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RESUMO

O Cretaceo inferior é caracterizado por importantes mudangas na paleoceanografia e
paleoclima da Terra. Estas mudancas incluem o campo magnético da Terra, que
apresentou um evento de polaridade normal de 121.4 a 83.65 Ma, extendendo-se do
Aptiano Inferior até aproximadamente o limite Santoniano/Campaniano, conhecido
como Superchron Normal do Cretdceo (SNC). O comportamento do campo
geomagnético durante o SNC ndo é bem conhecido e ha poucos registros deste
evento no hemisfério sul. Este trabalho apresenta os primeiros resultados
paleomagnéticos de alta resolucdo dos sedimentos do Aptiano Superior — Albiano
Inferior da Bacia de Sergipe-Alagoas, Brasil, e suas implicagbes para a variagao
paleosecular e paleointensidade relativa (PIR) na regidao equatorial. O modelo de
idades foi construido utilizando dados bioestratigraficos. Estudos de magnetismo de
rocha foram realizados no testemunho SER-01 para identificar o portador magnético
dos sedimentos através da analise de curvas de histerese, aquisicdo da magnetizacao
remanente isotérmica (MRI) e magnetizacdo remanente anisterética (MRA), curvas
termomagnéticas, bem como dados de magnetismo ambiental. O mineral portador
magneético € de baixa coercividade, provavelmente magnetita de origem detritica. A
contribuicéo relativa dos portadores magnéticos apresentou uma pequena variacao,
sendo manifestada através dos parametros de magnetismo ambiental. Dados
direcionais de alta qualidade foram obtidos ap6s a desmagnetizacédo progressiva por
campos alternados definindo uma grande zona de polaridade normal (provavelmente
o SNC), mas com pequena reversdo proximo a transicdo Aptiano-Albiano. Os
resultados encontrados apresentam semelhancas quando comparados com estudos
anteriores no Tétis. Registros de PIR foram obtidos utilizando trés diferentes métodos
gue mostram semelhanca nas curvas de variacdo da peleointensidade relativa,
sugerindo que as variagbes sdo mesmo relacionadas as variagbes do campo
geomagnético, e ndo da mineralogia magnética. Os dados mostram que o SNC foi
caracterizado por uma baixa disperséo angular e baixa variacao da PIR. Este trabalho
apresenta os primeiros estudos de PIR, apenas o terceiro registro global e o primeiro
registro no hemisfério sul de um evento de polaridade reversa que ocorreu entre o
ISEA e 0 M”-2r" em 113,3+1,6 Ma. Este evento foi acompanhado por uma fraca

intensidade do campo geomagnético seguido por um aumento brusco.

Palavras-chave: Superchron Normal do Cretdceo; Variagdo Paleosecular;

Paleointensidade Relativa; Magnetoestratigrafia.



ABSTRACT

The Early Cretaceous is characterized by important changes in the Earth's
paleoceanography and paleoclimate. These changes include the Earth's magnetic
field, which presented a normal polarity event from 121.4 to 83.65 Ma, extending from
the Early Aptian to approximately the Santonian/Campanian boundary, known as the
Cretaceous Normal Superchron (CNS). The behavior of the geomagnetic field during
the CNS is not well known, and there are few records of this event in the southern
hemisphere. This work presents the first high resolution paleomagnetic results of Late
Aptian — Early Albian sediments from the Sergipe-Alagoas Basin, Brazil, and their
implications for paleosecular variation and relative paleointensity (RPI) in the
equatorial region. The age model was built using biostratigraphic data. Rock
magnetism studies were performed on the SER-01 core to identify the magnetic carrier
of the sediments through the analysis of hysteresis curves, acquisition of isothermal
remanent magnetization (IRM) and anhysteretic remanent magnetization (MRA),
thermomagnetic curves, as well as environmental magnetism. The magnetic carrier
mineral is of low coercivity, probably magnetite of detrital origin. The relative
contribution of the magnetic carriers presented a small variation, being manifested
through the parameters of environmental magnetism. High-quality directional data
were obtained after progressive alternating field demagnetization defining a large zone
of normal polarity (probably the CNS), but with a small reversal close to the Aptian-
Albian transition. Results show similarities when compared with previous studies in
Tethys. RPI records were obtained using three different methods that show similarity
in the variation curves, suggesting that these variations are related to changes in the
geomagnetic field, and not in the magnetic mineralogy. The data show that the CNS
was characterized by low angular dispersion and low RPI variation. This work presents
the first RPI studies, only the third global record, and the first record in the southern
hemisphere of a reverse polarity event that occurred between ISEA and M”-2r” at
113.3+£1.6 Ma. This event was accompanied by a low intensity of the geomagnetic field

followed by a sharp increase.

Keywords: Cretaceous Normal Superchron; Paleosecular Variation; Relative
Paloeintensity; Magnetostratigraphy
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ORGANIZACAO DA DISSERTACAO

A presente dissertacdo contempla resultados paleomagnéticos de sedimentos
do Cretaceo Inferior do Oceano Atlantico Sul e as suas implicacdes para a variagdo
paleosecular e a paleointensidade relativa. O estudo foi realizado no testemunho SER-
01 da Bacia de Sergipe-Alagoas, NE do Brasil e é resultado do trabalho desenvolvido
para obtencédo do titulo de Mestre em Geociéncias pelo Programa de Pés-Graduacao
em Geociéncias (PPGGEO) da Universidade Federal do Rio Grande do Sul (UFRGS).

Esta dissertacao esta estruturada em torno de um artigo cientifico submetido
ao periodico Geochemistry, Geophysics, Geosystems da American Geophysical Union
(AGU) que apresenta fator de impacto 3.624 e estrato qualis CAPES A2, seguindo a
norma 118 do PPGGEO da UFRGS. Essa dissertacao € dividida em trés capitulos,

conforme descrito a seguir:

O Capitulo I corresponde ao texto integrador da dissertacdo que apresenta a
introducé@o ao tema, os objetivos do trabalho, uma revisdo conceitual a respeito do
campo geomagnético no Cretaceo, a metodologia empregada no estudo, 0 sumario

dos resultados e discussdes obtidos e as conclusdes do trabalho.

O Capitulo Il compreende o artigo cientifico “Paleomagnetic results of early
Cretaceous sediments from South Atlantic ocean: implications for paleosecular

variation and relative paleointensity” e o material suplementar.

O Capitulo Ill € composto pelo comprovante de submissdo do artigo e 0s

pareceres da banca examinadora.
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1.1. INTRODUCAO

O comportamento do campo geomagnético varia no tempo e no espaco. As
mudancas de direcdo e intensidade que ocorrem em periodos entre 1 e 10° anos
constituem a variacdo geomagnética secular, que tem sua origem associada a
componentes ndo-dipolares do campo, com curto periodo, e as mudancas dipolares,
com periodo longo (Butler, 2004). Além disso, reversdes de polaridade séo
comumente observadas no registro geologico (Ogg, 2020), ocorrendo uma mudanca
de 180° na direcao do dipolo geocéntrico. A magnetoestratigrafia € uma subdisciplina
da estratigrafia que tem por objetivo estudar o comportamento do campo
geomagnético registrado em rochas sedimentares e vulcanicas, permitindo um
registro de alta resolucdo das polaridades magnéticas (Muttoni, 2021; Garcés e
Beamud, 2021).

O Cretéceo Inferior (143.1-100.5 Ma, Gradstein et al., 2020) representa um
intervalo de tempo geoldgico em que o planeta passou por diversas mudancas em
termos paleogeograficos, paleoceanograficos e paleoclimaticos. Este periodo é
caracterizado, entre outros, por uma aceleragcdo na producdo de crosta oceanica
(Skelton et al., 2003), altera¢gbes nas condi¢cdes redox do fundo oceanico (Wang et al.,
2009), rotatividade bidtica acelerada (Leckie et al., 2002), ocorréncia episodica de
eventos oceanicos anoxicos (Schlanger e Jenkyns, 1976), clima quente,
concentracdes de diéxido de carbono em torno de 1000 ppm, mais que o dobro da
concentracdo atual (Foster et al., 2017), e os maiores valores de nivel médio do mar
do Fanerozoico. Além disso, 0 campo geomagnético permaneceu com polaridade
normal por aproximadamente 38 Ma, que é chamado de Superchron Normal do
Cretaceo (SNC) (Helsley e Steiner, 1968).

Os eventos registrados na litosfera, biosfera e atmosfera em diversos
momentos da histéria da Terra sao correlacionados com o comportamento do
geodinamo (Larson e Olson, 1991; Courtillot e Olson, 2007). Um exemplo disso é a
correlacdo existente entre periodos com duragdo da ordem de 107 anos, em que a
polaridade do campo geomagnético ndo se altera, chamados de superchrons, com
eventos de extingdo em massa associados a picos de atividades vulcanicas. Courtillot
e Olson (2007), por exemplo, identificam que trés dos quatro superchrons que ja
existiram precedem quatro das maiores extincbes do Fanerozoico, propondo uma

relacéo entre plumas do manto profundas e eventos de deplecdo em massa.
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O Superchron Normal do Cretaceo (SNC), também conhecido como
Superchron C34n, ocorreu entre 121 e 84 milhdes de anos atras (Ma), se estendendo
do Aptiano Inferior ao limite Santoniano/Campaniano (Ogg, 2020), apés um periodo
de significativas mudancas no campo magnético terrestre, com alta frequéncia de
reversdes entre o Hauteveriano e o Aptiano (133 - 121 Ma) (Channel et al., 1995;
Biggin et al., 2012; Franco et al., 2019). A compreensao a respeito do comportamento
do campo geomagnético durante o SNC ainda é muito limitada. Diversos autores
identificam dentro do superchron eventos de reversao de polaridade (Larson e Chase,
1972; Ryan et al., 1978; Zhang et al., 2021) e o comportamento do campo durante
este periodo ndo é simples, havendo diversas hipoteses a respeito da variabilidade
do campo geomagnético (Cronin et al., 2001; Granot et al., 2012; Zhang et al., 2021,
Yoshimura, 2022).

Cronin et al. (2001) relataram uma menor variacao na paleointensidade relativa
(PIR) durante o SNC quando comparado com o Oligoceno. Granot et al. (2012)
encontraram uma variabilidade crescente do campo geomagnético no inicio do SNC
que culminou entre 110 e 100 Ma para um campo altamente flutuante e um sinal
magnético moderado nos ultimos 9 milhdes de anos do superchron, indicando um
retorno a um campo geomagnético mais estavel. Yoshimura (2022) por sua vez
conclui que a frequéncia de reversfes observadas durante o SNC é significativamente
menor do que em outros periodos. No entanto, a paleointensidade no SNC permanece

ambigua e a variacao paleosecular (VPS) deve ser mais investigada.

A presente dissertacdo apresenta novos dados paleomagnéticos do
testemunho SER-01 da Bacia de Sergipe-Alagoas, NE do Brasil, promovendo um
registro magnético do SNC durante o inicio da fase drifte desta bacia. Nele sdo
apresentados os resultados e interpretacdo de magnetismo de rocha, variacao
paleossecular, e paleointensidade relativa para um intervalo de 77,15 metros do
Membro Maruim da Formac&o Riachuelo, uma rampa carbonética formada durante a

abertura do Oceano Atlantico na base do Aptiano (Fauth et al, 2021).

1.1.1. Objetivos
O objetivo principal deste trabalho € realizar um estudo de mineralogia
magneética, variacdo paleossecular e paleointensidade relativa no testemunho SER-

01 da Bacia de Sergipe-Alagoas. Com este estudo pretende-se alcancgar os seguintes
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objetivos especificos: (i) estudar a origem da magnetizacdo dos sedimentos do
testemunho, isto €, os componentes da magnetizacdo; (ii) obter as direcdes e a
paleointensidade do campo geomagnético proximo a transicdo Aptiano-Albiano; (iii)
dar mais subsidios, através dos dados gerados, para compreender melhor o
comportamento e a variabilidade do campo geomagnético durante o SNC; (iv)
correlacionar os dados obtidos e as interpretacdes para o testemunho SER-01 com
os dados e interpretacfes de outros testemunhos que registram o SNC de mesma
idade.

1.2. O CAMPO GEOMAGNETICO NO CRETACEO

1.2.1. O campo geomagnético

O Paleomagnetismo é a area da Geofisica que estuda o comportamento do
campo geomagnético do passado. O campo geomagnético é gerado por correntes de
conveccdo no nucleo externo da Terra, composto de ferro, niquel, e outros
componentes mais leves e menos conhecidos. O resfriamento do nudcleo e a
flutuabilidade do liquido de ferro e nigquel do nucleo externo causado pela cristalizacéo
do ferro puro no nucleo interno séo duas possiveis fontes da energia para a convecgao
do liquido que gera o campo geomagnético. O movimento de convecgéo é controlado
pela flutuabilidade do liquido, o movimento de rotacdo da Terra em torno do seu eixo

e pela interacéo do fluido condutor com o campo magnético (Tauxe, 2005)

O campo geomagnético na superficie da Terra pode ser explicado por um vetor
gue apresenta componente vertical e componentes horizontais (Fig. 1.1). A

componente vertical do campo geomagnético € positiva para baixo e dada pela eq. 1
Hy = Hsinl (eq. 1)

onde H é a magnitude do campo magnético, | € a inclinacao de H a partir da horizontal
(entre -90° a +90°, definido como positivo para baixo). O componente horizontal por

sua vez é dado pela eq. 2
Hyp = Hcos I (eq. 2)
sendo os componentes geograficos norte (eq. 3) e leste (eq. 4) respectivamente

Hy = HcoslIcosD (eq. 3)
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Hg = HcosIsinD (eq. 4)

onde D é o angulo do norte geografico ao componente horizontal (de 0° a 360°,
positivo no sentido horario) chamado de declinacdo. A intensidade do campo

geomagnético por sua vez € dada pela eq. 5:

H =\ H? + HZ + H? (eq. 5)
Geographic
North Magnetic
/1 North
D — Hp=H cosl
I
> East
L
:Ill:
23
=

Figura 1.1. Descricao do vetor campo geomagnético. Este pode ser decomposto em uma componente

horizonta e vertical. Extraido de Butler (2004).

A premissa béasica do paleomagnetismo considera que o campo geomagnético
€ gerado por um dipolo no centro da Terra alinhado ao eixo de rotacédo. A este modelo

damos o nome de dipolo geocéntrico axial (DGA) (Butler, 2004).

Em média, considerando tempo suficiente, 0 campo geomagnético realmente
coincide com o modelo DGA (Tauxe, 2005). Entretanto, no momento presente, sem
considerar essa média no tempo, observa-se que o campo magnético terrestre é mais
complexo que o campo DGA (Fig. 1.2). Os polos magnéticos, onde I = +902, néo
coincidem com os polos geograficos, como era de se esperar em um campo DGA.
Atualmente o dipolo geocéntrico que melhor descreve 0 campo geomagnético
presente tem um angulo de ~11,5° com o eixo de rotacdo da Terra. Entretanto esse
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dipolo geocéntrico também n&o coincide exatamente com 0s polos magnéticos.
Apenas ~90% do campo geomagnético atual pode ser explicado pelo dipolo axial
geocéntrico inclinado (e.g., Merril et al.,, 1998). Os outros ~10% do campo sdo

explicados por componentes nao-dipolares (Butler, 2004).

geomagnetic
north pole

N (geographic pole)

north magnetic pole
(I=90°)

ti t
magn((aI EO?;qua or geographic

~+— equator

geomagnetic _y-

best-fitting
equator

dipole

south magnetic pole
(I=-90°)

\ geomagnetic
south pale

Figura 1.2. Modelo do dipolo geocéntrico axial inclinado. O campo geomagnético do presente pode ser
melhor representado por um dipolo inclinado em 9,4° em relac&o aos polos geograficos. O mesmo nao

coincide exatamente com os polos magnéticos. Extraido de Butler (2004).

A direcdo e a magnitude do campo geomagnético se alteram com o tempo. As
mudancas que nele ocorrem em periodos de 1 a 10° anos sdo chamadas variagdes
geomagnéticas seculares. As origens dessas variacdes estdo associadas as
mudancas ndo-dipolares de curto periodo e as mudancas dipolares de longo periodo
(Butler, 2004).

1.2.2. Superchron Normal do Cretaceo: estado da arte

O campo geomagnético apresenta em diferentes frequéncias reversdes de
polaridade, isto €, de tempos em tempos 0 campo magnético terrestre sofre uma

reversdo de 180° na sua direcdo. Brunhes (1906) foi o primeiro a medir em rochas
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uma dire¢cdo de magnetizagdo antiparalela ao campo geomagnético atual. Mais tarde
Matuyama (1929) atribuiu magnetizacdes reversas encontradas em rochas a
reversdes da polaridade geomagnética, sendo o primeiro a utilizar estratigrafia

magnética para ordenar sequéncias de rochas.

Os primeiros estudos de magnetoestratigrafia em rochas sedimentares séo da
década de 1950 (Creer et al., 1954; Irving e Runcorn, 1957), em que magnetizacdes
normais e reversas foram observadas em diversos afloramentos. Por sua vez, a escala
de tempo de polaridade geomagnética moderna (Geomagnetic Polarity Time Scale -
GPTS) teve inicio com os trabalhos de Cox et al. (1963) e McDougall e Tarling
(1963a,b; 1964) em rochas vulcanicas. Estes estudos que se seguiram em meados
dos anos 1960 estabeleceram que rochas da mesma idade apresentam a mesma

polaridade magnética por pelo menos alguns milhdes de anos (Laj e Channell, 2015).

Excursées sdo definidas como breves (<10 anos) desvios dos polos
geomagnéticos virtuais (PGVs) do dipolo geocéntrico axial, fora da variacdo secular
para uma determinada populacdo de PGVs (Laj e Channell, 2015). As primeiras
excursdes do campo geomagnético foram identificadas no final da década de 1960
(Bonhommet e Babkine, 1967; Smith e Foster, 1969), mas somente a partir da década
de 1980 que estudos de alta resolugdo em registros sedimentares permitiram
identificar com maior frequéncia as excursdes (Laj e Channell, 2015). A nomenclatura

para diferentes intervalos de polaridade é dada na Tabela 1.1.

Tabela 1.1. Nomenclatura para intervalos de polaridades (Modificado de Laj e Channell (2015).

Zona de polaridade Equivalente Equivalente .
Duracéao (anos)

magnetoestratigrafica geocronoldgico cronoestratigrafico

Megazona Megachron Megachronozona  108-10°

Superzona Superchron Superchronozona 107-108

Zona Chron Chronozona 106-107

Subzona Subchron Subchronozona 10°%-10°

Microzona Microchron Microchronozona <104

Zona de excursao Excurséo Breves desvios da
variagao secular
normal

Criptochron

Criptochron

Criptochronozona

Existéncia incerta
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Os eventos de reversdo de polaridade magnética sdo considerados
caracteristicas intrinsecas do geodinamo e séo influenciados por alteragdes de longo
prazo no fluxo térmico do nucleo externo e nos padrfes de fluxo térmico na interface
manto-ndcleo (Courtillot e Olson, 2007; Driscoll e Olson, 2011; Zhang et al., 2021).
Periodos prolongados (107-108 anos) de estabilidade da polaridade magnética séo
chamados de superchrons e ao todo quatro destes periodos ja foram identificados na
histéria da Terra: o Superchron Normal do Cretaceo (121-84 Ma; Helsley e Steiner,
1968; Ogg et al., 2020), o Superchron Reverso do Permo-Carbonifero (318-262 Ma;
Opdyke e Channell, 1996), o Superchron Reverso do Ordoviciano (485-463 Ma;
Pavlov e Gallet, 2005, 2009), e o Superchron Normal Maya no Mesoproterozoico
(1.060-1.000 Ma; Pavlov e Gallet, 2010).

O mecanismo para o inicio dos superchrons ainda é controverso, sendo a
relacdo entre as caracteristicas do campo geomagnético, como frequéncia de
reversdes e intensidade, e os processos do geodinamo objeto de estudos e
discussbes (Tarduno et al., 2002; Biggin et al., 2012; Olierook et al., 2019; Franco et
al., 2019). O SNC foi o mais longo periodo de polaridade normal do Fanerozoico,
compreendendo aproximadamente 38 Ma (Fig. 1.3 a). Ele foi descrito pela primeira
vez por Helsley e Steiner (1968) através da sumarizacdo de medicdes
paleomagnéticas de rochas igneas e sedimentares de mais de 35 sitios que
registraram um periodo de polaridade magnética normal de pelo menos 25 Ma durante
o Cretaceo. Estudar a variacdo paleosecular (PSV) e a paleointensidade do campo
magnético durante o SNC é fundamental como uma janela para a dindmica ndcleo-

manto durante o Cretaceo (Zhang et al., 2021).
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Figura 1.3. (a) Escala de polaridade geomagnética de 0-154,9 Ma baseado em Ogg (2020) e curva de
frequéncia de reversbes magnéticas. Possiveis eventos de reversdo de polaridade magnética dentro
do SNC estdo representados por linhas brancas tracejadas. (b) Momentos dipolos axiais virtuais
durante o SNC. Extraido de Yoshimura (2022).

O comportamento do campo geomagnético durante o SNC ndo é simples.
Modelos geodinamicos supersimplificados indicam que o CNS foi um periodo de baixa
variabilidade de campo, enquanto estudos magnetoestratigraficos mostram que uma
interpretacdo da variabilidade de campo durante o0 CNS néo é direta (Granot et al.,
2012; Zhang et al., 2021; Yoshimura, 2022). Medidas de paleointensidade para o SNC
apresentam um grande intervalo de valores, de 1,71 x 10%?a 19 x 1022 Am? (Fig. 1.3
b) (Pick e Tauxe, 1993; Tanaka e Kono, 2002; Tarduno et al., 2002; Zhu et al., 2003;
Tauxe e Staudigel, 2004; Shcherbakova et al., 2011, Di Chiara et al., 2021, Zhang et
al., 2021). Simulagdes numéricas do dinamo preveem que momentos de ndo-reverséo
durante o superchron tendem a ter menores VPSs e momentos dipolo mais elevados
do que em intervalos com elevada frequéncia de reversdes (Cox, 1968; McFadden et
al., 1991; Glatzmaier et al., 1999; Tarduno et al., 2001; Aubert et al., 2010; Zhang et
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al., 2021). No entanto, um grande problema ainda em aberto € a cobertura continua

da variacdo do campo geomagnético no SNC.

Cronin et al. (2001) relataram que durante o SNC a variacao da PIR foi menor
do que durante os periodos de nao superchron do Oligoceno. Estudando os perfis de
anomalias magnéticas oceanicas, Granot et al. (2012) encontraram uma variabilidade
crescente do campo geomagnético no inicio do SNC que culminou entre 110 e 100
Ma para um campo altamente flutuante e um sinal magnético moderado nos ultimos 9
milhdes de anos do superchron, indicando um retorno a um campo geomagnético
mais estavel (Fig. 1.4).
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Figura 1.4. Comparacao da variabilidade do campo geomagnético durante o SNC. (a) Envelope de
amplitude de contrastes magnéticos do perfil deep-tow invertido. Seta indica o envelope de amplitude
tipico de contrastes magnéticos dos chrons C1 e C5. (b) Momentos dipolos axiais virtuais (circulos
abertos) e momentos dipolos virtuais (circulos fechados) da base de dados de paleointensidade
absoluta. Extraido de Granot et al. (2012).

Curtos eventos de reverséo de polaridade foram identificados durante o SNC
(Larson e Chase; 1972; Ryan et al., 1978; VandenBerg et al., 1978; Lowrie et al., 1980;
Tarduno, 1990; Das et al., 1996; Gilder et al., 2003; Zhu et al., 2004; Benammi et al.,
2006; He et al., 2012; Kollofrath, 2012; Shcherbakova et al., 2012; Zhang et al., 2021),
entretanto extenso debate permanece a respeito do tempo de ocorréncia, frequéncia

e se essas reversdes observadas sdo mesmo eventos de polaridade (Cronin et al.,
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2001). Periodos de reversfes geomagnéticas dentro do SNC foram revelados pela
primeira vez por Larson e Chase (1972). Mais tarde Ryan et al. (1978) sumarizou trés
breves eventos de reversao de polaridade: Chron M”-1r”, também conhecido como
evento ISEA, Chron M”-2r”, e Chron M”-3r”. Zhang et al. (2021) promovem os primeiros
registros detalhados de M"-2r" e M"-3r" em sedimentos terrestres, confirmando a
existéncia de reversdes de polaridade no SNC. A revisdo apresentada em seu
trabalho indica que pelo menos sete eventos ou agrupamentos de eventos de
reversdo ocorreram durante o SNC (Fig. 1.5). Yoshimura (2022) traz uma breve
revisdo da historia desde a descoberta do SNC e as reversdes que nele se encontram
e conclui que a frequéncia de reversdes observadas durante o SNC é

significativamente menor do que em outros periodos.
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Figura 1.5. Registros globais de reversdes de polaridade no SNC mostrando a localizagéo dos sitios
de amostragem e suas consequentes sequéncias de polaridade. Nimeros em azul ao lado das zonas
de polaridade reversa indicam o ndimero de registros globais disponiveis, enquanto o ponto de
interrogacao indica a incerteza da correlacdo. Abreviagdes: D.T., profundidade/espessura em metros;
G., geocronologia; L., litologia; Ms., a sequéncia M no GPTS2012; P., polaridade; ChRM, magnetizacao

remanente caracteristica; CNS, Superchron Normal do Cretaceo. Extraido de Zhang et al. (2021).

1.2.3 Aquisicdo de magnetizacdo em sedimentos

O magnetismo em rochas sedimentares é adquirido por meio da magnetizacao

remanente detritica (DRM, na sigla em inglés). Essa magnetizacdo é adquirida
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durante a deposicdo e litificagdo de rochas sedimentares. O modelo classico de
aquisicdo de DRM considera a influéncia de um campo magnético em uma particula
ferromagnética no momento em que essa encontra a interface agua-sedimento. Este
modelo implica na rotacdo da particula ferromagnética de maneira que o momento
magnético do grao ferromagnético fique alinhado ao campo magnético (Fig. 1.6a)
(Butler, 2004; Kodama, 2012; Roberts et al., 2013).

A DRM no entanto envolve diversos processos complexos relacionados a
formacdo de rochas sedimentares. Processos fisicos pds-deposicionais, como a
bioturbacédo podem afetar a aquisicdo da magnetizacdo. A compactacao, por exemplo,
€ outro processo pos-deposicional importante que também afeta o registro da DRM.
Os processos poés-deposicionais que intereferem no registro paleomagnético das
particulas sdo denominados de magnetizacdo remanente pés-deposicional (pDRM,
na sigla em inglés) (Fig. 1.6 b). Além disso, processos quimicos podem alterar ou
remover minerais ferromagnéticos detriticos e precipitar novos minerais, afetando o

registro paleomagnético (Butler, 2004; Kodama, 2012; Roberts et al., 2013).

Um dos processos deposicionais mais importantes é o que se chama em inglés
de inclination shallowing. O inclination shallowing € o registro da inclinacdo do campo
magnético no sedimento menor do que a inclinagcdo do campo aplicado. Isso ocorre
por conta do torque gravitacional que causa a rotacdo das particulas alongadas na

direcéo horizontal, causando um erro de inclinacao (Butler, 2004).

Outro conceito importante é o de profundidade de aprisionamento, ou lock-in
depth em inglés (Butler, 2004). Esse conceito descreve a profundidade em que a
perda de agua e a consolidacdo dos sedimentos restringe 0 movimento das particulas
sedimentares. Assim que o contato fisico entre as particulas adjacentes inibe a
movimentacdo das mesmas, a DRM e a pDRM sé&o bloqueadas, ficando registradas
(Butler, 2004; Kodama, 2012; Roberts et al., 2013).

Além da DRM e pDRM, outro processo de magnetizacdo de sedimentos € de
extrema importancia: a magnetizagdo remanente biogeoquimica (BRM, na sigla em
inglés) (Taruno et al., 1998). Essa magnetizacdo geralmente €& adquirida em
profundidades superiores & DRM e PDRM e € responsavel pela suavizacdo e perda
de informag¢des geomagnéticas. Bactérias magnetotaticas que vivem nos sedimentos

abaixo da camada de mistura da superficie vo contribuir para a BRM (Fig. 1.6c). A
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BRM no entanto sé € importante em ambiente microaerdbicos (Blakemore et al., 1985;
Roberts et al., 2013).

(a) DRM (b) PDRM (c) PDRM + BRM
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Figura 1.6. llustracdo esquematica da aquisicdo de (a) magnetizacdo remanente detritica (DRM), (b)
magnetizacdo remanente pos-deposicional (PDRM), onde processos pOs-deposicionais como
bioturbacéo afetam o alignamento das particulas e onde o aprisionamento ocorre em determinada faixa
de profundidade, e (c) magnetizacdo remanente biogeoquimica (BRM), em que bactérias
magnetotaticas abaixo da camada de mistura da superficie registram o campo geomagnético. Extraido
de Roberts et al. (2013).

1.3 MATERIAIS E METODOS
1.3.1 Arcabouco geoldgico

Entre agosto de 2014 e abril de 2015 trés testemunhos foram perfurados na
porcao continental da Bacia de Sergipe-Alagoas. Estes testemunhos, denominados
SER-01, SER-03 e SER-04 (Fig. 1.7) foram descritos em termos de litologia e
contetdo fossilifero por Fauth et al. (2021). Os sedimentos identificados nestes
testemunhos foram atribuidos a Formacéo Riachuelo, depositada no Aptiano Superior
e no Albiano, durante a fase drifte da bacia (Fig. 1.8a). Por conta da litologia descrita,
o testemunho SER-01 foi escolhido para ser analizado nesta dissertacdo, visto que
apresenta caracteristicas sedimentolégicas propicias para o registro do campo

geomagnético durante sua deposicao.
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Figura 1.7. Secdes estratigraficas dos testemunhos SER-01, SER-03 e SER-04. Extraido de Fauth et

al. (2021)

O testemunho SER-01 (10°24'22” S, 36°42°14” W) foi perfurado no municipio de

Pacatuba, no estado de Sergipe, na por¢céao onshore da Bacia de Sergipe-Alagoas (Fig.

1.8b). A Bacia de Sergipe-Alagoas é uma bacia elongada da margem continental

brasileira que apresenta registros sedimentares das fases pré-rifte, rifte, pos-rifte e

drifte com sequéncias continentais que gradam para sequéncias marinhas (Feijo,
1994; Mohriak, 2003; Campos Neto et al., 2007; Luft-Souza, et al. 2022).
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O testemunho SER-01 apresenta 174,7 metros, com uma taxa de recuperacao
de 82,8 % (Fauth et al., 2021). De acordo com Fauth et al. (2021) neste testemunho
estdo representados os membros Angico e Maruim da Formacdo Riachuelo. O
Membro Angico é caracterizado principalmente por arenitos. Dessa forma, foi decidido
gue neste primeiro momento, e para esta dissertagéo, apenas o Membro Maruim seria
objeto de analises paleomagnéticas, visto que é formado por sedimentos de
granulometria mais fina, como margas, mudstones, packstones, wackestones e
folhelhos (Fig. 1.8c). As rochas presentes neste testemunho depositaram-se num
contexto de rampa carbonéatica durante a abertura do Oceano Atlantico Sul no Aptiano
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Figura 1.8. a) Mapa paleogeogréfico durante o Cretaceo (115 Ma) com a posicdo do testemunho SER-
01 (gerado em odsn.de). b) Mapa geolégico da porcdo onshore da Bacia de Sergipe-Alagoas
(modificado de Fauth et al., 2021). c) Litologia da por¢cdo do testemunho SER-01 objeto de estudos
paleomagnéticos (ver Fauth et al., 2021).

1.3.2 Caracterizagdo dos portadores magnéticos

As analises paleomagnéticas foram realizadas em 238 amostras cubicas de 8
cm? (Fig. 1.9) entre 12,70 e 89,85 metros do testemunho SER-01. A primeira etapa
das andlises envolveu a medida de susceptibilidade magnética das amostras,
utilizando um susceptibilimero MKF1-FA Multi-Function Kappabridge nas frequéncias
de 976 e 15616 Hz, sob um campo de 200 A/m (Fig. 1.10). Esta primeira analise foi
realizada no Centro Oceanogréafico de Registros Estratigraficos (CORE) do Instituto

Oceanografico (I0) da Universidade de Sao Paulo (USP). Cada amostra foi medida

[] caystone [ shate [] sandstone

@ outcropA3s [11°S [l Mudstone [ Wackestone [| Packstone
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trés vezes para cada frequéncia e a média das medidas foi feita, com o objetivo de

diminuir os erros das mesmas.

A susceptibilidade magnética é definida como a raz&o entre a magnetizagcédo
induzida (M) de um material por um campo magnético aplicado (H). Todos os minerais
contribuem para a susceptibilidade de uma amostra, e portanto se trata de um
parametro complexo que reflete a contribuicdo de materiais ferromagnéticos (i.e.
magnetita, maghemita), anitferromagnéticos (i.e. hematita, goetita), paramagnéticos

(e.g. silicatos, argilas) e diamagnéticos (e.g. quartzo, carbonatos) (Liu et al., 2012).

Figura 1.9. Amostras cubicas de 8 cm3 do testemunho SER-01.

Os dados de susceptibilidade medidos em 976 e 15616 Hz foram utilizados no
calculo da susceptibilidade dependente da frequéncia, por meio da eq. 6:

Xif—Xnf)

=100 x
Xfd Xif

(eq. 6)

onde x4 € a susceptibilidade dependente da frequéncia, x,r € a susceptibilidade

medida em 15616 Hz e y;; € a susceptibilidade medida em 976 Hz. O resultado dessa
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equacdo di a porcentagem de minerais superparamagnéticos em cada amostra
(Dearing et al., 1996).

Figura 1.10. Susceptibilimetro MKF1-FA Multi-Function Kappabridge, localizado no USPMag, onde as

medidas de susceptibilidades magnéticas das amostras foram realizadas.

As amostras foram submetidas as analises de magnetizacdo remanente
anisterética (ARM, na sigla em inglés) utilizando um magnetémetro de trés eixos 2G-
Enterprises modelo 755 SQUID localizado em uma sala blindada do Laboratorio de
Paleomagnetismo da Universidade de Sédo Paulo (USPMag) (Fig. 1.11). Para tal foi
realizada magnetizacdo com campos alternados em 12 etapas (0, 10, 15, 20, 30, 40,
50, 60, 70, 80, 90, 100 mT) sob efeito de um campo direto de 0,05 mT, seguido de

desmagnetizacéo por campos alternados nos mesmos passos.
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Figura 1.11. Magnetdmetro de trés eixos 2G Enterprises modelo 755 SQUID localizado na sala
blindada do USPMag.

As amostras foram também submetidas as medidas de magnetizacao
remanente isotérmica (IRM, na sigla em inglés) utilizando um indutor de pulso de
campo magnético 2G também localizado no USPMag (Fig. 1.12). Neste método as
amostras sdo primeiramente submetidas a um campo de 1 T, e a magnetizacao €
medida utilizando o magnetdémetro de trés eixos 2G Enterprises modelo 755 SQUID,
obtendo-se a medida de magnetizagdo remanente isotérmica de saturacéo (SIRM, na
sigla em inglés). Estas amostras entdo retornam ao indutor de pulso de campo
magnético 2G, dessa vez rotadas em 180° e submetidas a dois campos magnéticos:
um de 100 mT e outro de 300 mT, sempre fazendo as medidas de IRM obtidas no

magnetémetro entre uma indugéo e outra. Assim sdo obtidas a IRM-10omt € a IRM-300mT.

As medidas de susceptibilidade, ARM e IRM podem ser utilizados para obter
informacdes a respeito da concentracdo, tamanho de grédo e mineralogia magnética,
de maneira que interpretacfes errbneas dos dados paleomagnéticos ndo sejam

realizadas, garantindo a robustez dos resultados obtidos.

A andlise de mineralogia magnética pode ser feita utilizando par@metros como
a razdo-S, HIRM e medidas termomagnéticas (Kodama, 2012; Liu et al., 2012). A
razdo-S detecta a quantidade relativa de minerais ferromagnéticos de baixa
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coercividade, comparado a quantidade de minerais antiferromagnéticos de alta
coercividade. Essa razéo é calculada pela eq. 7:

IRM_o3T
SIRM

S —ratio = (eq.7)

A HIRM por sua vez € uma medida da concentracdo em massa de minerais

magneéticos de alta coercividade e ela € obtida por meio da eq. 8:

SIRM+ IRM_qg 3T

HIRM = . (eq. 8)

Para a analise da concentracdo magnética utiliza-se principalmente a

susceptibilidade magnética, a ARM e a IRM (Kodama, 2012).

A ARM é utilizada para quantificar a concentragcdo de minerais magnéticos,
especialmente minerais magnéticos de baixa coercividade. Um dos motivos para tal é
gue a maioria dos laboratérios tém capacidade para aplicar um campo alternado
méaximo de 100-200 mT. Assim como a ARM, a IRM também € utilizada como um
pardmetro de concentracdo de minerais magnéticos. A IRM no entanto mede a
concentracdo de minerais magnéticos em um intervalo bem maior de coercividades,
de maneira que minerais como hematita, goetita, assim como magnetita e sulfetos de

ferro podem ser ativados (Kodama, 2012).

Para estudar o tamanho de grdo dos minerais magnéticos geralmente séo
utilizadas razdes entre diferentes parametros magnéticos. A razao ARM/y quantifica
a gquantidade relativa de magnetita fina de dominio simples em relacdo a magnetita
grossa multidominio. A razdo ARM/IRM também é utilizada para quantificar o tamanho
dos grdos magnéticos, podendo ser utilizada apenas quando minerais
ferromagnéticos predominam na mineralogia magnética de uma amostra. Nesta razéo
a ARM responde de maneira mais eficaz a particulas finas de dominio simples de
magnetita enquanto a IRM responde a todos os tamanhos de grdo magnéticos
(Kodama, 2012).



32

Figura 1.12. Indutor de pulso de campo magnético 2G localizado no USPMag utilizado para a

realizacdo medidas de IRM.

Vinte e oito amostras representativas foram escolhidas para medidas de
histerese e IRM em um Magnetometro de Amostra Vibrante VSM MicroMagTM3900
localizado no USPMag (Fig. 1.13). Aproximadamente 1 g de cada amostra foi moida
e levada ao equipamento para geracao de loops de histerese e de curvas de aquisicédo

e campo reverso de IRM até 1 T em temperatura ambiente.

Parametros de histerese magnética também sdo amplamente utilizados para a
analise de tamanho de grdos magnéticos. A coercividade (Bc), a magnetizacdo de
saturacao (Ms), a remanéncia de saturacao (Mrs) e a coercividade de remanéncia (Bcr)
sdo parametros utilizados para estimar o estado de dominio e portanto o tamanho de
grdo magnético por meio da plotagem das razées Mrs/Ms em funcao de Bcr/Bc em
um diagrama de Day (Day et al., 1977). Graos de dominio simples apresentam razao
Mrs/Ms maior que 0,5 e Bcr/Bc menor que 4,0. No meio estdo graos pseudo-dominio
simples, grédos multidominio com apenas alguns dominios que se comportam
magneticamente como graos de dominio simples, apresentando geralmente tamanho

em torno de 1 micron (Kodama, 2012).
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Por fim, foram realizadas andalises termomagnéticas em quatro amostras
representativas utilizando um forno CS-4 anexado a um MFK1-FA Kappabridge no
CORE do I0-USP. Nesta analise a suscepitibilidade magnética foi medida enquanto
a amostra era aquecida até 700°C e resfriada até a temperatura ambiente. Para evitar

a oxidacao do material estas medidas foram realizadas numa atmosfera de argonio.

As temperaturas de Curie ou Neél foram estimadas pelo método de Grommé et
al. (1969), em que se encontra o ponto de intersec¢do das duas tangentes as curvas
termomagnéticas. Os resultados termomagnéticos mostram caminhos irreversiveis,
com valores de suscetibilidade maiores durante o resfriamento do que no aquecimento.
Na trajetoria de aquecimento, observa-se uma ligeira elevacdo na suscetibilidade
magnética a ~370 °C, o que sugere uma baixa contribuicdo de maghemita. Analises
de curvas de aquecimento mostram grandes quedas na suscetibilidade em torno de

580 °C, indicando a magnetita como o principal transportador ferromagnético

Figura 1.13. Magnetémetro de Amostra Vibrante VSM MicroMagTM3900 localizado no USPMag.

1.3.3 Dados direcionais e paleointensidade relativa

As 238 amostras foram desmagnetizadas por campos alternados em 17 etapas
o, 2, 4, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 mT) utilizando um
magnetometro de trés eixos 2G-Enterprises modelo 755 SQUID localizado em uma
sala blindada do Laboratorio de Paleomagnetismo da Universidade de Sédo Paulo
(USPMag) (Fig. 1.11).
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As medidas de desmagnetiza¢do por campos alternados permitiram que uma
magnetizacdo remanente caracteristica (ChRM, na sigla em inglés) fosse calculada
por meio da analise de componentes principais (PCA, na sigla em inglés; Kirschvink,
1980) e plotagem dos dados em diagramas de ponto final do vetor desmagnetizacao
(Zijderveld, 1967). Assim, a analise desses diagramas e de projecdes estereograficas
foram utilizadas para estimar limites inferiores e superiores de campos alternados para

a definicdo da ChRM, retirando-se as componentes secundarias.

Para obter dados de paleointensidade relativa foram realizadas normalizacdes
por meio de trés diferentes métodos. Os dois primeiros métodos consistem em

comparar a razdo de NRM a 20 mT por x;r, € NRM a 20 mT por ARM a 20 mT (Levi

& Banerjee, 1796; King et al. 1983; Tauxe, 1993). O terceiro método é obtido usando
a abordagem pseudo-Thellier (Tauxe et al. 1995). O campo de 20 mT foi escolhido
com base no campo destrutivo mediano (CDM) e no PCA dos diagramas vetoriais de
desmagnetizacdo de ponto final. O método pseudo-Thellier foi aplicado para avaliar a
incerteza da estimativa de paleointensidade relativa (Tauxe et al., 1995). Neste
método, a NRM restante € plotada em relacdo a ARM ganha, nas mesmas etapas.
Em seguida, uma linha reta é ajustada para essas etapas. A inclinacéo (b) desta linha

reta é a PIR, e a incerteza na inclinacao € 20 (Tauxe et al., 1995).

1.4 SUMARIO DOS RESULTADOS E DISCUSSOES

De acordo com uma analise bioestratigrafica que incluiu nanofésseis calcareos,
radiolarios, palinologia, e ostracodes obteve-se uma idade Aptiano Superior — Albiano
Inferior para o testemunho SER-01. Para esse intervalo foram entdo obtidos dados de
magnetismo de rocha, variagéo paleosecular e paleointensidade relativa. Nesta secao
sera apresentado apenas o resumo dos resultados e discussdes. Figuras, tabelas e
graficos sdo apresentados no capitulo I, de maneira que o texto da dissertacdo nao

se torne redundante.

Dados de susceptibilidade magnética de alta e baixa frequéncia (xnr € xir
respectivamente), susceptibilidade dependente da frequéncia (xs;), NRM, ARM,

razao-S, HIRM, IRM, histereses e dados termomagnéticos ao longo do testemunho
indicam gque a magnetita domina como principal mineral magnético ao longo do

testemunho e uma predominancia de grdos de dominio simples e pseudo-dominio
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simples com pouca variacdo de tamanho de grdo magnético e concentracdo ao longo
do testemunho, visto que as variacbes dos parametros mostraram-se inferiores a um
fator de 15. Essa baixa variacdo dos parametros de magnetismo de rocha ao longo
do testemunho torna os dados propicios a reconstrucdo de curvas de PIR (Tauxe,
1993; Valet et al., 2020).

Os diagramas vetoriais de pontos finais mostram que as amostras do
testemunho SER-01 foram desmagnetizadas com sucesso, possibilitando a definicdo
de um vetor ChRM. Muitas amostras tinham uma magnetizacdo remanescente
viscosa secundaria (VRM) entre 0 e ~10-20 mT (e.g., Savian et al., 2016; Lopes et al.,
2022). Esta magnetizagdo secundaria foi removida com sucesso das amostras no
processo de calculo usando os diagramas vetoriais de desmagnetizacao de ponto final
(Zijderveld, 1967) e andlise de componentes principais (PCA, Kirschvink, 1980).
Direcdes bem definidas com uma linha reta em direcdo a origem, com um cone de
confianca de 95% menor que 30° e um desvio angular maximo <15° sdo necessarios

para estudos de paleointensidade relativa (e.g., Valet et al., 2020).

O testemunho SER-01 registra o campo geomagnético entre o Aptiano Superior
e o Albiano Inferior conforme demonstrado pelas analises bioestratigraficas sendo
assim inserido no SNC. Isso € evidenciado pelas inclinagBes calculadas ao longo do
testemunho: das 238 amostras para as quais a inclinacdo foi obtida, apenas nove
apresentaram valor positivo. Destes nove, seis apresentaram inclinacdes positivas em
diferentes regides do testemunho, sendo valores isolados. No entanto, trés amostras,
entre 82,50 e 81,99 m apresentaram valores consecutivos de inclinagdes positivas.
Como essas amostras nao apresentam anomalias em termos de mineralogia
magnética, tamanho de gréo ou concentragcdo magnética, nem apresentam qualquer
sinal de retrabalhamento, pode-se dizer que se trata de uma reverséo de polaridade
gue pode ser correlacionada o evento de reversao de polaridade que ocorreu durante
0 Aptiano Superior - Albiano Inferior (113,3+1,6 Ma) registrado em sedimentos

marinhos e rochas vulcéanicas (Tarduno, 1990; Gilder et al., 2003; Zhang et al., 2021).

Este evento de reversao entre o final do Aptiano e inicio do Albiano ainda é
muito pouco descrito na literatura (Tarduno, 1990; Gilder et al., 2003; Zhang et al.,
2021). De acordo com Zhang et al. (2021), que resumiu as reversdes de polaridade
durante o SNC, essa reverséao so foi estudada em dois trabalhos anteriores (Tarduno,
1990; Gilder et al., 2003). Tarduno (1990) encontra esta reversdo em rochas

carbonaticas do Golfo da Biscaia, Oceano Atlantico (DSDP Site 402), enquanto Gilder
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et al. (2003) recuperou esta reversdo em basaltos intercalados com red beds cozidos
na Bacia do Tarim mais ocidental, noroeste da China. Até 0 momento, nenhum
trabalho havia estudado a paleointensidade desse evento de reversao que esta

localizado entre os eventos ISEA e M”-2r”.

Por meio de abordagem estatistica, a dispersdo S dos polos virtuais
geomagnéticos foram calculados e comparados ao “modelo G” de McFadden et al.
(1988, 1991). Os resultados obtidos suportam a concluséo de que o SNC é

caracterizado por uma baixa dispersao angular.

Utilizamos dois parametros de normalizagéo (Tauxe, 1993) e o método pseudo-
Thellier (Tauxe et al., 1995) para avaliar a paleointensidade do campo geomagnético
durante o SNC no testemunho SER-01. Observa-se uma boa concordancia entre as
trés curvas, indicando que estdo registrando apenas as variacbes do campo
geomagnético e que os fatores mineraldgicos ou litologicos ndo tém grande efeito nas
curvas de PIR. Consideramos a abordagem pseudo-Thellier a mais confiavel para a
estimativa de PIR devido ao seu longo uso em estudos do tipo (e.g., Kruiver et al.,
1999; Valet, 2003; Gogorza et al., 2008; Paterson et al., 2016 ; Lopes et al., 2022) e a
vantagem de dar uma estimativa de erro para cada amostra (Tauxe et al., 1995).

1.5 CONCLUSAO

Desenvolvemos um estudo magnetoestratigrafico de alta resolucao do Oceano
Atlantico Sul, obtendo os primeiros resultados paleomagnéticos de sedimentos do
Cretéceo Inferior da Bacia de Sergipe-Alagoas no Brasil. Estudos bioestratigraficos
confirmaram a transicao do final do Aptiano para o inicio do Albiano para o testemunho
SER-01. Analises de magnetismo de rocha foram realizadas e mostraram que ha
uniformidade em termos de mineralogia magnética, concentracédo e tamanho de grao
ao longo do testemunho, de forma que analises paleomagnéticas posteriores puderam
ser realizadas de forma robusta. NOs investigamos a variacdo paleosecular e a
paleointensidade relativa durante o SNC na regido equatorial do Oceano Atlantico e
descobrimos que o SNC foi caracterizado por uma baixa dispersédo angular e baixas
variacbes de RPI. Este trabalho apresenta os primeiros estudos de PIR, apenas o
terceiro registro global, e o primeiro registro no hemisfério sul de um evento de

inversao de polaridade ocorrido entre ISEA e M”-2r" em 113,3+1,6 Ma.
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2.1 ABSTRACT

The Cretaceous Normal Superchron (CNS) was a normal polarity event that lasted
from 121.4 to 83.65 Ma, extending from the early Aptian to approximately the
Santonian/Campanian boundary. The behavior of the geomagnetic field during the
CNS is not well known. This work presents the first high-resolution paleomagnetic
results of late Aptian—early Albian sediments from the Sergipe-Alagoas Basin, Brazil,
and its implications for paleosecular variation and relative paleointensity (RPI) in the
equatorial region. The age model was constructed using biostratigraphic data. Rock
magnetic studies were performed in Core SER-01, and high-quality directional data
was obtained for this period. RPI records were obtained using three different methods.
It was found that the CNS was characterized by a low angular dispersion and low RPI
variations. This work presents the first RPI studies, only the third global record, and
the first record in the southern hemisphere of a reversal polarity event, that happened
between ISEA and M”-2r" at 113.3£1.6 Ma. This event was accompanied by a low

geomagnetic field intensity followed by a sharp increase.

2.2 PLAIN LANGUAGE SUMMARY

During the Earth’s history, the dipole that represents the magnetic field can be found
in two different positions: normal or reversed. In the Cretaceous, an abnormally long
period of normal polarity called the Cretaceous Normal Superchron (CNS) took place.
In this work, we present the first high-resolution paleomagnetic results of late Aptian—
early Albian sediments from the Sergipe-Alagoas Basin, Brazil, and its implications for
the variations of the geomagnetic field in terms of direction and intensity in the
equatorial region of South Atlantic Ocean. This work presents the first relative
paleointensity (RPI1) measurements, only the third global record, and the first record in
the southern hemisphere of a reversal polarity event that happened within the CNS, at
113.3£1.6 Ma.

2.3 INTRODUCTION

The Early Cretaceous (143.1-100.5 Ma, Gradstein et al., 2020) was a period in
Earth's history when the planet underwent several paleogeographic,

paleoceanographic, and paleoclimatic changes. During this time, the climate was
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warm, carbon dioxide concentrations were about 1000 ppm, more than twice the
present-day concentration (Foster et al., 2017), and sea level had the highest values
of the Phanerozoic (e.g., Van der Meer et al., 2017). An acceleration of crustal
production (e.g., Skelton et al., 2003), changes in ocean redox conditions (e.g., Wang
et al., 2009), accelerated biotic turnover (Leckie et al., 2002), and the cyclic occurrence
of anoxic oceanic events (e.g., Schlanger & Jenkyns, 1976) also characterize this

period.

The Early-Cretaceous is characterized by a long period of stable polarity with
few geomagnetic reversals (e.g., Ryan et al., 1978; Zhang et al., 2021), the so-called
Cretaceous Normal Superchron (CNS, Helsey & Steiner, 1968). It is one of the four
superchrons that has been identified so far in the Earth’s history (e.g., Opdyke &
Channell, 1996; Pavlov & Gallet, 2005, 2009, 2010; Biggin et al., 2012; Zhang et al.,
2021). This normal polarity interval, also known as polarity Superchron C34n, lasted
from 121.4 to 83.65 Ma, extending from the early Aptian to approximately the
Santonian/Campanian boundary (Gradstein et al., 2020). It was first described by
Helsley and Steiner (1968) through the summarization of paleomagnetic
measurements of igneous and sedimentary rocks from more than 35 sites that
recorded a period of normal magnetic polarity that dominated for at least 25 Ma during
the Cretaceous. Larson and Chase (1972) first revealed periods of geomagnetic
reversals within this Superchron. Ryan et al. (1978) summarized 3 brief events of
polarity reversal: Chron M”-1r”, also known as the ISEA event (Tarduno, 1990), Chron
M”-2r", and Chron M”-3r”. Zhang et al. (2021) promoted the first detailed records of M"-
2r" and M"-3r" in terrestrial sediments, confirming the existence of polarity reversals in
the CNS. The revision presented in their work indicates that at least seven polarity
reversal events or clusters of events took place during the CNS.

The behavior of the geomagnetic field during the CNS is not well known.
Oversimplified geodynamic models indicate that the CNS was a period of low field
variability, while magnetostratigraphic studies show that an interpretation of the field
variability during the CNS is not straightforward (e.g., Granot et al., 2012). Magnetic
polarity reversals took place during this period and are a key feature of the geodynamo,
being influenced by long-term changes in heat flow in the core, and heat flux patterns
at the core-mantle boundary (e.g., Biggin et al., 2008, 2012; Zhang et al., 2021,
Yoshimura, 2022). Therefore, studying the paleosecular variation (PSV) and

paleointensity of the magnetic field during the CNS is fundamental as a window to the
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core-mantle dynamics during the Cretaceous (e.g., Biggin et al., 2008, 2012; Zhang et
al.,, 2021). Cronin et al. (2001) reported that during this period the relative
paleointensity (RPI) variation was lower than during periods of non-Superchron as in
the Oligocene. Studying sea-surface magnetic profiles, Granot et al. (2012) found a
rising variability of the geomagnetic field at the beginning of the CNS that culminated
between 110 and 100 Ma to a highly fluctuating field, and a subdued magnetic signal
in the last 9 million years of the Superchron, indicating a return to a more stable
geomagnetic field. Yoshimura (2022) in turn brings a brief review of the history since
the discovery of the CNS and the reversals that are found in it and concludes that the
frequency of reversals observed during the CNS is significantly lower than in other
periods. However, the paleointensity in the CNS remains ambiguous, and the PSVs

must be further investigated (e.g., Yoshimura, 2022).

This work presents new paleomagnetic data from the Core SER-01 from South
Atlantic Ocean, providing a high-resolution magnetic record of the CNS during the
Early Cretaceous in the Sergipe-Alagoas Basin, NE Brazil. We present the results and
interpretation of rock magnetic, PSV, and RPI data of the Maruim Member (Riachuelo
Formation), a carbonate shelf formed during the opening of the South Atlantic Ocean
(Fauth et al., 2021).

2.4 GEOLOGICAL SETTING

Core SER-01 (10°24°22” S, 36°42’14” W) was drilled in the onshore portion of
the Sergipe-Alagoas Basin, in the municipality of Pacatuba, NE Brazil (Fig. 2.1).
Sergipe-Alagoas Basin is an elongated basin of the Brazilian Continental Margin
(BCM) that present sedimentary records of the pre-rift, rift, post-rift, and drift phases,
with continental sequences that gradually transition to marine sequences (Feijé, 1994;
Mohriak, 2003; Campos Neto et al., 2007; Luft-Souza, et al. 2022).
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Figure 2.1. a) Paleoreconstruction map during the Cretaceous (115 Ma) with the position of Core SER-
01 (generated from odsn.de). b) Geological map of the onshore portion of the Sergipe-Alagoas Basin
(modified from Fauth et al., 2021). c¢) Lithology of the portion of Core SER-01 object of paleomagnetic
studies (see Fauth et al., 2021).

The Core SER-01 is originally 174.7 meters with a recovery rate of 82.8% of
sedimentary rocks. Fauth et al. (2021) characterize three different units in this core.
Unit | is the basal unit and corresponds to the portion with the coarsest sediments of
this core. To obtain a better quality of paleomagnetic data, only units Il and Il were
studied in this research paper, between 12.70 m and 89.85 m. Unit 1l (89.85 m - 24.1
m) consists of medium gray mudstones and light gray marls. Between 81.7 m and 52.4
m, centimeter-scale beds of wackestone and gray packstones are found, along with
small fractures filled with calcite and abundant shells of gastropods, bivalves, and
ooliths. Unit 111 (24.1 - 12.7 m) is mainly composed of medium gray shales (24.1 - 14.7
m) that grade to gray claystones (14.7 — 12.7 m). In nearby outcrops (A-38 and A-39)
late Aptian ammonites and planktonic foraminifers were identified.

The lithologies found in this core were interpreted as belonging to the Maruim
Member of the Riachuelo Formation, formed in a carbonate shelf in areas of lower

sedimentary input in the basin (Fauth et al., 2021).

2.5 MATERIALS AND METHODS

Paleomagnetic and rock magnetic measurements were performed at the

laboratory of Paleomagnetism and Geomagnetism of the University of Sdo Paulo
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(USPMag) and at the Centro Oceanografico de Registros Estratigraficos (CORE) at
the Instituto Oceanografico of the University of S&o Paulo (USP). A total of 238 discrete
cubic samples (=8 cm?3) from 12.70 m to 89.85 m of core SER-01 were selected and
submitted to magnetic measurements to obtain paleodirection, RPI, and rock

magnetism data.

Magnetic susceptibility was measured using an MFK1-FA Multi-Function
Kappabridge in a frequency of 976 and 15616 Hz in a field of 200 A/m. Every sample
was measured three times, and the average of the measurements was calculated. The
frequency dependence of magnetic susceptibility (x:w(%)) was calculated from the
difference between measurements at high (xnr) and low (xir) frequencies, i.e., Xtd(%) =
(xit - xne)/xr. Xtd(%) reveals the presence of fine (< 0.03 um for magnetite)
superparamagnetic (SP) grains in the sediment record (Dearing et al., 1996).

Remanence measurements were obtained using a three-axis 2G Enterprises
model 755 SQUID magnetometer in a magnetically shielded room housed in USPMag.
The samples were submitted to stepwise alternating field demagnetization (AFD) over
17 steps of 0, 2, 4, 7, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90, 100 mT. The
characteristic remanent magnetization (ChRM), i.e., paleomagnetic inclination,
declination, and the maximum angle of deviation (MAD) were calculated using the
vector end-point demagnetization diagrams (Zijderveld, 1967) and principal

component analysis (PCA, Kirschvink, 1980).

After the measurement of NRM, an anhysteretic remanent magnetization (ARM)
was acquired in 12 steps of 0, 10, 15, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mT
alternating field (AF) in the presence of an axial 0.05 mT bias field and then AF
demagnetized in the same steps. The ARM at 100 mT represents the concentration of
fine-grained magnetite (e.g., Bloemendal et al., 1992; Larrasoaia et al., 2012). The
isothermal remanent magnetization (IRM) was acquired using a 2G pulse magnetic
field inductor, and the remanence was measured. For all samples a pulse-field of 1 T
was applied, to obtain the saturation IRM (SIRM). Then a back-field of 100 mT and 300
mT were applied to obtain the IRM-10omr and IRM-3oomt, respectively. From these
measurements the S-ratio (S-ratio = IRM-300mt/SIRM) and the “hard” IRM (HIRM =
(SIRM + IRM-300mT)/2) Were calculated. The first is a measure of the relative abundance
of high-coercivity minerals mixed with ferrimagnetic minerals. Values close to 1

indicate that ferrimagnetic minerals are dominant (e.g., magnetite). With the increment
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of high-coercivity minerals, the S-ratio value decreases (King & Channell, 1991,
Bloemendal et al., 1992). The second is a measure of the mass concentration of high-
coercivity magnetic minerals (Stoner et al., 1996). Combined magnetic parameters
were calculated (SIRM/xir and ARMioomt/SIRM). In addition, and as a first estimate of
relative magnetic grain-size variation, the median destructive field of the NRM (MDF)

was determined.

RPI normalizations were conducted using three methods. The first two methods
consist in comparing the ratio of NRM at 20 mT by xir, and NRM at 20 mT by ARM at
20 mT (Levi & Banerjee, 1796; King et al. 1983; Tauxe, 1993). The third method is
obtained using the pseudo-Thellier approach (Tauxe et al. 1995). The field of 20 mT
was chosen based on the median destructive field (MDF) and on the PCA of the vector
end-point demagnetization diagrams. Then the pseudo-Thellier method was applied,
in order to assess the uncertainty of the relative paleointensity estimate (Tauxe et al.,
1995). In this method, the NRM left is plotted against the ARM gained, in the same
steps. Then a straight line is adjusted to these steps. The slope (b) of this straight line
is the RPI, and the uncertainty in the slope is 2o (for a detailed description of the

method see Tauxe et al., 1995).

Hysteresis loops and IRM acquisition curves were obtained for 28
representative samples along the core. The samples were analyzed in a Vibrating
Sample Magnetometer (VSM) MicroMagTM3900 at USPMag. Approximately 1g of
sediment from each sample was prepared and measured for hysteresis loops and IRM
acquisition, and backfield curves up to 1 T at room temperature. These results allow
one to identify the domain state(s) and magnetic interactions among magnetic particles
(Day et al., 1977; Dunlop, 2002).

Thermomagnetic analyses were performed in four representative samples using
a CS-4 furnace attached to the MFK1-FA Kappabridge housed at the CORE. The
magnetic susceptibility was measured while heating the sample up to 700 °C and
cooling it down to room temperature. The measurements were carried out in an argon

atmosphere to avoid material oxidation.

For Dbiostratigraphic analyses, global and local bioevents (first and last
occurrence) of calcareous nannofossils, radiolarians, ostracods, planktonic
foraminifers, and palynomorphs were applied. For these analyses, we collected 153
samples over the interval 174.42 to 3.25 meters recovered at Core SER-01, with
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sample resolution of ~1 m. Methods for the processing of microfossil samples are
described in Fauth et al. (2022) for calcareous nannofossils and planktonic
foraminifera. Additionally, the sample preparation of ostracods, palynology, and

radiolarian at Core SER-01 are described in supporting information Text SO1.

2.6 RESULTS

The Core SER-01 encompasses the Aptian—Albian interval according to an
integrated biostratigraphic analysis including calcareous nannofossils, radiolarians,
palynology, and ostracods (more details see supporting information Text S02 and
Figure S01). Microfossil bioevents applied on biostratigraphy are illustrated in
supporting information Figure S01). Rock magnetic, paleosecular variation and relative

paleointensity results are described in detail in the following subsections.

2.6.1 Rock magnetism proprieties

Magnetic susceptibility (x) records show two different patterns along the core
(Fig. 2.2 a). From 89.85 to 55.64 m peaks and throughs intercalate, while in the upper
portion of the core, from 55.64 to 12.70 m the values are roughly constant. In the lower
portion of the core, where the variability of x is higher, xir ranges from 4.72x107° to
1.06x10°7 m3/kg, with a mean value of 6.48x10% m3/kg, while in the upper portion,
where the variability of x is lower, the low-field susceptibility ranges from 4.43x10 to
1.10x107 m3/kg, with a mean value of 8.75x10® m3kg. The mean value of X in the
core is 7.72x108 m3/kg. Frequency-dependent susceptibility (xt) is roughly constant

throughout the core (Fig. 2.2 b), with a mean value of 4.22%.
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Figure 2.2. Rock magnetic parameters. a) Low-field (xir) and high-field (xn) magnetic susceptibility. b)
Frequency-dependent magnetic susceptibility (xw). ¢) Natural remanent magnetization (NRM). d)
Anhystheretic remanent magnetization at 100 mT (ARMzioomt). €) Saturation isothermal remanent
magnetization (SIRM). f) S-ratio. g) Remanent coercivity (Ber). h) Ratio between ARM at 100 mT and
SIRM. i) Ratio between SIRM and . j) Hard isothermal remanent magnetism (HIRM).

NRM is roughly constant throughout the core (Fig. 2.2 c), with an exception from
81.99 and 80.95 m, where the values become as high as 3.17x10"” Am?/kg. The whole
core has a mean value of 3.58x10% Am2/kg. ARMz1oomt (Fig. 2.2 d) presents a subtle
increase from 77.34 to 31.05 m. An abrupt decrease is recorded at 30.75 m followed
by an increase to 17.45 m. Then, the values present again an abrupt decrease until
the top of the core. The mean value of ARMioomt throughout the core is 1.71x1077
Amz/kg. SIRM (Fig. 2.2 e) follows the same pattern identified in ARMzioomt With peaks
and throughs occurring mainly in the same intervals. Differences are found in the upper
portion of the core, from 44.30 m to the top of the core, where the SIRM values present

a subtle decrease tendency.

S-ratio values are constant throughout the core (Fig. 2.2 f), with a mean value
of 0.86. Throughs are only identified in the core at 13.20, 77.85, and 15.45 m, with
values of 0.22, 0.44, and 0.62 respectively. Remanent coercivity (Bcr) presents low
values and low variability throughout the core (Fig. 2.2 g), ranging from 0.03 mT to
0.06 mT. The mean Bcr recorded is 0.04 mT.

The ratio between ARMioomt and SIRM (Fig. 2.2 h), is indicative that magnetite
grain size is relatively constant throughout the core, except from 21.47 to 16.88 m
where an abrupt increase is found, with a peak of 0.071. The mean value of this ratio

is 0.026 for the whole core. The SIRM/xi ratio (Fig. 2.2 i) presents a subtle decrease
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from the bottom to the top of the core, with a mean value of 88.15 A/m. The maximum
value is 185.58 A/m at 89.1 m, and at the top of the core, the values are as low as
43.70 A/m.

HIRM values (Fig. 2.2 j), which represent the mass concentration of high-
coercivity magnetic minerals (Stoner et al., 1996), present two different patterns: from
the bottom of the core to 47.05 m the variability of the data is higher, with peaks and
throughs. From this depth to the top of the core the variability is lower, and a subtle
decrease tendency is observed.

Hysteresis data (Fig. 2.3 a, Table 2.1), including the ratio of saturation
remanence to saturation magnetization (Mrs/Ms) and the coercivity of remanence to
coercive force (Hc/Hc), from our samples, lie within the pseudo-single domain (PSD)
grains or vortex (Day et al., 1977; Tauxe, 2005; Roberts et al., 2018) (Fig. 2.3 ¢). Some
mixture of single domain (SD) and superparamagnetic grains (SP) is also observed by
the identification of wasp-waisted hysteresis loops (Tauxe, 2005) (Fig. 2.3 a). A
Pearson’s correlation coefficient of 0.58 between x and SIRM (Fig. 2.3 d) indicates that
the grain-size does not change significantly across the sedimentary column (Gogorza
et al., 2018).

Table 2.1. Measured hysteresis parameters and their ratios for the studied sediments of Core SER-01.

Sample ID  Depth  Mrs Ms Mrs/Ms  Her (MT)  He(MT)  Her/Hc
(m) (Am2/kg) (Amz/kg)

SER01-04.08  04.08 1.26x10%  2.53x10%  0.50 4.42x107  2.11x10%  2.10
SER01-06.84  06.84 3.21x10®  4.57x10®  0.70 5.38x101  3.88x101 1.39
SER01-08.16  08.16 1.21x103  2.05x103  0.59 4.98x107  2.95x10!  1.69
SER01-11.05  11.05 3.49x10%4  1.23x10°  0.28 2.81x101  5.31x102 5.29
SER01-12.27  12.27 3.30x10°  5.02x10%  0.07 3.51x102  -3.33x102 -1.06
SER01-12.90  12.90 3.87x10°  3.38x10%  0.11 3.94x102  9.19x103 4.28
SER01-16.88  16.88 4.80x10-°>  8.57x10°  0.56 3.51x102  3.46x102 1.01
SER01-19.85  19.85 5.83x105  4.09x10*  0.14 4.13x102  -1.02x101 -0.40
SER01-21.25  21.25 5.96x105  5.93x104  0.10 4.80x102  -8.35x102 -0.57
SER01-25.95  25.95 7.71x105  5.97x104  0.13 5.65x102  -3.02x101 -0.19
SER01-26.65  26.65 6.75x105  4.62x104  0.15 4.90x102  1.36x102  3.60
SERO01-27.85  27.85 6.02x105  8.15x104  0.07 4.38x102  1.06x102 4.13
SER01-30.05  30.05 3.57x10°  3.82x10%*  0.09 5.01x102  -1.47x101 -0.34
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SERO01-31.93 31.93 6.66x10° 2.11x104 0.32 3.20x10? -1.21x10* -0.27
SER01-36.86 36.86 8.39x10° 8.71x10* 0.10 4.37x107? 1.19x102 3.68
SER01-40.82  40.82 1.26x104 1.56x10% 0.08 4.16x10? 1.23x102 3.37
SER01-40.99  40.99 1.13x104 1.08x10% 0.11 3.71x10? 1.04x102 3.55
SER01-42.05  42.05 1.11x104 4.33x10* 0.26 4.65x10? 3.07x102 1.52
SERO01-43.17  43.17 1.82x104 2.15x10% 0.08 4.30x10? 1.05x102 4.08
SERO01-43.57  43.57 9.38x10°% 1.72x10% 0.05 4.41x10%? 1.01x102 4.37
SER01-45.54  45.54 8.50x10° 6.29x104 0.14 5.50x10? 1.26x102 4.36
SERO01-48.45  48.45 7.86x10° 1.10x103 0.07 3.53x102 1.08x102 3.27
SERO01-49.75  49.75 4.51x10° 6.50x104 0.07 4.77x10%2 -4.88x102 -0.98
SERO01-50.05 50.05 6.51x10° 6.57x104 0.10 4.28x102 -1.19x101 -0.36
SERO01-53.90 53.90 8.13x10° 4.25x10* 0.19 4.46x102 1.55x101  0.29
SERO01-65.00 65.00 4.50x10° 3.56x104 0.13 3.59x10? 3.82x102% 0.94
SERO01-69.75 69.75 3.15x10% 5.67x10-4  0.06 3.50x10? 6.53x10° 5.36
SERO01-88.52 88.52 6.56x10° 4.83x10-4 0.14 4.20x102 -1.31x10* -0.32

IRM acquisition curves at room temperature for representative samples were

used to obtain the magnetic mineralogy of the core. Saturating fields below 300 mT

indicate a predominance of low-coercivity magnetic minerals (Fig. 2.3 b).
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Figure 2.3. a) Hysteresis loops of five representative samples. B) IRM acquisition and backfield curves

for the same samples measured by hysteresis. C) Day plot of all samples measured in the SER-01 core.
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D) Scattergram of SIRM vs. low-field susceptibility. Pearson’s correlation coefficient of the pink line is
0.58.

Thermomagnetic results show irreversible paths, with higher susceptibility
values during cooling than upon heating (Fig. 2.4 a-d). In the heating path, a slight
hump in magnetic susceptibility is observed at ~370 °C, which suggests a low
contribution of maghemite. Heating curve analyses show major drops in susceptibility
at around 580 °C (Fig. 2.4 a-d) indicating magnetite as the main ferromagnetic carrier.
The Curie temperatures were estimated using the method of Grommé et al. (1969), in

which the intersection point of the two tangents to the thermomagnetic curves is found.
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Figure 2.4. a-d) Thermomagnetic curves of four representative samples. The red curve is the heating
trajectory, and the blue curve is the cooling one.

2.6.2 Paleomagnetic direction records

All 238 samples could be demagnetized by AFD treatment and show stable
characteristic remanent magnetization (ChRM) (Fig. 2.5 a-f). The calculation of the
paleomagnetic directions was performed by fitting a linear regression that minimized

the maximum angular deviation (MAD). The MAD remained below 9.1°, with a mean
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MAD of 2.8°, which confirms the high quality of the ChRM directions (Fig. 2.6 e). The
mean value of the median destructive field (MDF) for this core is 23.73 mT (Fig. 2.6 a).

Since the core was not azimuthally oriented, no reliable paleomagnetic declination of

the samples could be obtained (Fig. 2.6 b).
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Figure 2.5. a-f) Vector end-point demagnetization diagrams, Lambert stereographic projections, and

magnetization intensity curves of representative samples along the SER-01 core.

As was expected, most of the samples present normal polarity (Fig. 2.6 c). Only

nine samples present reversed polarities. The mean inclination of the samples is -

34.25°, which indicates a mean latitude of the virtual geomagnetic pole (VGP) of -
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19.70° (Fig. 2.6 d). Since the obtained ChRMs are primary, the inclinations and the
latitudes of the VGPs could be used to define polarity zones, by at least two successive
same-polarity data points (e.g., Zhang et al., 2021). One reversed-polarity zone was
identified in this core, from 82.50 m to 81.99 m.
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Figure 2.6. a) Median destructive field (MDF). b) Declination of the magnetic field. c) Inclination of the
magnetic field. The dashed straight line at -30.4° represent the magnetic inclination of the site according
to the IGRF 2020 model on April 30th, 2015 date when the core was obtained. d) Virtual geomagnetic

poles calculated from the inclination measurements. €) Maximum angular deviation (MAD).

2.6.3 Relative paleointensity records

Variations smaller than a factor of 10 of the rock magnetic parameters
demonstrate that the mineralogy throughout the core is homogeneous, with
magnetization carried by SD and PSD magnetite and titanomagnetite grains (Tauxe,
1993). Well-defined demagnetization diagrams with a straight line toward the origin
and MAD values lower than 15° are also a requirement for selecting appropriate
samples for relative paleointensity analysis (Valet et al., 2020).

According to King et al. (1983), the grain size of the magnetic carrier should be

in the 1-15 pm range and relatively uniform throughout the core. The mean MDF of
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23.73 mT with a standard deviation of 5.43 mT (Fig. 2.6 a) is compatible with the
presence of SD and PSD grains (e.g., Maffione & Herrero-Bervera, 2022), within the

grain size range indicated by King et al. (1983).

RPI could be calculated by the normalization of NRM at 20 mT (NRMzomt) with
the following concentration-dependent magnetic parameters: low-frequency
susceptibility (xif) (Fig. 2.7 a), and ARM at 20 mT (ARM:zomt) (Fig. 2.7 b) (Tauxe, 1993).
The 20 mT level was chosen to quantify the RPI records to eliminate the viscous

component of the data (Levi & Banerjee, 1976).

The pseudo-Thellier approach (Tauxe et al., 1995) was also performed (Fig. 2.7
c), in order to assess the uncertainty of the relative paleointensity estimate. In this
method, the NRM lost was plotted against ARM gained creating pseudo-Arai plots (Fig.

2.8 a-f). The pseudo-Arai slopes represent the measure of relative paleointensity.
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Figure 2.7. Relative paleointensity records. a) Normalized NRM:zomt by the low-field susceptibility. b)
Normalization of NRMzomt by the ARM at 20 mT. c) Using the pseudo-Thellier method. The gray shaded
area represents the standard deviation. The black curves are the moving averages calculated with a

sliding window of length three.
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Figure 2.8. a-f) Pseudo-Arai plots of representative samples. The slopes (b) of the straight lines are the

RPIs, and the uncertainty in the slopes is 20.

2.7 DISCUSSION

2.7.1 Rock magnetism characterization

In order to obtain data on paleosecular variation and relative paleointensity, it is

important to know which and how are the minerals that carry the magnetization of the
sample (Levi & Banerjee, 1976; King et al., 1983). Knowledge of magnetic mineralogy,
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magnetic grain size, and magnetic concentration is fundamental to corroborate the
robustness of paleomagnetic data, especially when dealing with sedimentary rocks in
a carbonate environment, where post-depositional alterations are common (Roberts et
al., 2013). Variations lower than a factor of 15 should not dramatically affect the
determination of relative paleointensity (Valet et al., 2020). Relative paleointensity is
based on the normalization of remanent magnetization to magnetic concentration,
which considers that the magnetization response to field intensity changes is
recovered by marine sediments. These sedimentary rocks studied in the Core SER-01
show very weak magnetization and therefore the analysis of the quality of the magnetic
data through the magnetic parameters of mineralogy, concentration and size is

essential.

Susceptibility and ARM data present similar results, with little variation of
parameters in the core, indicating that the concentration of magnetic minerals along
Core SER-01 is relatively constant, remaining below the factor of 15 (Kodama, 2012).
Magnetic hysteresis parameters show that most samples fall into the single domain
and pseudo-single domain fields in the Day plot (Day et al., 1977). Regarding the
magnetic mineralogy, the S-ratio and the HIRM indicate the predominance of
ferromagnetic minerals of low coercivity (King & Channell, 1991; Bloemendal et al.,
1992; Stoner et al., 1996), which is confirmed by thermomagnetic measurements,
since the Curie temperature of the samples was close to 580 °C, and by the IRM
acquisition and backfield curves, which show saturation below 300 mT (Dunlop &
Ozdemir, 2001; Liu et al., 2012).

Therefore, the results obtained in the rock magnetic analysis showed the
dominance of magnetite as the magnetic carrier and the absence of significant
changes in magnetic concentration and grain size, confirming a magnetic uniformity
throughout Core SER-01.

2.7.2 Paleosecular variation evaluation

The vector end-point diagrams showed that the samples from Core SER-01
were successfully demagnetized, making it possible to define a ChRM vector. Many
samples had a secondary viscous remanent magnetization (VRM) between 0 and ~10-

20 mT (e.g., Savian et al., 2016; Lopes et al., 2022). This secondary magnetization
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was successfully removed from the samples in the calculation process using the vector
end-point demagnetization diagrams (Zijderveld, 1967) and principal component
analysis (PCA, Kirschvink, 1980). Well-defined directions with a straight line
decreasing toward to origin, with 95% confidence cone lower than 30° and a MAD <15°

are required for relative paleointensity studies (e.g., Valet et al., 2020).

The Core SER-01 records the geomagnetic field between the upper Aptian and
the lower Albian as demonstrated by the biostratigraphic analyses (supporting
information Text SO01), thus being inserted in the CNS. This is evidenced by the
inclinations calculated along the core. Of the 238 samples for which the inclination was
obtained, only nine showed a positive value. Of these nine, six showed positive
inclinations in different regions of the core, being isolated values. However, three
samples, between 82.50 and 81.99 m showed consecutive values of positive
inclinations. Since these samples do not show anomalies in terms of magnetic
mineralogy, grain size, or magnetic concentration, nor do they show any sign of being
reworked, it can be said that this is a polarity reversal that can be correlated (Fig. 2.9)
to the reversal polarity event that occurred during the upper Aptian—lower Albian
(113.3£1.6 Ma) registered in marine sediments and volcanic rocks (Tarduno, 1990;
Gilder et al., 2003; Zhang et al., 2021).
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Figure 2.9. Correlation between the reversed polarity zone found in Core SER-01 and the same event
recorded in Tarduno (1990) and Gilder et al. (2003), and its position on GPTS2020. The black shaded

areas represent the normal polarity, while the white area the reversed polarity event. The numbers at
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each reversed polarity event on the GPTS2020 section represent the number of records of that event in

the literature. The red star indicates the age of this event according to Gilder et al. (2003).

This event of reversal between the late Aptian—early Albian is still very little
described in the literature (Tarduno, 1990; Gilder et al., 2003; Zhang et al., 2021).



65

According to Zhang et al. (2021), which summarized the polarity reversals during the
CNS, this polarity reversal has only been studied in two previous works (Tarduno,
1990; Gilder et al., 2003). Tarduno (1990) finds this reversion in carbonate rocks of the
Bay of Biscay, Atlantic Ocean (DSDP Site 402), while Gilder et al. (2003) has
recovered this reversion in basalts intercalated with baked red beds in the
Westernmost Tarim Basin, NW China. So far, no work has studied the paleointensity

of this reversal event that is located between the ISEA and the M”-2r” events.

In order to study the dispersion of the VGP, a statistical approach was carried
out in which the data were compared with the "model G" of McFadden et al. (1988),
which assumes that the angular dispersion of the VGPs varies as a function of latitude
(e.g., Cronin et al., 2001). The “model G” used in this comparison was made for the
time interval between 80-110 Ma (McFadden et al., 1991), not incorporating all period
of the CNS but a great part of it. To perform the comparison, the dispersion S of the

SER-01 core was calculated using the following equation:

2 1 N 2
R
i=1

where A; is the angle between the ith VGP and the average VGP, and N is the number
of VGPs. The result obtained (Fig. 2.10) agrees extremely well with the “G model”,
supporting the conclusion that the CNS was characterized by a low angular dispersion.
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Figure 2.10. Dispersion of the VGP of Core SER-01 compared to Model G of McFadden et al. (1988,
1991) for 80 to 110 Ma. A good agreement was found between the data and the model, supporting the

conclusion that the CNS was characterized by a low angular dispersion.

2.7.3 Relative paleointensity

Rock magnetic results from Core SER-01 show that a well-defined
magnetization component is carried by SD and PSD magnetite and titanomagnetite
grains, and magnetic concentration shows variations of less than a factor of 15, which
is suitable for the reconstruction of RPI curves (Tauxe, 1993; Valet et al., 2020). As
mentioned above, all samples with MAD values below 15° were appropriate for RPI

analysis (Valet et al., 2020).

We used two normalization parameters (Tauxe, 1993) and the pseudo-Thellier
method (Tauxe et al., 1995) to evaluate the paleointensity of the geomagnetic field
during the CNS in the Core SER-01. A good agreement between the three curves is
observed, indicating that they are recording solely the variations in the geomagnetic
field and that the mineralogical or lithological factors do not have a great effect on the
RPI curves. We consider the pseudo-Thellier approach the most reliable for the
estimation of RPI because of its long use in RPI studies (e.g., Kruiver et al., 1999;
Valet, 2003; Gogorza et al., 2008; Paterson et al., 2016; Lopes et al., 2022) and the

advantage of giving an error estimation for each sample (Tauxe et al., 1995).

Statistical analysis of the RPI curves shows that the normalization parameters
xif and ARMioomt present the greatest variations, with standard deviations that
represent 45% and 43% of the mean, respectively. The pseudo-Thellier approach
presented smaller variations with a standard deviation that represents 33% of the
mean value. Cronin et al. (2001) obtained a standard deviation of 28% of the mean for
their data during the CNS. Therefore, our data suggest a similar variation of the
paleointensity during the CNS to Cronin et al. (2001). These data suggest that the
paleointensity variation during the CNS was subdued, in accordance with what was
reported by Cronin et al. (2001). We observe during the reversal episode that the RPI
curves show a decrease in their values, followed by a sharp increase right after the
reversal. This work presents the first paleointensity results for this polarity reversal

event.
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Small heat flux in the core-mantle boundary is the main reason for the
occurrence of the CNS (Yoshimura, 2022). Two main models try to explain the changes
in the core-mantle boundary heat flux and its relation with the reversal frequency during
the CNS: Olson and Amit (2015) explain this variation based on the large low-shear-
velocity provinces. Therefore, geomagnetic reversals would reduce during the CNS
due to the difficulty of the slabs to reach the outer core thermally because of a thicker
D” layer. Hounslow et al. (2018) on the other hand explain the lower reversal frequency
during the CNS as a result of a lower subduction flux. Although a lower reversal rate is
observed during the CNS, it is not stationary; that is, reversals do occur during this
superchron, like the one found in this work. Rapid, but apparently sufficient in size or
duration variations in the core-mantle boundary heat flux may cause these reversals
(Yoshimura, 2022).

2.7.4 Biostratigraphic overview

At Core SER-01, biostratigraphic analyses were applied using global bioevents
for calcareous nannofossils and radiolarians, according to Gradstein et al. (2020) and
O’Dogherty (1994). Thus, the occurrence of radiolarian Crucella cf. baliarica (40.70 m)
indicate deposition during the late Aptian-earliest Albian (O’Dogherty, 1994). On the
other hand, the occurrences of calcareous nannofossils, Prediscosphaera columnata
(circular) (171.60, 115.20, 94.00, 31.05, and 8.45 m), and Braarudosphaera africana
(111.74, 56.40 and 49.57 m), suggests a deposition during the Albian. In addition, local
bioevents were recorded for palynomorphs and ostracods from Sergipe-Alagoas Basin
(Regali & Santos, 1999, Antonietto et al., 2015). For palynomorphs, the interval
between 174.42 to 13.56 m was deposited during the upper Aptian identified by the
last occurrence of Sergipea variverrucata (13.56 m), corroborated with acmes of
Subtilisphaera that according to Arai (2014), in Brazilian basins it is restricted to the
Aptian. The ostracodes indicate Aptian—Albian interval, by the consistent distribution

of Sergipella viviersae (111.85 - top of the core).

The biostratigraphy of calcareous nannofossils has been constantly modified in
recent years which makes the interpretations debatable. According to Kennedy et al.
(2014), P. columnata (circular) would have its first occurrence near the Aptian—Albian
boundary, but still in the late Aptian. However, recently, Gradstein et al. (2020) indicate
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the first occurrence of P. columnata (circular) within the early Albian. Likewise,
according to Young et al. (2017), the occurrence of Nannoconus quadriangulus
apertus would be restricted to the Aptian, however Kennedy et al. (2014) record a
single occurrence of this species in the Albian. The occurrence of Braarudosphaera
africana, a species that has a record from the Albian to the early Cenomanian (e.g.,
Perch-Nielsen, 1985; Kennedy et al., 2000) associated with the occurrence of P.
columnata (circular) indicates that the interval between 111.74 m to the top of the Core
SER-01 was deposited during the Albian. In addition, one reversed-polarity zone was
identified in this core (between 82.50 m to 81.99 m) that could possibly be related to
the reversed polarity interval that occurred during the late Aptian—early Albian
(113.3+1.6 Ma) registered in marine sediments and volcanic rocks (Zhang et al., 2021).
High-resolution astronomical tuning shows an age of ~113.6 Ma for the Aptian—Albian
transition (e.g., Leandro et al., 2022; Fauth et al., 2022).

2.8 CONCLUSIONS

We have developed a high-resolution magnetostratigraphic study of the South
Atlantic Ocean, obtaining the first paleomagnetic results of Early Cretaceous
sediments from the Sergipe-Alagoas Basin in Brazil. Biostratigraphic studies confirmed
the late Aptian—early Albian transition for the Core SER-01. Rock magnetic analyses
were performed and showed that there is uniformity in terms of magnetic mineralogy,
concentration, and grain size along the core, in a way that further paleomagnetic
analyses could be robustly performed. We investigated the paleosecular variation and
the relative paleointensity during the CNS in the Equatorial region of the Atlantic
Ocean. We found that the CNS was characterized by a low angular dispersion and low
RPI variations. This work presents the first RPI studies, only the third global record,
and the first record in the southern hemisphere of a reversal polarity event that
happened between ISEA and M”-2r” at 113.3+1.6 Ma. This event was accompanied

by a lower RPI record followed by a sharp increase in the geomagnetic field intensity.
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2.12 SUPPORTING MATERIALS

2.12.1 Introduction

This Supporting Information file presents methods for microfossils recovered
(Supporting Text SO01) and micropaleontological framework (Supporting Text S02). We
also present supporting figures of microfossil biomarkers distribution (Figure S01) and

a plate of microfossils (Figure S02)

Text SO1. Microfossil procedures — Methods (Ostracods, Palynology, and Radiolarian)

For ostracods, approximately 60 g of each sample was soaked in 200 mL of a
hydrogen peroxide solution (H202) for 24 h, at a concentration of 10%, washed and
sieved (250, 180, and 63 pm meshes) and dried at 40°C. All ostracods were hand-
picked under a stereo microscope Zeiss Stereo Discovery V8 from each size fraction.
Palynomorphs (40 g for sample) were processed using standard palynological
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techniques, involving hydrochloric (HCI) and hydrofluoric acid (HF) treatment to
dissolve the carbonate and siliceous contents (Wood, 1996). The palynology slides
were analyzed using a microscope Zeiss AXIO Imager.A2. For radiolarian, the samples
(approximately 20g) were etched in 20% of hydrochloric acid to remove the calcareous
fraction, washed, sieved (63 and 38 um meshes), and picked up under a microscope
Zeiss Stereo Discovery V8. For radiolarian, the samples (approximately 20g) were
etched in 20% of hydrochloric acid to remove the calcareous fraction, washed, sieved
(63 and 38 um meshes), and picked up under a microscope Zeiss Stereo Discovery
V8.

Text S02. Micropaleontological framework

A total of 38 calcareous nannofossils species were recognized (Supplementary
Fig. S01). The recorded species show moderate to good/moderate preservation, being
more abundant from the middle to the upper part of the section. Based on the zonal
scheme proposed by Gradstein et al. (2020), we identified the First Occurrence (FO)
of Prediscosphaera columnata (circular) at 171.60 m (Supplementary Fig. SO01).
Complementary, we recovered some species usually recognized across the Aptian—
Albian transition, such as Braarudosphaera africana (FO at 111.74 m), Nannoconus
troelsenii (FO at 111.74 m), Braarudosphaera regularis (punctual occurrence at 45.15
m), and Nannoconus quadriangulus apertus (FO at 43.42 m; and Last Occurrence -
LO at 31.05 m) (Supplementary Fig. S02).

The palynoflora recovered in the Core SER-01 is diversified and typical of the
Aptian—Albian, with a dominance of gymnosperms and ferns, showing good to
moderate preservation. In the Core SER-01, the last occurrence of Sergipea
variverrucata, was recognized at 13.56 m. We also recorded the occurrence of several
acmes of Subtilisphaera (dinoflagellate cyst), between 74.49 and 11.02 m, reaching
between 72% and 97% of this genus in the assemblage. Both bioevents occurring in
the upper Aptian in Brazilian basins.

The ostracod fauna recovered in the section is diverse and presents moderate
preservation. It is composed of 21 species of the families Cytherellidae, Bairdiidae,
Bythocytheridae, Progonocytheridae, Cytheruridae, Trachyleberididae,
Loxoconchidae, and Cyprididae. Based on the local zonal scheme, proposed by

Antonietto et al. (2015), for the Sergipe-Alagoas Basin, we identified the presence of
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Sergipella viviersae, which his LO is considered to be Aptian—Albian in age (FO at
111.85 m; and LO at 3.13 m).

Even having screened radiolarians have rare occurrences in the Core SER 01.
Some poorly preserved specimens occur at sample 40.90 m, among which the species
Crucella cf. baliarica recorded in late Aptian—earliest Albian of the Betic Cordillera
(O’Dogherty, 1994).

The planktic foraminifera assemblage recovered at Core SER-01 is
predominantly composed of Favusella washitensis, which has low age accuracy and,
no other guide fossils were recovered. Similar variability between F. washitensis
morphotypes was observed by Koutsoukos et al. (1989). The recovered species is
more constancy and abundant between 115.31 m and 3.13 m (top) with a punctual

occurrence at 143.58 m.
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Figure SO1. Biostratigraphy of Core SER-01, indicating Aptian-Albian age.
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Figure S02. The most important microfossil species from SER-01. 1a-c. Favusella washitensis (28.70
m); 2a-b. Sergipella viviersae Do Carmo et al., 2012 (3.13 m); 3. Crucella cf. baliarica? O’Dogherty,
1994 (40.70 m); 4a-b. Braarudosphaera africana (111.74 m); 5a-b. Nannoconus quadriangulus apertus
(381.05 m); 6. Prediscosphaera columnata (circular) (31.05 m); 7. Prediscosphaera columnata (circular)
(94.00 m); 8a-b. Sergipea variverrucata (13.56 m); 9a-b. Subtilisphaera perlucida; (74.49 m). Scale bar:
1; 3; 8 and 9 are 20 ym, 2 is 100 ym, while 4; 5; 6 and 7 are 5 ym.
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