). The studied interval
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is above the Late Maastrichtian “Pseudoguembelina hariaensis” Zone (Robaszynski and
Caron, 1995), recognized by Kochhann et al. (2013) at Site 356. The
biostratigraphically relevant species recovered at the studied site and used in this work

are illustrated on Figure 3.

The PO Zone [partial range of Guembelitria cretacea (Berggren et al., 1995)] could not
be identified due to an unconformity between depths 411.82 mbsf and 411.75 mbsf.
More precisely, the unconformity occurs between the Pseudoguembelina palpebra Zone
of the Maastrichtian, recognized by the last occurrence of typical species of the
Cretaceous, and by the first occurrence of Parvularugoglobigerina eugubina, which

marks the base of the Pa Zone [total range of P. eugubina (Berggren et al., 1995)].

The Pa Zone [total range of Parvularugoglobigerina eugubina (Luterbacher and
Premoli Silva, 1964); Olsson et al., 1999] was recognized in the interval between
411.75 mbsf and 409.25 mbsf. In this interval, Parvularugoglobigerina longiapertura
(Blow, 1979) was also registered, whose stratigraphic range corroborates the
identification of the Pa Zone, also identified within this zone by Koutsoukos (2014) for

the South Atlantic Ocean and by Arenillas et al. (2004) for the North Atlantic Ocean.

The Pla Zone [Parvularugoglobigerina eugubina-Subbotina triloculinoides Interval
Subzone (Berggren et al., 1995)] has its base (409.25 mbsf) defined by the last
occurrence of the species Parvularugoglobigerina eugubina and its top (402.77 mbsf)
by the first occurrence of Subbotina triloculinoides. The P1b Zone [Subbotina
triloculinoides-Praemurica inconstans Interval Subzone (Berggren et al., 1995)] has its
base defined by the first appearance of Subbotina triloculinoides at 402.77 mbsf and its
top by the first appearance of Praemurica inconstans and Globanomalina compressa, at

391.77 mbsft. The Plc Subzone [ Praemurica inconstans /| Praemurica uncinata Interval
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Subzone (Berggren et al., 1995)] has its base defined by the first appearance of
Praemurica inconstans and Globanomalina compressa at 391.77 mbsf and its top by the

appearance of Praemurica uncinata at 385.24 mbsf.

The P2 Zone [Praemurica uncinata-Morozovella angulata Interval Zone (Berggren et
al., 1995)] was recognized in the interval between 385.24 mbsf, by the first occurrence
of Praemurica uncinata, and 377.24 mbsf, by the first occurrence of Morozovella

angulata.

The P3a Subzone [Morozovella angulata - Igorina albeari Interval Subzone (Berggren
et al., 1995)] was recognized between the depths of 377.24 mbsf, first occurrence of
Morozovella angulata, and of 363.24 mbsf, first occurrence of the Igorina albeari. The
P3b Subzone [Igorina albeari-Globanomalina pseudomenardii Interval Subzone
(Berggren et al., 1995)] begins at 363.24 mbsf, first occurrence of Igorina albeari, and
extends until the top of the section at 314.35 mbsf, due to the absence of forms typical

for the P4 Zone (Globanomalina pseudomenardii).

4.2 Planktinic foraminiferal distribuition

In this study, the main planktonic foraminifera lineages that would originate the
Globigerinina family in the Paleocene were recognized (Fig. 4). Four lineages belong to
normal perforate groups (Olsson et al., 1992; Olsson et al., 1999) and the other three to
microperforate ones (Liu and Olsson, 1992; Fig.8; pg.337). For the normal perforate
species, we recognized: (i) a lineage with spines and cancellated texture, represented by

the genera Eoglobigerina, Parasubbotina and Subbotina (Globigerinidae); (i1) a
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nonspinose lineage with a premuricate texture (cancellated), represented by the genera
Praemurica and Igorina (Truncorotaloididae); (iii) a nonspinose lineage with a smooth
texture, represented by the genus Globanomalina (Hedbergellidae); (iv) a nonspinose
lineage with a muricate texture, represented by the genera Acarinina and Morozovella
(Truncorotaloididae). For the lineage with microperforate species, we recognized: (i) a
lineage with a smooth surface, with blunt pustules and perforation cones, triserial to
biserial, represented by the genera Woodringina-Guembelitria (Guembelitriidae) and
Chiloguembelina (Chiloguembelinidae); (ii) Globoconusa (Guembelitriidae), hispid,
with blunt to sharp-pointed pustules and trochoid to trilobate; (iii) a lineage with a
pustulated to smooth surface with a trochospiral chamber arrangement, represented by
the genus Parvularugoglobigerina (Guembelitriidae). The principal species recovered at

the studied site and used in this work are illustrated on Figure 5.

The abundace, characterized by the different number of species per sample. show little
variation thoughout the Paleocene section on site 356, with values varying between 12
and 18 for the interval. The Shannon-Wiener diversity index (H’) depends on the
number of taxa recognized and their relative abundance (Hammer and Harper, 2006).
This index is defined by the equation H '=2p;lnp;, where p; corresponds to the
proportion of each species in the assembly. Thoughout the section, the Shannon-Wiener
(H’) values show an average of 2.835, with a minimum value of 1.3310 at a depth of
411.20 mbsf and a maximum value of 2.6180 at a depth of 318.74 mbsf. The lowest
Shannon-Wiener (/) values were found in the interval that encompasses the base of the

section, in the Pa biozone, with values between 1.3310 and 2.1360 (average of 1.7962).

Equability (J) is a distribution index in which normalized values of the Shannon-
Wiener's (H’) diversity index are applied, which oscillate between zero (when a species

dominates the assembly) and one (when all assembly species show the same relative



188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

abundance). This index is defined by the equation J=H /Hmax (Hammer and Harper,
2006). The equability values (J) throughout the section have a maximum variation of
0.9299 at depth 321.74 mbsf and a minimum value of 0.4801 at depth 411.20 mbsf,
with an average of 0.8542 throughout the section. A low equitability index (J) can be
seen at the section's base, Pa biozone (avarege of 0.6428), with a maximum value of
0.7887 and a minimum of 0.4801. The Shannon-Wiener (H’) and equability (J) diversity
indexes displayed a large positive correlation (r=0.8498) throughout site 356, which

allows the inference of an equal distribution of the relative abundances in this section.

The distribution pattern of the planktonic foraminifera species in site 356 shows a
dominance of forms with normal perforate texture (Fig. 6). However, at the base of the
base (Pa zone; Danian), a predominance of microperforate forms can be seen, with
pattern similar to the one observed by Koutsoukos (1996 and 2014) for the South
Atlantic. In the interval of the base of the Daniano, the dominant microperforate forms
belong to the Guembelitriidae family, which are described as: “surface texture
microperforate, smooth to pustulous; when present, pustules or small mounds generally
perforated by one or more pores (“pore mounds”) (Guembelitria,
Parvularugoglobigerina, Woodringina) or peripherally associated with pores
(Globoconusa) (pg. 77; Olsson et al., 1999). A number of microperforate forms that
survived the K/Pg limit were recognized on site 356, such as: Zeauvigerina
waiparaensis, Rectoguembelina cretacea and Guembelitria cretacea, the latter
considered the predecessor of a large number of microperforate forms of the Cenozic
(Liu and Olsson, 1992). The occurrence of Rectoguembelina cretacea, between samples
385.24 mbsf and 371.90 mbsf (Zone P2), was also verified on site 1253 by Birch
(2013), in the eastern portion of the South Atlantic. Genera with smooth textures, such

as Chiloguembelina, represented by the Ch. midwayensis and Ch. morsei species, and of
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Woodringina, represented by Wo. hornerstownensis and Wo. claytonensis, show a
positive correlation in their abundance pattern with the Guembelitria genus, which is
abundant in the base of the Daniano (Zone Pa) between samples 411.75 mbsf and
410.77 mbsf. Globocunusa dedjaouaensis, characterized by a smooth texture with sharp
pustules, show a continuous recovery throughout all of the Daniano, from the K/Pg limit

to the P2 zone, whose last occurrence can be observed at the depth of 380.76 mbsf.

The normal perforate are the most abundant group throughout site 356. At the K/Pg
limit, a large part of the trochospiral foraminifera went extinct, surviving only
Hedbergella homdellensis and H. mondmoutehsis, which were responsible for the
subsequent evolutionary radiation of the foraminifera throughout the Paleocene (Olsson
et al., 1999). In the interval that encompasses the Danian, the first forms that gave rise
to the subsequent evolutionary radiation of the Cenozoic can be seen (Koutsoukos, 1996
and 2014; Aze et al., 2011; Birch et al., 2012). However, in site 356 site, only the
progenitor forms were recovered, with the two others survivors of the K/Pg being
absent, from which the Hedbergellidae (Globanomalina), Truncorotaloididae
(Praemurica, Igorina, Acarinina and Morozovella) and Globigerinidae (Eoglobigerina,

Parasubbotina and Subbotina) families were recognized.

Occurrences of Hedbergellidae were registered throughout the whole section, between
Pa and P3b (Danian to Seladian). In the Danian, the firstforms of this family, are seen in
the Pa zone, represented by the species Globanomalina archaeocompressa, Gl. imitata,
Gl. planocompressa and Gl. compressa, the latter, with its first occurrence at the base of
the P1c biozone (a marker of this biozone). At the Seladian interval, in biozones P3a
and P3b, were recognized the species Globanomalina chamani and Gl. ehrenbergi,
demonstrating the same pattern seen in the global occurrences of these taxa (Olsson et

al. 1999). However, according to Koutsoukos (2014; pg.137), the almost complete
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absence of Globanomalina in the Daniano “indicates that their early evolutions took
place in different paleogeographic region”, which can be observed in other sections of
the lower Danian of the South Atlantic, like Koutsoukos (1996) and Koutsoukos (2014),

and this study.

The Truncorotaloididae family shows a continuum recovery throughout the whole
studied section. The first recognized forms from this family belong to the Praemurica
(Pr. nikolasi, Pr. taurica, Pr. pseudoinconstans, Pr. inconstans, Pr. uncinata) genus and
were also observed by Koutsoukos (2014) for the K/Pg - P1c zone interval. The species
Praemurica nikolasi was recognized by Koutsoukos (2014) in the Campos basin (west
of the South Atlantic), between the biozones Pa and P1c (Danian), could also be
observed in this stufy, confirming the stratigraphic range of this species. The largest
amount of Truncorotaloididae taxa can be seen from the P2 zone onwards, with the first
appearance of Morozovella praeangulata and, afterwards, in the P3a zone (Seladian),
with the presence of keeled forms like: Morozovella angulata, Mo. velascoensis, Mo.
apanthesma, Mo. conicotruncana and Mo. aclusa. The Igorina (Ig. albeari, Ig. pusilla
and /g. tadjaensis) and Acarinina (Ac. strabocella) genus had their first occurrences in
the Seladian, which shows a pattern similar to the global distribution of these taxa

(Olsson et al., 1999; Quillevere and Norris, 2003).

The Globigerinidae family have a continuous occurence throughout site 356. The
Eoglobigerina (E. edita, E. eubulloides and E. spiralis) genus, represents the first spined
forms of this family, occurring throughout he Cenozoic. In this study, Eoglobigerina
was identified from the Pa zone to the P2 zone, between the depths 411.75 mbsf and
380.76 mbsf. Subbotina and Parasubbotina also show a continuous recovery throughout
the whole section. Subbotina trivialis and S. triloculinoides were recognized in the

Danian interval. In the Seladian, were recognized Su. velascoensis and Su. triangularis.
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The genus Parasubbotina, characterized by its cancellate carapace with spines and a
low spiral, shows a continuous recovery throughout the whole Daniano interval
(Parasubbotina varianta and. Pa. pseudobulloides). On the Seladian, forms with an
elevated spiral were recognized, such as Parasubbotina varioespira, with their first

occurrence at a depth of 374.27 mbsf, in the P3a zone.

4.3 Paleoecological and Paleoceanographic inferences

Planktonic foraminifera species and/or genera are vertically distributed in the water
column, inhabiting different depths, which allows for numerous paleoecological and/or
paleoceanographic interpretations (Hemleben et al., 1989). Interpretations of the pelagic
system are based on the compilation of isotopic signal data (8'®0 and 8"°C) on the
carapace of planktonic foraminifera. This method allows for the identification of which
ecological niche in the water column the planktonic foraminifera inhabit [mix layer,

thermocline or sub-thermocline (Aze et al., 2001)].

Based on the data collected from isotopic signatures on carapaces (Aze et al., 2011;
Olsson et al., 1999; Boersma et al., 1979; D'Hondt and Zachos, 1993; Liu and Olsson,
1992; Boerma and Premoli Silva, 1983; Huber and Boersma, 1994), the planktonic
foraminifera studied ins this paper were included in four specifics groups (Table 1): (i)
Mix-layer, with photosymbionts; (i1) Mix-layer; (iii) thermocline; (vi) sub-thermocline.
The forms with a preference for shallow pelagic waters (shallower pelagic dwellers)
inhabit the mix-layer, while deep water forms (deeper pelagic dwellers) inhabit the

thermocline and sub-thermocline (Aze et al., 2011).
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From the vertical distribution of the species in the water column and their relationship
with symbiotic organisms, it was possible to observe three distinct distribution patterns
in the planktonic foraminifera assemblage (Fig. 7): (i) the first one occurs in the lower
part of the section (biozone Pa), where forms that inhabit the shallower portions of the
water column predominate (mix-layer), represented mainly by microperforate forms
(eg. Guembelitria cretacea); (i1) the second, between biozones P1 and P2, with a
progressive increase in forms that inhabit the lower portions of the water column in the
thermocline and sub-thermocline; (iii) the third, from biozone P2 onwards, extending to
biozone P3, where an abundance in forms that inhabit the lower portions of the water
column can be seen, alongside the first abundant occurrence of mix-layer forms with

photosymbionts (eg. Igorina, Morozovella and Acarinina).

Within the Parvularuglobigerina eugubina (Pa) Zone (lower Paleocene — Danian), in
the interval comprising samples between 411.75 mbsf and 410.77 mbsf (Fig. 8),
assemblages are dominated by microperforate forms, including the families
Guembelitriidae (Globoconusa, Guembelitria, Parvularugoglobigerina and
Woodringina) and Chiloguembelinidae (Chiloguembelina). Guembelitriidae species
usually inhabit surface waters within the mixed layer (Aze et al., 2011), while

Chiloguembelinidae species prefer deeper (thermocline) waters.

Furthermore, this interval records the dominance of Guembelitria cretacea, which is an
opportunistic species able to survive during periods of drastic changes in the marine
ecosystem (Kroon and Nederbragt, 1990). This dominance of Guembelitria cretacea
may imply the occurrence of eutrophic surface waters after the K/Pg event, being in
accordance to previous observations in the South Atlantic Ocean (Koutzoukos, 1996,
2014; Birch, 2011), Bidart section (France - Gallala et al., 2009), Gurpi Formation (SW

Iran - Beiranvand and Ghasemi-Nejad, 2013) and Elles II section (Tunisia - Keller et al.,
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2002). We recognized the predecessors of Cenozoic forms, with smooth tests without
spines (Globanomalina), cancellate tests without spines (Praemurica) and cancellate
tests with spines (Eoglobigerina, Parasubbotina e Subbotina). According to Hemleben
et al. (1991), the evolution of spines occurred during the Cenozoic as this group moved
to a new niche and changed to a carnivorous feeding strategy. Within this interval at
Site 356, there are few spinous species that inhabit deeper segments of the water column

(e.g., thermocline), further suggesting reduced stratification and/or eutrophic conditions.

Planktonic foraminiferal assemblages of the Zones P1a and P2 (lower to upper
Paleocene — Danian), with samples ranging from 410.77 mbst and 380.76 mbsf (Fig. 8),
show a decline in the abundances of microperforate forms and a progressive dominance
of normally perforate cancellate forms with spines assigned to the family
Globigerinidae (Parasubbotina and Subbotina). Besides Globigerinidae, normally
perforate cancellate forms without spines, assigned to the family Truncorotaloididae
(Praemurica), are also abundant. Stable oxygen isotope (8'%0) measurements on
Subbotina and Parasubbotina specimens with different test sizes reveal a positive
correlation between sizes and 8'%0 values, suggesting a preference for deeper niches in
the water column (Birch et al., 2012). These genera probably maintained a relatively
constant depth habitat within or below the thermocline (Pearson et al., 1993; D’Hondt et
al., 1994; Norris, 1996; Quillévéré et al., 2001; Coxall et al., 2007). We also identified
an increase in abundance of the genus Globanomalina, probably a deeper/thermocline
dweller (Olsson et al., 1999; Aze et al., 2011). The increase in abundance of
Chiloguembelina and normally perforate forms with spines, such as Subbotina and
Parasubbotina, suggests an enhanced and stable water column stratification and meso-

to oligotrophic conditions during this interval at Site 356.

14



335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

Within Subzones P3a and P3b, between 377.24 mbsf and 314.35 mbsf (Fig. §),
planktonic foraminiferal assemblages show increased abundances of deep dwelling
(mixed layer) species, such as Acarinina [nonspinose, cancellate wall, no keel, strongly
muricate (Olsson et al., 1999; pg. 15)], Igorina [nonspinose, thick and crusted wall,
keeled in advanced forms (Olsson et al., 1999; pg. 15)] and Morozovella [nonspinose,
conical chambers, muricate wall (Olsson et al., 1999; pg. 15)]. All these genera are
assigned to the family Truncorotaloididae (Bergger and Norris, 1997; Olsson et al.,

1999).

Stable isotope measurements of Morozovella, Acarinina and Igorina tests, which are
abundant in Subzones P3a and P3b, suggest that these taxa maintained symbiosis with
chrysophytes and dinoflagellates (in analogy with modern planktonic foraminifera)
during the middle Paleocene (Norris, 1996). Evolution to this new ecologic strategy
must have been gradual, but the subsequent rapid radiartion of symbiotic species
suggests that it allowed the ‘‘muricate’’ group to diversify into an expanding ecologic
opportunity typified by food-poor oligotrophic pelagic environments at low latitudes
(Norris, 1996; D’Hondt and Zachos, 1998; Coxall et al., 2006; Fuqua et al., 2008; Birch

et al., 2012).

A similar pattern of increased abundances and diversity of Morozovella, Acarinina and
Igorina was also observed in other sections spanning the Danian/Seladian transition, as
for instance in the South Atlantic Ocean (Coxall et al., 2006; Birch et al., 2012), North
Atlantic and Pacific Oceans (Berggren and Norris, 1997) and sections in Spain
(Arenillas and Molina, 1995, 1997). In this interval at Site 356, increased abundances of
deep dwellers, such as Subbotina and Parasubbotina, and forms that maintained

photosymbiots, such as Acarinina, Morozovella and Igorina, suggest a well stratified
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water column and oligotrophic conditions, as well as the total recovery of the nutrient

cycle in the pelagic realm following the K/Pg event.

5. Discussions

The study of the planktonic foraminifera of Site 356, allowed for the definition of three
intervals with different faunal tendencies and dominance, which show the recovery of

the pelagic marine ecosystem, which was heavily affected by the K/T extinction event.

On the first levels of the Danian, in the Pa biozone, the distribution and dominance of
Guembelitria cretacea suggest a poorly stratified water column, under eutrophic
conditions. In the interval between Pla and P2, a progressive tendency towards
mesotrophic to oligotrophic conditions can be seen. At the top of the section, stratified
and oligotrophic water column conditions dominate. The paleoceanographic scenario
proposed for this section is similar to the remarks made by Koutsoukos (1996) for the

Potiguar basin (Brasil).

The Truncorotaloididae family shows a rapid evolutionary radiation between biozones
P2 and P3a. In the P2 biozone there is the first record of the genus Morozovella, the first
photosymbiotic genera of the Cenozoic, which shows the recovery of the nutrients level
in the water column. In the P3a biozone, there is a diversification of the genus
Morozovella and the first appearance of Acarinina and Igorina, photosymbiotic genera
and inhabitants of the superficial portions of the water column. Rare are the marine
sedimentary sections in the South Atlantic that cover this time interval (between P2 and

P3b), such as Site 1262 (Birch et al, 2012) and Site 528 (Coxall et al., 2006), both
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located in the east portion (Walvis Ridge) of this ocean. These two sections show a
clear similarity with the results found in this work, with a progressive recovery and

diversification of the planktonic foraminifer fauna, from biozone P2 onwards.

Considering the progressive recovery of the pelagic ecosystem, heavily affected by the
events of the K/Pg boundary, it was possible to recognize two pulses of faunal
variations in this section. The first, in the section's lower portion (Pa biozone), is
characterized by the dominance of microperforate forms, typical of a mix-layer
environment. The second, between biozones P2 and P3a, is characterized by the
appearance of mix-layer normal perforate forms with the presence of photosymbionts,
as well as an abundance of species that inhabit the lower portions of the water column.
These results are in agreement with the ones found by Coxall et al., (2006), in Sites 528
(Walvis Ridge; South Atlantic) and 577 (Shatsky Rise; Western North Pacific). Coxall
et al. (2006), based on 8'*0 and §"°C, suggest two biochemical and evolutionary
recovery stages: (Coxall et al., 2006; pg. 298) “(1) rapid initial phase, which established
basic test shapes and generic diversity but had relatively low species diversity, and (2) a
delayed second phase, which peaked ~ 4 m.y. after the extinction and contributed
further important Paleogene lineages and returned Paleocene diversity to close to pre-
extinction levels”. In this work, it was not possible to recognize the first marine
recovery phase observed by Coxall et al. (2006) in the initial stages after the K/Pg
extinction event, likely due to the absence of this time interval at the base of the Danian.
The second recovery phase was initially observed between the depth 381.24 mbst and
the top of the section, at 314.35 mbsf, evidenced by the faunal diversification and the

appearance of photosymbiotic forms, such as Acarinina and Morozovella.

At the base of the section (Pa biozone), there is an abundance of microperforate

specimes. In this biozone, the lowest Shannow-Wienner (H") and equitability (J) values
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were found, related to the dominance of Guembelitria cretacea and of microperforate
forms, which suggest that, for this interval, the water column was poorly stratified, and
eutrophic conditions predominated. The eutrophication of the surface waters in the
beginning of the Danian may have inhibited the appearance of taxons with
photosymbionts in the photic zone, which favored the proliferation of the first omnivore
and/or carnivore forms. In this context, the development of spines in Eoglobigerina
supports the development of a carnivorous diet for this taxon (Hemleben et al., 1991).
Similarly to the development of spines, the origin of the cancellate wall structure at the
Danian likely lies in the modification of the wall texture in response to a rapid

ecological adaptation to different habitats (Olsson et al., 1992).

The progressive recovery of the pelagic ecosystem can be seen between biozones Pla
and P2. Throughout the Danian, the quick appearance of new spinous genera, which
inhabit the deepest portion of the column (thermocline and subthermocline), can be
seen, such as Subbotina e Parasubbotina. In the interval that covers biozones P1 and
P2, there is a progressive increase of forms that occupy deep water niches, under
eutrophic to oligotrophic water column conditions. From the Danian/Seladian transition,
between biozones P2 and P3a, a total recovery of marine conditions can be seen, with
oligotrophic conditions in the water column and an increase of photosymbionts in

planktonic foraminifera, related to the appearance of new genera and abundant forms

(Fig. 9).

6. Concluding remarks
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Based on the identification of the planktonic foraminifer fauna, seven biozones (zones
and subzones) were recognized in Site 356. In the Danian, the following biozones were
recognized: Pa (Parvularugoglobigerina eugubina Taxon-range Zone), Pla
(Parasubbotina pseudobulloides Partial-range Subzone), P1b (Subbotina triloculinoides
Lowest-occurrence Subzone) Plc (Globanomalina compressa/Praemurica inconstans
Lowest-occurrence Subzone) and P2 (Praemurica uncinata Lowest-occurrence Zone).
Biozone (P0), that corresponds to the base of the Paleocene (Danian), was absent. In the
Seladian interval the subzones P3a (Morozovella angulata -Igorina albeari interval
subzone) and P3b (Igorina albeari-Globanomalina pseudomenardii interval subzone)

were recognized.

The quantitative analysis of the planktonic foraminifer assemblage allowed for the
recognition of a series of evolutionary speciation events that took place after the K/Pg
extinction. Normal perforate forms that survived the K/Pg limit, such as Hedbergella
monmouthensis and Hd. Holmdelensis, were not found in Site 356. Throughout the
section, it was possible to recognize all microperforate (Chiloguembelinidae,
Guembelitriidae and Heterohelicidae) and normal perforate (Hedberguellidae,
Globigerinidae e Truncorotaloididae) families, which are the progenitors of the

planktonic foraminifera fauna of the Cenozoic.

Considering the planktonic foraminifera fauna recovered in this material, it is possible
to distinguish three levels where there is a change in the abundance and ecology of the
pelagic biota. The first, after the K/Pg event, is in the Pa biozone, between depths
411.75 mbsf and 410.77 mbsft, shown by the predominance of forms that inhabit the
superficial portions of the water column (mix-layer), represented mainly by
microperforate ones (eg. Guembelitria cretacea), which suggest a poorly stratified water

mass with eutrophic water column conditions. A second phase, between biozones Pla
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and P2 (between 409.25 mbst and 380.76 mbsf), can be seen by the progressive increase
of forms that inhabit the lower portions of the water column (in the thermocline and
sub-thermocline), which suggest a progressive recovery of the pelagic ecosystem and
the development of a stratified water column with mesotrophic conditions. A third pulse
(between 377.24 mbsf and 314.35 mbsf), from biozones P2 and P3, can be observed,
with the predominance of forms that inhabit the lower portions of the water column, as
well as the first abundant occurrence of mix-layer forms with photosymbionts, such as
Morozovella, Acarinina and Igorina, which suggest oligotrophic conditions for the
water column and the reestablishment of the nutrient cycle in the marine pelagic

environment for this portion of the South Atlantic.

Appendix A. List of identified taxa.

Taxonomic list of all planktonic foraminifera to Paleocene recognizad in the Site
356, arranged in paleontological systematic. The generic and specific consepts follow
Liu & Olsson (1992) and Olsson et al. (1999), information given in the Paleocene
Planktonic Foraminiferal Taxonomic Dictionary

(http://portal.chronos.org/gridsphere/gridsphere?cid=res_foram).

Acarinina strabocella (Loeblich and Tappan, 1957)
Chiloguembelina midwayensis (Cuhsman, 1940)
Chiloguembelina morsei (Kline, 1943)
Chiloguembelina subtriangularis (Beckmann, 1957)
Eoglobigerina edita (Subbotina, 1953)

Eoglobigerina eobulloides (Morozova, 1959)
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479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

Eoglobigerina spiralis (Bolli, 1957)

Globanomalina archeocompressa (Blow, 1979)
Globanomalina compressa (Plummer, 1926)
Globanomalina ehrenbergi (Bolli, 1957)
Globanomalina imitata (Subbotina, 1953)
Globanomalina planocompressa (Shutskaya, 1965)
Globoconusa daubjergensis (Bronnimann,1953)
Guembelitria cretacea Cushman, 1933

Igorina albeari (Cushman and Bermudez, 1949)
Igorina pusilla (Bolli, 1957)

Igorina tadjikistanensis (Bykova, 1953)

Morozovella acutispira (White, 1928)

Morozovella angulata (White, 1928)

Morozovella apanthesma (Loeblich and Tappan, 1957)
Morozovella conicotruncata (Subbotina, 1947)
Morozovella praeangulata (Blow, 1979)

Morozovella velascoensis (Cushman, 1925)
Parasubbotina pseudobulloides (Plummer, 1926)
Parasubbotina varianta (Subbotina, 1953)
Parasubbotina varioespira (Belford, 1984)
Parvularugoglobigerina alabamensis (Liu & Olsson, 1992)
Parvularugoglobigerina eugubina (Luterbacher & Premoli Silva, 1964)
Parvularugoglobigerina longiapertura Blow, 1979
Praemurica nikolasi (Koutsoukos, 2014)

Praemurica inconstans (Subbotina, 1953)
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504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

Praemurica pseudoinconstans (Blow, 1979)
Praemurica taurica (Morozova, 1961)
Praemurica uncinata (Bolli, 1957)
Rectoguembelina cretacea Cushman, 1932
Subbotina trivialis (Subbotina, 1953)
Subbotina triangularis (White, 1928)
Subbotina velascoensis (Cushman, 1925)
Subbotina triloculinoides (Plummer, 1926)
Woodringina claytonensis Loeblich & Tappan, 1957
Woodringina hornerstownensis Olsson, 1960
Woodringina irregularis (Morozova, 1961)

Zeauvigerina waiparaensis (Jenkins, 1965)
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Table 1. Paleoecological significance of recognized species from the DSDP Site 356.

*[sotope data reference: Shackleton et al. (1985)", D'hondt et al. (1994)?, Aze et al.

(2011)?, Berggren & Norris (1997)*, Lu & Keller (1996)°, Boersma & Premoli Silva

(1983)°, D'Hondt & Zachos (1993)", Olsson et al. (1999), Pearson et al. (2001)°, Coxall

et al. (2000)'° and Huber & Boersma (1994)'". “Biogeographic distribuition follow

Olsson et al. (1999) and Koutsoukos (2014)'?.

Taxa/groups Biogeographic distribuition” | *Habitat
Acarinina strabocella ® Mid-latitudes Mix-layer Wlt}.l
photosymbiosis
Chiloguembelina midwayensis 67 T Low to mid-latitudes Thermocline
Chiloguembelina morsei " Low to mid-latitudes Thermocline
Chiloguembelina subtriangularis " | Low to mid-latitudes Thermocline
Eoglobigerina edita ) Cosmopolitan Thermocline
Eoglobigerina eobulloides " Cosmopolitan Thermocline
Eoglobigerina spiralis ©) Cosmopolitan Thermocline
Globanomalina archeocompressa ® | Common in South Atlantic Thermocline
Globanomalina compressa ® Cosmopolitan Thermocline
Globanomalina ehrenbergi Cosmopohtg 1, MOTE COMMON | T ermocline
in low to mid-latitudes
Globanomalina imitata © Common in South Atlantic Thermocline
. ®) | Mid to low-latitudes, common .
Globanomalina planocompressa in North hemisfere Thermocline
Globoconusa daubjergensis © Abupdant n h.lgh latitudes, Thermocline
rare in low latitudes
Guembelitria cretacea 'V Cosmopolitan Mix-layer
. . (3) Tropical to Subtropical Mix-layer with
Igorina albeari latitudes photosymbiosis
Igorina pusilla ® Low to mid-latitudes Mix-layer Wlt}.l
photosymbiosis
Igorina tadjikistanensis @ Low to mid-latitudes Mix-layer Wlﬂ.l
photosymbiosis
Morozovella acutispira ¥ Low to mid-latitudes Mix-layer Wlt}.l
photosymbiosis
Morozovella angulata ° Low to mid-latitudes Mix-layer Wlt}.l
photosymbiosis
Morozovella avanthesma > Mid to mid-latitudes, common | Mix-layer with
P in North hemisfere photosymbiosis
Morozovella conicotruncata “* Low latitudes Mix-layer Wlﬂ.l
photosymbiosis
Morozovella praeangulata " Low to mid-latitudes Mix-layer Wlt}.l
photosymbiosis
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Morozovella velascoensis ¥ Low to mid-latitudes Mix-layer Wlt}.l
photosymbiosis
P bboti . 4,7) . Sub-
arasubbotina pseudobulloides Cosmopolitan .
thermocline
Parasubbotina varianta *” Cosmopolitan Thermocline
Parasubbotina varioespira Low latitudes Thermocline
Parvularugo%g)b igerina Low to mid-latitudes Mix-layer
alabamensis
(I;%)W ularugoglobigerina eugubina Low to mid-latitudes Mix-layer
Parvylarugoglobzgerma Not dada Not data
longiapertura
Praemurica nikolasi Low to rllgld-latutudes in South Not data
Atlantic
Praemurica inconstans ‘** Cosmopolitan Mix-layer
Praemurica pseudoinconstans © Low to mid-latitudes Mix-layer
Praemurica taurica ™" Cosmopolitan Mix-layer
Praemurica uncinata ™Y Low to mid-latitudes Mix-layer
Rectoguembelina cretacea ' Low to mid-latitudes Mix-layer
Subbotina trivialis ' Cosmopolitan Thermocline
Subbotina triangularis *'" Low to mid-latitudes Thermocline
Subbotina velascoensis ' Cosmopolitan Thermocline
Subbotina triloculinoides ' Cosmopolitan Thermocline
Woodringina claytonensis ® 2?:?3?2: dnllalt?t‘z C%:‘:tudes, Mix-layer
Woodringina hornerstownensis "® | High to low-latitudes Mix-layer
Woodringina irregularis 'V Not data Mix-layer
Zeauvigerina waiparaensis " Not data Thermocline

674

675  Figure captions

676

677 Fig. 1. Paleogeographic reconstruction for K/T boundary (modified from

678  www.paleomap.scotesse.gov/eu) presenting the inferred location of DSDP Site 356

679  (Sao Paulo Plateau, Brazil).

680

681  Fig. 2. Identified biostratigraphic intervals on site 356 between the Danian and Seladian,

682  with their respective depths and bioevents, calibrated according to Gradstein et al.
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700
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702
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705

(2012). Zonal scheme from Berggen et al. (1995). Abbreviations for the biozones: “P”
= Paleocene; “P. haria.” = Pseudoguembelina hariaensis; Abbreviations for the genera:
Pv. = Parvularugoglobigerina; W. = Woodringina; C. = Chiloguembelina; Z. =

Zeauvigerina, Go. = Globononusa; Gu. = Guembelitria; E. = Eoglobigerina; P. =

Parasubbotina; S. = Subbotina; G. = Globanomalina; Pr. = Praemurica; M.

Morozovella; 1. = Igorina; A. = Acarinina.

Fig. 3. Selected species from DSDP Site 356: la-c. Parvularugoglobigerina eugubina
(356-29-2, 95-97cm; 410.25 mbsf) Zone Pa. 2a-c (ULVG-11736). Parasubbotina
pseudobulloides (356-28-6, 76-77.5cm; 407.26 mbsf) Subzone Pla (ULVG-11737). 3a-
c. Subbotina triloculinoides (356-27-3, 77-79cm; 393.27 mbsft) Subzone P1b (ULVG-
11738). 4a-c. Globanomalina compressa (356-26-6, 77-77.5cm; 386.77 mbsf) Subzone
Plc (ULVG-11739). 5a-c. Praemurica inconstans (356-26-5, 77-78cm; 386.77 mbsf)
Subzone Plc (ULVG-11740). 6a-c. Praemurica uncinata (356-26-2, 74-78cm; 391.77
mbsf) Zone P2 (ULVG-11741). 7a-c. Morozovella angulata (356-25-2, 75-77cm,;
372.75 mbsf) Subzone P3a (ULVG-11742). 8a-c. Igorina albeari (356-23-4, 74-

75.5cm; 356.74 mbst) Subzone P3b (ULVG-11743). Scale bar =100um.

Fig. 4. Distribution pattern of the planktonic foraminifera families in site 356 and
Shannon-Winner (H') and equitability (J) diversity indexes. Microperforate forms are
represented by the Hedbergellidae, Truncorotaloididae and Globigerinidae families.

Relative abundance curve of the microperforate species.
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Fig. 5. Select species from DSDP Site 356: 1. la-c. Parvularugoglobigerina
longiapertura (356-29-2, 120-123cm; 411.20 mbsf) Zone Po (ULVG-11744). 2a.
Rectoguembelina cretacea (356-26-2, 74-78cm; 381.24 mbsf) Zone P2 (ULVG-11745).
3a-b. Woodringina claytonensis (356-28-4, 7677.5cm; 404.26 mbsf) Subzone Pla
(ULVG-11746). 4a. Guembelitria cretacea (356-29-2, 145-148cm; 411.45 mbsf) Zone
Pa (ULVG-11747). 5a-b. Globoconusa daudjergensis (356-27-1, 74-76 cm; 390.24
mbsf) Subzone Plc (ULVG-11748). 6a-b. Chiloguembelina midwayensis (356-29-2,
145-148cm; 411.45 mbsf) Subzone Plc (ULVG-11749). 7a-c. Praemurica nikolasi
(356-27-1, 74-76 cm; 390.24 mbsf) Subzone Plc (ULVG-11750). 8a-c. Globanomalina
planocompressa (356-28-4, 7677.5cm; 404.26 mbsf) Subzone Pla (ULVG-11751). 9a-
c. Igorina pusilla (356-23-2, 74.76.5 cm; 353.74 mbsf) Subzone P3a (ULVG-11752).
10a-c. Morozovella velascoensis (356-23-2, 74.76.5 cm; 353.74 mbsf) Subzone P3a
(ULVG-11753). 11a-c. Parasubbotina varioespira (356-21-3, 74-76 cm; 336.24 mbsf)
Subzone P3b (ULVG-11754). 12a-b. Subbotina triangularis (356-21-3, 74-76 cm;
336.24 mbsf) Subzone P3b (ULVG-11755). 13a-c. Eoglobigerina edita (356-28-4,

7677.5cm; 404.26 mbsf) Subzone Pla (ULVG-11756). Scale bar =100pum.

Fig. 6. Distribution of the normal perforate planktonic foraminifer genera found in Site
356. Forms with spines of the Globigerinidae family (Eoglobigerina, Parasubbotina
and Subbotina), nonspinose forms with smooth texture of the Hedbergellidae family
(Globanomalina) and nonspinose muricate forms and/or cancellate texture
Truncorotaloididae (Praemurica, Acarinina, Morozovella and Igorina) (Olsson et al.

1999).
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Fig. 7. Distribution pattern of the planktonic foraminifer fauna according to the depth of
their habitat. (i) mix-layer, with symbionts, and (ii) mix-layer, are superficial waters
(shallower pelagic dwellers), and (iii) is thermocline and sub-thermocline (deeper

pelagic dweellrs). Data based in the compilation of isotopic data.

Fig. 8. Schematic distribution and relative abundance of selected planktonic
foraminifera water-depth habitats. The black area is planktonic foraminifera to inhabited
to mix-layer, light gray to mix-layer with photosimbiont (shallower pelagic dwellers)
and dark gray dark is species inhabited to thermocline and subthermocline (deeper
pelagic dweellrs). Inferred after stage isotope data from Shackleton et al. (1985),
D'hondt et al. (1994), Aze et al. (2011), Berggren & Notrris (1997), Lu & Keller (1996),
Boersma & Premoli Silva (1983), D'Hondt & Zachos (1993), Olsson et al. (1999),
Pearson et al. (2001), Coxall et al. (2000) and Huber & Boersma (1994). Abbreviations
for the biozones: “P” = Paleocene; “P. haria.” = Pseudoguembelina hariaensis;
Abbreviations for the genera: Pv. = Parvularugoglobigerina; W. = Woodringina; C. =
Chiloguembelina; Z. = Zeauvigerina, Go. = Globononusa; Gu. = Guembelitria; E. =
Eoglobigerina; P. = Parasubbotina; S. = Subbotina;, G. = Globanomalina; Pr. =

Praemurica; M. = Morozovella; 1. = Igorina; A. = Acarinina.

Fig. 9. Schematic diagram summarizing the patterns trends to planktonic foraminifera

assemblage and ecological and/or oceanographic changes in the Paleocene.
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Age Biozone

Planktonic foraminifera patterns trends

Ecological inferences

Rapid radiation of Acarinids and Morozovellids. Stabilization in the
abundance of the genera Parasubbotina e Subbotina (Globigerinidae),
and Morozovella, Acarinina e Igorina (Truncorotaloididae).

Appearance of two new genera (Acarinina e Igorina) of
Truncorotaloididae, with muricate wall.

Appearance of Morozovella (Truncorotaloididae). Extinction of
Eoglobigerina (Globigerinidae) with both spinose and high coiling.

Dominance of Praemurica (Truncorotaloididae). Progressive increase
of forms with smooth and non-spinose (Globanomalina), and spinose
Parassubotina e Subbotina.

Dominance of spinose forms (Globigerinidae) represented mostly by
Eoglobigerina.

Total recuperation of the
water column with
oligotrophic conditions and
increase in photosymbiosis
in planktic foraminifers.

Recuperation of the nutrients
level in the water column.

Progressive recuperation in
the pelagic ecosystem with
reorganization and
stabilization of the photic
zone in the water column.

b
g
S |P3|
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gy
g C
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a
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Figure 9.

Dominance of microperfurate forms mostly of Guembelitria
(Guembelitriidae). Appearance of normal perforate forms with spines
(Eoglobigerina and Subbotina) of Globigerinidae.

Rapid diversification of the
pelagic community. Water
column poorly stratified,
initially under eutrophic
conditions.
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Highlights

Site 356 enables to reconstruct Paleocene planktonic foraminiferal evolution

Diversity indexes evidence instability in the water column near the K/Pg boundary

Evolutionary trends point to a late Paleocene recovery of marine ecosystem
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Wall  Ecological Pa Pla Pib Pic P2 P3a P3b
Species textre  Deep 41175 41145 4112 41095 41077 40925 407.26 40573 40426 40277 40127 39977 397.74 39623 39476 39327 39177 39024 38827 38677 38524 38376 38124 38076 377.24 37573 37427 37275 3719 36324 36173 35936 35768 35674 3552 35374 35224 35024 34874 34724 34574 34424 343 337.75 33624 33474 32674 32524 32374 32174 32024 31874 31724 31574 31435
[Eoglobigerina eobulloides 712 859 387 509 1282 1080 1250 1273 1561 588 1337 1098 1053 827 1421 399 690 133
Eogiobigerina edita 102 253 129 153 1179 1183 1198 928 794 535 642 549 447 240 233 106 371 240 162 436
Eoglobigerina spiralis 417 238 161
Eogiobigerina 814 1111 515 662 2462 2262 2448 2202 2354 1123 1979 1647 1500 1067 1654 505 1061 373 162 436 417 238 161
Parasubbotina pseudobulloides 585 303 103 220 692 925 1458 1273 1614 989 900 1590 1658 1040 1214 1197 531 1147 1159 1880 2051 2292 1323 1475 1994 1662 1799 1618 886 1169
Parasubbotina varianta 566 926 949 720 873 402 285 420 334 265 253 124 654 838 900 1892 1022 1154 1362 792 858 1129 1530 1850 1263 1361 1126 1468 989 1135 974 777 1072 1071 1348 1497 1181
Parasubbotina variospira 411 557 177 522 1471 243 1230 1135 1022 632 763 1421 1394 1371 956 1528 645 528 563 388 615 676 1079 1126 456 7.97 1348 1337 551
Parasubbotina 2 585 303 103 220 692 925 1458 1273 1614 989 900 1590 1658 1040 1214 1197 531 1147 1725 2807 3000 3021 2196 1877 2279 2091 2545 2440 1316 1816 2125 1081 2139 3027 2043 1786 2125 2213 2252 2500 2486 3378 1909 1889 1689 1856 1604 1811 2053 1903 1528 1868 2695 2834 1732
Subbotina trivialis ] 636 202 077 102 128 951 833 230 423 1230 856 1156 526 1173 1137 1144 1379 2213 2264 1172 1641 1302 1534 992 570 1260 051
Subbotina triloculinoides 3 134 187 289 289 560 310 479 584 1387 512 436 1231 469 1138 483 1880 065 1851 1538 2177 1816 2016 1946 2219 1486 1237 1593 1880 2240 2279 1828 1148 1930 1801 1472 1340 1302 1765 1270 1500 938 17.16 1071 701 1016 709
Subbotina tiangularis g 896 790 1568 1070 1243 1801 1708 1853 1339 1367 1604 2240 12 1801 1380 1746 1357 1604 1514 1579 1877 1600 1786 1402 1150 1995
Subbotina velascoensis & 260 250 107 194 187 432 395 420 322 412 081 134 105
subbotina 636 202 077 102 128 951 833 239 423 1364 1043 1445 816 1733 1447 1622 1963 3600 2776 1608 2872 1771 2672 1475 2450 2225 1902 1538 2177 2741 2807 3514 3289 2730 3038 3297 3733 3579 3646 3522 3388 2842 3871 3141 3164 2853 3556 3216 3474 3244 3646 3269 2183 2299 2808
Globanomalina archaeocompressa 025 025 026 025 026 078 053
Globanomalina planocompressa 026 234 106 370 348 455 260 447 347 749 824 690 587 755 490
(Globanomalina compressa 2 239 267 782 327 1077 1406 1481 5% 742 349 668 663 506
Globanomalina imitata £ 053 214 085 054 591 557 253 124 027 081 053 054 108 08 027 027 054 054 08 027 027 056 054 139 080 081 079 107 027 192 189 080 052
b 2 285 188 540 690 506 1169 1471 432 267 541 887 659 409 464 420 349 437 295 269 389 617 831 294 703 237 214 161 440 1159 481 551
Globanomalina £ 025 025 026 025 051 313 159 370 348 455 260 447 347 749 824 928 853 1536 817 1077 1406 1534 804 1083 590 1799 1910 1266 1294 1499 514 321 595 995 742 436 492 483 403 519 322 296 444 670 970 374 784 316 322 188 632 1348 561 604
Acarinina strabocella 2 = 1046 940 1635 1825 902 1316 373 327 243 401 459 403 385 272 464 214 780 740 322 108 833 1019 776 508 595 526 375 804 744 674 775 446
[Morozovella praeangulata 3 423 134 370 295 257 159 456 299
Morozovella angulata € 142 241 540 265 709 945 327 865 401 459 806 522 518 410 456 269 383 349 269 361 402 305 348 243 316 456 107 412 162 267 345
Morozovella conicotruncana g 199 161 308 106 320 199 163 189 080 135 054 247 245 082 054 081 109 027 054 028 107 083 053 135 132 054 027 055 108 027 079
[Morozovella velascoensis £ 075 054 649 321 757 699 1319 1035 920 617 430 437 456 457 1083 322 1247 856 811 1526 509 804 549 323 535 735
Morozovella apanthiesma 2 224 436 216 481 405 968 082 354 273 777 323 574 322 511 333 420 277 321 351 237 402 268 412 431 160 499
[Morozovella acuspira H 107 107 247 081 107 184
= 423 134 742 697 1105 531 1494 1741 981 1919 1283 1757 2527 2170 2153 1694 1903 1102 1503 1153 1290 1806 1260 1941 1578 1541 2211 1528 1314 1676 1105 1096 1811
igorina pusila H 199 643 120 239 101 100 109 351 348 027 054 247 300 437 268 323 383 509 1129 500 885 332 348 405 263 563 402 412 243 241 472
Igorina tadjikistanensis s 241 222 802 514 263 831 965 577 539 936 1024
Igorina alb eari & 1592 1826 1757 1765 1243 780 1319 763 820 992 1344 820 1340 1290 1333 938 831 1150 676 789 992 1019 604 593 695 7.35
igorina 199 643 120 239 101 1692 1935 2108 21.12 1270 833 1566 1063 1257 1260 1667 1202 1850 2419 1833 2064 1385 2299 1595 1316 2386 2386 1593 1375 1872 2231
Praemurica taurica 025 178 154 1285 1198 2361 2434 2353 2406 2630 2158 2240 956 798 186
Praemirica pseudoinconstans 051 152 026 102 462 1028 469 849 688 1925 17.11 1040 2184 1173 2429 2287 3130 1680 2102 1689 1872 1797 1455 2038
Praemurica inconstans 557 373 323 981 436 469 635 777 1681 1233 360 1671 1747
Praemurica uncinata 154 052 159 268 228 322 077 292 77
Praemurica nikolasi 102 051 052 178 077 463 078 451 185 481 000 462 211 613 207 372 186 187 081 599
i || o sm om oo o mw e om om @ @i D EH @ S G D S0 S G oYD GND 5YD DB MO ©H (F BD 0m
Guembslitia crotacea 2 3893 4747 6495 5496 3462 129 026 053 053
(Globoconusa daudjergensis 3 280 051 361 967 641 129 260 899 107 508 260 368 027 103 452 292 107 216 436
Panvularugoglobigerina eugubina H 051 051 026 127 103
Parvularuglobigerina longiapertura H 253 103 127 077 026 156
Parvularuglobigerina alabamensis 025 051 026 025 026 026 053 029 027 027 027 027 026 026 027
Panvularugoglobigerina 076 354 155 280 205 051 156 053 029 027 027 027 027 026 026 027
Woodringina claytonensis 2 2010 1641 1624 1298 769 1080 1146 1220 423 481 187 173 211 133
Woodringina homerstownensis £ 483 758 258 178 154 1003 833 690 132 481 241 116 026 347 284 532 663 533 189 218 154 885 291 1260 142 402 152 109 134 135 054 083 134 139 324 165 404 187 262
Woodringina inegularis g 102 101 026 026
Woodringina < 2595 2500 1907 1476 923 2082 1979 1910 582 963 428 289 237 480 284 532 663 533 189 218 154 885 201 1260 142 402 152 100 134 135 054 083 134 139 324 165 404 187 262
Chiloguembelina midwayensis 560 328 258 127 615 334 339 230 132 134 321 173 289 720 336 293 345 160 323 163 350 182 212 161 228 161 206 371 177 373 218 622 321 027 108 055 218 301 214 027 164 134 108 111 080 135 105 241 134 082 216 374 105
Chiloguembelina cf. morsei 025 177 026 178 179 308 443 265 265 214 187 173 132 533 594 1090 133 087 539 218 051 079 057
Chiloguembelina subtriangularis £ 026
Chiloguembelina 3 585 505 284 305 795 643 781 504 397 348 508 347 421 1253 930 1383 477 1147 863 381 436 182 291 161 285 161 206 371 177 373 218 622 321 027 108 055 218 301 214 027 164 134 108 111 080 135 105 241 134 082 216 374 105
[Rectoguembelina cretacea g 027 079 053
zeauvigerina waiparacnsis forma prolata & 331 026
zeauvigerina waiparaensis forma sensus aticto 026 027 076 027 027
Zeauvigerina 331 026 026 027 076 027 027
Richness 8 7 47 17T 16 7 16 14 15 14 15 15 14 15 14 14 15 14 15 15 12 11 16 14 7 1 18 18 17 %6 15 14 15 15 15 14 14 15 15 14 15 14 15 16 17 17 16 17 16 17 17 18 18 18 18
Diversity (H) 19950 18330 13310 16860 21360 24300 24470 22550 22480 22680 22400 22310 22050 23570 22760 23360 23080 22620 22820 23900 21310 22030 23640 24130 23170 24070 23160 24160 23190 24020 21950 22930 23030 22130 23390 22760 23000 22600 22740 21860 23050 21660 22750 22920 24420 23920 23430 25680 23370 25180 23260 26180 25510 24700 25440
Equitabilty () 06901 0647 04801 0608 07887 08765 08825 08544 083 08596 08735 08453 08144 08933 08404 09109 08521 08573 08425 09056 08073 08588 0.8343 08702 08357 08889 08551 08923 08562 08664 08317 0894 08727 08628 08364 08872 08966 09094 08867 08796 0.8987 08719 08621 08936 09019 0.8831 08877 09262 08856 09299 0.8816 0924 09004 09122 08979
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