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RESUMO

SALES, T. J. B., Processamento e Modelagem Numérica de Dados
Magnetométricos do Morro S&o Jodo — Casimiro de Alau — RJ.Dissertacao de Mestrado
em Modelagem e Evolucédo Geoldgica. Instituto dedi@eeias, Universidade Federal Rural
do Rio de Janeiro, Seropédica, RJ, 2024.

O Macico Séo Joao representa um complexo alcallomplexo Alcalino Séo Joéo -
SJAC) composto principalmente de variacdes de tegniexibindo tanto modos
melanocréaticos quanto leucocraticos de exposicgta.|&calizado no distrito de Barra de S&o
Jodo, no municipio de Casimiro de Abreu, na pogtfteste do estado do Rio de Janeiro,
Brasil. O complexo representa um dos eventos c@ueineos de magmatismo pluténico
basico do Cretaceo Superior na placa Sul-AmericBeamodo geral, este maci¢co basico
apresenta uma assinatura magnética divergente spacacdo com as rochas de parede
circundantes menos basicas. Ao obter dados geeasustetibilidade magnética para os
componentes rochosos da area, é possivel inferiasv&aracteristicas das rochas e a
delimitacdo espacial potencial do corpo subsupelfpor meio de modelagem numérica e
inversdes matematicas especificas. Este estudpautihdos de suscetibilidade magnética
obtidos por meio de levantamentos aéreos usandaonagnetébmetro & base de césio,
disponibilizados pelo projeto 1117 da CPRM. Os daflram processados usando o
aplicativo Oasis Montaj Student Version. O trabaihcui modelagem tridimensional da
porcao nao aflorante do SJAC, mapas de suscesibdigdnagnética e modelagem digital de
terreno usando diferentes processos de tratameataladlos. Este estudo investiga
indiretamente a porgédo subsuperficial do macicacentrando-se no evento de geragéo de
magma, utilizando técnicas de inversdo e procestamde dados para analisar a
suscetibilidade magnética registrada na regiamtéypretacado das propriedades magnéticas
observadas nas camadas subsuperficiais sedimeatasebosas visa fornecer informacdes
valiosas sobre a composicao, histéria e processesmpldaram o macico e a regido.A
interpretacdo do modelo e dos processos condupglositiu concluir a existéncia de uma
porcao subsuperficial do complexo que nao eradi@thimente observada, com um volume
de rocha intrusiva muito maior do que o inicialneeesperado ao analisar a morfologia da
porcdo aflorante. Os resultados indicam uma altalirde térmica associada ao eventoque



gerou o pacote de rochas, possibilitando a compéeenda maturidade térmica

doshidrocarbonetos presentes nas bacias contenspsraresta.

Palavras-chave:Magnetometria, Processamento, Inversdo, Morro 8@0, Lasimiro

de Abreu, Rochas Alcalinas.



ABSTRACT

SALES, T. J. B.Processing and Numerical Modeling of Magnetometri®ata from
Morro S&o Jodo — Casimiro de Abreu - RJMaster's Thesis in Modeling and Geological
Evolution. Institute of Geosciences, Federal Ruhaiversity of Rio de Janeiro, Seropédica,
RJ, 2024.

The Séao Jodo Massif represents an alkaline con(flaa Jodo Alkaline Complex -
SJAC), primarily composed of variations of syenitexhibiting both melanocratic and
leucocratic modes of exposure. It is located iBaAga de S&o Jodo district, in the municipality
of Casimiro de Abreu, in the southeastern portibthe state of Rio de Janeiro, Brazil. The
complex represents one of the contemporary evdrtasic plutonic magmatism during the
Upper Cretaceous on the South American plate. @Géyethis basic massif shows a divergent
magnetic signature compared to the surroundingbdasg wall rocks. By obtaining general
magnetic susceptibility data for the rock composentthe area, it is possible to infer various
characteristics of the rocks and the potentialiapd¢lineation of the subsurface body through
numerical modeling and specific mathematical ine#@s. This study uses magnetic
susceptibility data obtained through aerial surveging a cesium-based magnetometer,
provided by Project 1117 of CPRM. The data weregseed using the Oasis Montaj Student
Version application. The work includes three-dimenal modeling of the non-outcropping
portion of the SJAC, magnetic susceptibility mags] digital terrain modeling using different
data processing methods. This study indirectlystigates the subsurface portion of the massif,
focusing on the magma generation event, using simertechniques and data processing to
analyze the magnetic susceptibility recorded inrdggon. The interpretation of the magnetic
properties observed in the subsurface sedimentaty@cky layers aims to provide valuable
information about the composition, history, andgasses that shaped the massif and the region.
The interpretation of the model and conducted m®ee led to the conclusion of the existence
of a subsurface portion of the complex that wastraatitionally observed, with a volume of

intrusive rock much larger than initially expectathen analyzing the morphology of the



outcropping portion. The results indicate a highrtmal amplitude associated with the event
that generated the rock package, allowing for agetstanding of the thermal maturity of

hydrocarbons present in contemporary basins tcetrest.

Keywords: Magnetometry, Processing, Inversion, M@&#&o Joao, Casimiro de Abreu,
Alkaline Rocks.
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1. INTRODUCAO
1.1. Campo magnético terrestre

O campo magnético terrestre, gerado no nucleo aloefd, exerce influéncia direta
sobre as rochas suscetiveis da crosta terrestidy senducdo magnética o principal processo
em levantamentos aeromagnéticos. A compreensae g meno € crucial para interpretar

as variagbes magnéticas que se manifestam noosgadfisicos.

Segundo Branco (2015), a génese do campo magtetiestre e suas implicacdes para
0 planeta ainda constituem um dominio de estud@wstucdo, embora sua magnitude seja
incontestavel. Este fendbmeno desempenhou papebmtemnte na viabilizacdo das grandes
navegacdes, mediante o emprego da bussola. Alé&ua, discampo magnético exerce papel
essencial na mitigagdo de particulas carregaddasoralgneticamente oriundas do Sol,
notadamente o vento solar, cuja velocidade atimgeacde 700 km/s, bem como de outras

provenientes de distintos pontos da galaxia.

No nudcleo externo terrestre, localizado a aproxamaehte 3 mil km de profundidade,
presume-se a existéncia de uma fuséo de ferrauelnfgste fluido, em estado de movimento
perpétuo, induz correntes elétricas e, por conagguiim campo magnético (Figura 1.1). A
explicacéo preponderante para a geracdo do camgpetia do planeta € a teoria do dinamo.
Nesse contexto, as elevadas temperaturas no niéctestre, substancialmente superiores ao
ponto Curie, inviabilizam a solidificagdo do ferodo niquel, excluindo, dessa forma, sua
potencial fungdo como ima. (Branco, 2015)

O Campo Magnético Referencial Internacional (Iriéomal Geomagnetic Reference
Field IGRF) atua como referéncia para o campo ntagnéterno da Terra ao longo de um
determinado periodo de tempo, derivado da somadesdharmonicos esféricos obtidos de
varios Observatorios Magnéticos ao redor do muisdga em terra, no mar, a bordo de
aeronaves ou por meio de satélites. O IGRF podetderado para discernir distorcées no
campo magneético causadas por estruturas geolGgidagositos minerais, servindo como um

padrdo para delinear anomalias no campo magnétictyindo correntes induzidas e campos
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externos. Campos externos ndo estao associad@R&g mas seus efeitos sdo cruciais para
caracterizar materiais subsuperficiais com basecampo magnético. Variacdes diurnas
contribuem para mudancas magnéticas devido ao mneotinrda ionosfera ao longo do dia,
influenciado pelas flutuacbes de temperatura doegbéa causadas pelo Sol. Tempestades
magnéticas estdo relacionadas a correntes eléamnéasalas geradas na ionosfera, resultantes
de ejecdes de massa coronal solar e sua interpgéiddica com o campo magnético da Terra.
(Alken et al., 2021)

. I.'\ o
Pélo norte \-, Pélo norte
geografico "-ll magnético
A Wk 4 __/'
N / / B a0
"\‘ \ ll __." / ,)/' N
% | 1 A7 /,/ N
. i\ A N
\\/// - g X
. £ ~ \\

Ima =~

Limalhas de ferra””

Figura 1.1. Representacdo do campo magnético tertes. (Esquerda) O campo magnético de uma barra é
revelado pelo alinhamento das limalhas de ferraesab papel, (Direita) O campo geomagnético € muito
semelhante ao campo que seria produzido se umatgéga barra imantada fosse colocada no centreridag
ligeiramente inclinada 11° a partir do eixo de ¢ata Press et al, 2006.

O Ponto de Curie de uma rocha é um ponto de temupafaressao no qual ocorre uma
alteracdo no comportamento magnético do materighciPalmente determinada pela

temperatura, a superficie do Ponto de Curie dedaocrosta terrestre € comumente
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caracterizada como uma isoterma; este fendmenaeoeon profundidades de dezenas de
qguildmetros na crosta, onde as temperaturas era tarb80°C prevalecem. Acima do Ponto
de Curie, as rochas perdem suas propriedades nwgéuando mais frias do que o Ponto de
Curie, tornam-se suscetiveis e podem, inclusivguiad uma magnetizacdo ‘remanente’
permanente. Em regides com um fluxo de calor exaealmente elevado, o Ponto de Curie
pode manifestar-se em profundidades inferioreslar,Genquanto sob gradientes geotérmicos
normais, pode situar-se a até 40 km de profundid&dest e Shive, 1986)

Em escala atbmica, todas as substancias sdo nwagél teoria admite que dois
elétrons coexistem em um mesmo estado atdémicogcalstronica), desde que possuam
rotacdo (spin) opostos. Duas configuracdes séo wamie possiveis, no primeiro caso as
cascas eletrénicas possuem elétrons pareadosesssgpetronicos agem como dipolos que por
possuirem spins contrarios, se anulam magneticaenpgsuindo pouca susceptibilidade a
variacdo de campo externo presente. Estas sdbstascias classificadas como diamagnéticas.
Num segundo caso, ha os materiais paramagnéticds onmaterial apresenta elétrons
desemparelhados, a atuacdo de um campo extermorfazjue os dipolos dos elétrons nao
pareados sofram rotacdo, gerando um campo no ma&smiido do campo aplicado, assim a
susceptibilidade do material € positiva. Este efainda é considerado relativamente fraco
(Kearey, 2002).

Nos materiais paramagnéticos ocorre ainda a sugieguode orbitais atdmicos durante
a interacdo cristalina interna, que pode ocorretrée formas distintas (Figura 1.2). Nos
materiais ferromagnéticos os orbitais se sobrepiiemodo em que seus dipolos séo orientados
paralelamente e com mesma intensidade, gerandonagnetizacédo espontanea forte com alta
susceptibilidade, porém por estar associada armgas#e ferro, cobalto e niquel elementar,
ocorre em poucos casos de forma natural (Dent@hid? Segundo Reynolds (2014) nos
materiais antiferromagnéticos o acoplamento doslal§pé antiparalelo, com igual nimero de
dipolos em cada sentido, os campos magnéticosidoks se anulam, de forma que ndo ha
efeito magnético externo, tendo como exemplo a hitar@m baixa susceptibilidade. J& nos
materiais ferrimagnéticos os dipolos se apreserdatiparalelos porém com intensidade

diferente, ndo se anulando e podendo apresentami@gnetizacdo espontanea e
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Figura 1.2. Representacdo dos dipolos elementaresosn dominios. Ferrimagnético, ferromagnético e
antiferromagnético.

susceptibilidade, como exemplo temos a magnetitgicBmente todos os materiais atuantes

nas propriedades magnéticas das rochas se inclesta itima categoria. (Sales, 2019)

A suscetibilidade magnética € uma medida da respibstuma rocha a um campo
magnético aplicado. Em aplicacbes de mapeameniégiem, 0 campo magnético terrestre
influencia todas as rochas crustais e gera campagndéticos em rochas suscetiveis
magneticamente que se encontram em profundidadessnpeofundas do que a isoterma do
Ponto de Curie. Em uma pesquisa aeromagnética tipimaioria das respostas magnéticas
medidas estd associada a minerais especificosr(fagnéticos). No entanto, em regiées de
carater magnético mais sutil, contrastes na shd@dde magnética de minerais

paramagnéticos e diamagnéticos podem ser idewlifica

1.2. Magnetismo nas rochas

No ambito laboratorial, 0 comportamento magnétias tbchas € complexo, mas, na
escala dos levantamentos aeromagnéticos, a sulstatie magnética das rochas se destaca
como uma propriedade mensuravel que permite a rtiagg&o sob a influéncia do campo
magnético terrestre. Essa suscetibilidade € umigaic@ib confiavel do contetdo mineral
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magnético nas rochas. A Intensidade Magnética T@tsll), medida nos levantamentos
aeromagnéticos, € um componente crucial, ondenaiiies estes valores (explicitos em nT) e
aplicando-se a diferenca do Campo de Referénciam@guoética Internacional (IGRF)
revelam-se as anomalias magnéticas essenciaisnpenaretacdes geofisicas e geoldgicas. A
resolucdo eficaz das anomalias magnéticas estardeate ligada a distancia entre o sensor
magnético e a fonte rochosa. A selecdo cuidadosaltiiade de voo em levantamentos

aeromagnéticos €, portanto, critica para garaatiosl precisos e interpretagdes confiaveis.

A aeromagnetometria, como uma técnica valiosa, iperimvestigar a composicao e
estrutura da crosta terrestre. As anomalias magsettapturadas nesses levantamentos
fornecem informacdes significativas sobre a gealagibjacente, desempenhando um papel
crucial em diversas aplicagbes geocientificas. @artamentos aeromagnéticos, com sua
capacidade de mapear variacdes magneéticas na,covsam-se uma ferramenta padrao na
exploracdo geofisica. Esses estudos contribuem demeobertas significativas, incluindo a
identificacdo de depositos minerais e a compreedadectdnica das placas. Em resumo, a
aeromagnetometria oferece uma visdo Unica e alrengla dinAmica geoldgica da Terra,
desempenhando um papel fundamental tanto na paszeigifica quanto na aplicacéo pratica,
com implicacfes diretas em diversas areas, desileragdo de recursos naturais até estudos

fundamentais sobre a estrutura do planeta. (Ke2€0€p)

Lidar com rochas magnéticas e ndo magnéticas eanteawmentos aeromagnéticos
envolve, em grande parte, simplificagbes Uteismjgardo a integragcdo com a cartografia
geoldgica convencional. Entender essas simplifiesagd crucial, assim como reconhecer
quando elas podem néo se aplicar. O carater magri&iuma rocha depende de fatores como
geoquimica, minerais ricos em ferro, tipos de magagdo e 0 campo magnético local. Esses
fatores refletem processos geoldgicos desde a f@reté os eventos subsequentes.

A distribuicdo de minerais magnéticos é influenaiggor diferentes processos
geoldgicos, sendo os minerais ferromagnéticos wpagsignificativo. No passado, houve a
concepcdo equivocada de que grupos especificosctias apresentavam valores ou faixas
caracteristicas de susceptibilidade magnética (l© permitiriam a identificagdo dessas



22

litologias em levantamentos magnéticos. Atualmeotenpreende-se que todos 0S grupos
litologicos podem conter minerais magnéticos emmtidades variaveis, sendo a assembléia
mineral magnética em uma rocha resultado tanto uZze composi¢cdo primaria quanto,

possivelmente de forma mais crucial, de sua hastgologica.

As rochas sedimentares exibem ampla variacdo ndéegee, influenciando diretamente
na susceptibilidade magnética. A presenca de miggnetpirrotita, minerais com alta
susceptibilidade magnética, € influenciada por ¢gsas como a incorporagdo de graos de
magnetita detrital de rochas pré-existentes, agtacdo quimica de oxidos de Fe a partir de
solucéo e o crescimento diagenético de magnetia @ifrotita associado a armadilhas de

hidrocarbonetos e migracao de hidrocarbonetossgrateal, 2006)

Os processos metamoérficos podem levar & formacdomdgnetita durante a
transformacao de silicatos ricos em Mg-Fe, resdtiaem um aumento na susceptibilidade
magnética com o aumento do grau metamorfico. Adhicdo de fluidos de alteracdo também
pode afetar significativamente a susceptibilidacegmética das rochas, aumentando-a ou

diminuindo-a.

Deformacgdes , como dobras, podem concentrar mégyeqpirrotita em zonas de baixa
deformacéo, resultando em aumento de k. Além déseegristalizacdo dinamica da magnetita
durante o cisalhamento pode alterar o tamanho diuss ginfluenciando a susceptibilidade
magnética. Em resumo, a interpretacdo de dadosmagrgticos deve considerar a
complexidade das interacbes entre composicao dittd) historia geoldgica, processos
metamorficos, alteracdo metassomatica e deformag@anica para compreender

adequadamente a distribuicdo de minerais magnétasochas.

1.3. Componentes do Campo Magnético

Na andlise do campo geomagnético de uma dada regfi@oconsideradas tanto a
intensidade por meio da forca magnética (F), quanttrecdo por meio das grandezas de

inclinacdo (I) e declinagao (D) (Figura 1.3). O fwode referéncia para definir o equador
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magnético ocorre naqueles locais em que ndo haagélo e as linhas do campo séo paralelas
a superficie da Terra. Embora esteja proximo aadmugeografico, esse lugar revela desvios
impressionantes em relacéo a latitude, podendcaclag aproximadamente 15°.

Na regido ao Norte do equador magnético, o campmegntado para dentro da Terra
e apresenta um angulo de inclinacdo positivo (tambénhecido como latitute Magnética
Norte). Na regido ao sul do equador magnéticaeg@d do campo é voltada para fora da Terra,
0 que resulta em uma inclinacdo negativa (ou Gitonagnética sul). Identifica-se os polos
magnéticos na Terra como sendo as regides ondmpocapresenta uma direcéo vertical e
perpendicular a superficie. O valor da inclinacBega a +90° no polo magnético norte e a -
90° no polo magnético sul. Vale ressaltar que gstdss ndo se confundem com os polos
geomagnéticos ou geograficos. A direcdo na quahgponente horizontal se encontra dentro
de um plano horizontal € conhecida como declinaé®sa inclinacao também pode ser
representada como um valor positivo quando medidaisdo o sentido horario em relacéo ao

norte geogréfico. (Reynolds, 2011)

Assim como 0 campo magnético terrestre, 0s campgm@ticos em corpos rochosos
serdo dipolares. Portanto, o campo magnético medidoperficie sobre um corpo rochoso em
subsuperficie tera porcOes positivas e negativagraD de assimetria nesse perfil medido
dependera da orientacdo do corpo em relacdo aoocamagnético local da Terra e da

orientacdo do campo magnético terrestre.

1.4.Aquisicdo de dados aeromagnéticos e processamoen

Cuidado e atencao ao planejamento sdo cruciaisopsuaesso de qualquer projeto de
levantamento aeromagnético. Além das condi¢cesslocamo clima, topografia e questdes
politicas, € fundamental abordar antecipadameségaranca da tripulacdo e o bem-estar dos
ocupantes da area de levantamento. Do ponto dedasinterpretacdo, o primordial é ter-se
um conjunto de dados que permita atingir o propagitlevantamento. Os parametros criticos

que determinam a interpretabilidade de um conjdetdados sao o espagcamento entre linhas
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e a altura de voo e, em menor grau, a orientacadinlaas e o formato do contorno do

levantamento.

Segundo Reeves (2005) a tarefa de controle dedadaliem um levantamento
aeromagneético requer experiéncia geofisica espeadal e raramente € realizada pela pessoa
responsavel pela interpretacdo dos dados. As qsestiave para o intérprete sdo que 0s niveis
de ruido nos dados sejam aceitavelmente baixoeesglesquemas de supressao de ruido
adotados durante a fase basica de processamenédetdm adversamente o sinal geoldgico.
E essencial que os profissionais de controle ddidque estejam totalmente cientes da
sensibilidade final necessaria para atingir os tolge do levantamento. Por exemplo, 0s
requisitos em ambientes de bacias sedimentaresdmeravelmente mais rigorosos do que,

por exemplo, em um ambiente dominado por rochasagye metamorficas.
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Figura 1.3. Exemplo de Campo magnético geradé partir de corpo magnetizado inclinado em 60° lpoa
(declinagéo 0°) ao campo terrestre (A) produzindgerfil de anomalia dos pontos A-D como mostraaqB)
(Modificado de Reynolds, 2011).

Apos a aplicacao das correcdes basicas apropr@adaedicoes do TMI ao longo das
linhas, os dados devem ser interpolados em uma greatirada e o tamanho da célula da grade
idealmente é cerca de 1/4 do espagamento enti&sli método de interpolagcédo pode ser,
dentre varios possiveis, escolhido com cuidado cteadfinalidade de representar uma

continuidade provavel entre as unidades de temeagneticamente ndo amostradas.
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Apos a interpolacao e geracdo de uma malha de pootdinuamente interpolados é
gerado, como resultado, um mapa de contraste ezs oarescala de cinza que representara a
diferenca de magnetizacdo entre os pacotes dmdede interesse. E possivel que o mapa
gerado inicialmente ndo seja suficiente para urepretacéo eficaz, ou até mesmo contenha
informacfes em demasia ou necessarias de tranfoesiag filtragens que possam corrigir
estas correcfes indesejaveis. As aplicacbes déstasformacdes sdo cruciais a eficaz
interpretacdo. Alguns dos mais comuns filtros edfiermac6es possiveis de serem utilizados,

bem como sua fungao séo, segundo Isles & RankiBj20

RTP (reduction to the Pole) -A técnica de RTP (Reducéo ao Polo) converte osslad
TMI, inicialmente medidos em qualquer inclinacdo @ompo magnético terrestre, para a
condicdo que seria observada nos polos magnétisd0(). Essencialmente, a transformacao
visa eliminar a natureza dipolar das anomalias &tégas. Contudo, em situacdes em que 0s
corpos rochosos exibem uma marcante magnetizagénmeste, a aplicacdo da RTP a essas
anomalias é teoricamente questionavel. Isso sealsuposicao da técnica de que a direcdo de
magnetizacdo em toda a area a ser transformadahéaida e igual a do campo magnético
local da Terra. Em ambientes onde a magnetizagace@dminantemente ndo induzida, a

determinacao da direcdo de magnetizacdo € umanagéo raramente disponivel.

Sinal analitico -De maneira matematica, esta transformacao repeeaenagnitude da
soma vetorial das derivadas direcionais de tréspooentes e, de forma abrangente,
acompanha as localiza¢gBes das bordas mais rasas derpo magnético, independentemente
da orientacdo da magnetizacdo desse corpo. Ensqatavras, mapeia efetivamente essas
localizagcOes de borda, especialmente em inclindgdi@as do campo magnético e na presenca

de magnetizagédo remanente.

Primeira derivada vertical — Trata-se de um filtro passa alta que podemospirgtr
de maneira simples como o gradiente magnéticoca¢ique seria observado a partir de dois
sensores de magnetdmetro montados um acima do Basiencialmente, consiste na emulacao
matematica que simula diferenca nas medi¢cdes dpaamagnético entre esses dois sensores

hipotéticos.
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Segunda derivada vertical £, efetivamente, a primeira derivada vertical deeira
derivada vertical. Como esperado, este filtro reduma mais a largura da anomalia e,
teoricamente, deve refletir de maneira mais préxartagura do corpo rochoso causador desta
anomalia. Apesar de a teoria e o0 célculo destaattai serem fundamentados na fisica do

campo potencial, na pratica, este tende a apredmEdtnte ruido embutido no resultado final.

Continuacdo descendente (Downward continuation) A continuagdo descendente,
na qual o campo abaixo da superficie de medicatcéalado, oferece outra opcao de filtragem.
No contexto de aprimorar as respostas magnétigasporcionar uma visdo mais clara da
estrutura geoldgica, a continuacao descendentaprésenta vantagens distintas em relacéo a

12 e 22 derivadas verticais.

Continuacdo ascendente (Upward continuation) Visa suprimir fontes de sinais
localizadas em porc¢des menos profundas e volumiesea) o objetivo de realcar por¢cdes mais

profundas e significativas a interpretacao.

Inclinacdo do sinal analitico (ISA ou GHT) -Gera padrdes semelhantes a 12 derivada
vertical, mas retrata respostas de fontes maisipdat e rasas de maneiras analogas, como

exemplificado na figura 1.4.

Filtragem de comprimento de onda Uma estratégia adicional de filtragem de baixa
frequéncia consiste na segregacao dos comprimaaimsda mais extensos do sinal em relacao
aos mais curtos. Embora apresente simplicidadgli@edo numérica e coeréncia intuitiva, a
filtragem de comprimento de onda ndo conduz a ustmcho clara entre fontes de diferentes

profundidades
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Figura 1.4. Exemplo de filtro ISA aplicado.a) TMI com RTP aplicado; b) TMI com RTP e ISA aplios.
Modificado de Isles & Rankin, 2013.

2. APRESENTACAO DA DISSERTACAO

O modelo proposto para a dissertacéo atende aaisiteg estabelecidos pelo Programa
de P6s-graduacédo em Modelagem e Evolucao Geoldgithiversidade Federal Rural do Rio
de Janeiro (PPGMEG/UFRRJ) e serd formatado comoanigo cientifico. A redagéo e
apresentacao do escopo da dissertacdo em ingl@ésmsionentais, uma vez que a pesquisa e
seus resultados serdo submetidos ao "Journal ®omhica of Earth Science”, classificado
como A2 no indice da plataforma Sucupira, conforeagiisito do PPGMEG/UFRRJ.

O artigo apresentado no capitulo 3 desta dissertsegue a seguinte sequéncia:
Abstract: Este item consiste em um resumo da pesquisaadali

Introduction : Nesta secao, é apresentada uma reviséo biblicay@brangente sobre
estudos conduzidos nos complexos alcalinos do wudeasileiro, além de uma revisao

bibliografica sobre estudos geofisicos aplicadosreaticos analogos.
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Geological Context Aqui, é realizada uma breve revisao bibliogra§obare a geologia

regional e local onde o Complexo Alcalino Sdo Jesta situado.

Materials and Methods Este item descreve o tipo de dado geofisicozatib na

pesquisa e o procedimento adotado para procegdar@retar esses dados.

Results and DiscussiondNa secao de resultados, é conduzida uma an&iathdda
sobre os resultados apresentados na secdo dedsateril Methods. Além disso, discute-se a
possivel morfologia da porcdo subsuperficial don@lexo Alcalino S&o Jodo, sugerindo

interpretacdes possiveis sobre a génese do compléagroprio macico aflorante.
Conclusions Na concluséo, é apresentado um apanhado getalldoho realizado.

Este formato estruturado e a escolha da linguasaglisam atender aos critérios de
qualidade e internacionalizagdo exigidos pelo @ cientifico e contribuir para a ampla

disseminacédo dos resultados da pesquisa.

3. ARTIGO CIENTIFICO
3.1. Abstract

The alkaline massifs, such as Morro Sao Joao witlgrserra do Mar Igneous Province,
present a geological challenge through geophysigalloration. In this work, the geophysical
investigation primarily employs aeromagnetic datecpssing techniques, unveiling subsurface
structures and shedding light on the magmatic ewwoiwf the region. The observed NW-SE
and NE-SW magnetic lineaments in the broader regi@ncrucial indicators of structural
complexities. These contours, reflective of teatanfluences, highlight the significance of the

regional geological context in deciphering magnatiomalies.

The geophysical anomaly associated with Morro S&m Js not merely a magnetic
expression. The rounded shape and eccentricithefanomaly align seamlessly with the
lithological variations documented in the regionorgover, the incorporation of remanent
magnetization in the interpretation further enhancerr understanding of the magnetic

character of Morro Sado Jo&o. The main geophysezllt lies in the 3D inversion model, a
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sophisticated tool unraveling the subsurface aechire of Morro Sao Jodo. This model unveils
a magmatic chamber nestled at an approximate aépttkm beneath the surface. Beyond a
static representation, the model portrays conduish the chamber, providing a dynamic

perspective on the processes shaping the hill’'phwogy.

In essence, the geophysical results suggest teerpre of a magmatic chamber beneath
Morro S&o Joéo and offer a nuanced portrayal gfatsnetry and interconnections with surface
features. The integration of regional magneticdiments, lithological variations, and the 3D
inversion model elevates our comprehension of #wphysical intricacies of the Morro Sao

Joao alkaline complex.

Keywords: Morro Sdo Jodo, Alkaline massif, Magnetitomalies, Aeromagnetic

inversion, Magma chamber model.

3.2. Introduction

Alkaline massifs, with their distinctive mineralogi composition and geochemical
attributes, hold a significant position in globakadpgical research. These geological
formations, distributed across diverse terrestiamidscapes, offer invaluable insights into
magmatic differentiation, lithospheric evolutiomdatectonic activities. The Serra do Mar
Igneous Province in Brazil, intruding into metamurprocks of the Brasiliano (Pan-African)
Ribeira belt, is a focal point, especially the céemps with an age range of approximately 80
to 50 million years (Ma). (Almeida, 1983)

The plutonic complex in focus primarily featuressie lithotypes, such as those found
in Pocos de Caldas and Itatiaia, with minor inwasiin Passa Quatro, Morro Redondo, Tingua,
Tangud, Rio Bonito, and Arraial do Cabo. Morro d® Sodo and Campos do Jord&o within
the province are characterized by nepheline syzitel alkali syenites, along with granites
and quartz-syenites. This study specifically cotred¢es on the Morro de Sao Joao alkaline
complex, situated near the Atlantic Ocean and itiné bf the Brazilian continental shelf.
(Heilbron, 2016)
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Research on alkaline plutonic complexes in souteea®razil has been a recurrent
theme in specialized scientific literature. Thelggaal and structural context of the Ribeira
Belt region has garnered attention in numerous iesudwith extensive petrographic,
geochemical, and geochronological investigationgrdauting to our understanding. Recent
studies suggest that these complexes may origifrat@ volcanic plumbing systems,

challenging traditional views of magma chamber dance.

The traditional view of a melt-dominated magma chanhas shifted in recent decades,
recognizing that a magma chamber represents oalgummit of a more extensive magmatic
system extending through the crust. This systepresiominantly crystalline, consisting of
melt, crystals, and exsolved volatiles distributbdterogeneously in space and time.
Geophysical methods, including InSAR, GPS, GNS$nse imaging, gravimetry, and
electromagnetic data, provide a comprehensive tshalc context for understanding the

chemical evolution of these systems.

This study aims to estimate the morphology and slwéphe magma chamber beneath
Morro Sao Joao by employing a magnetic inversigorthm on aeromagnetic data. Magnetic
inversion techniques, as outlined in prior workatcibute to a comprehensive understanding
of the subsurface structure of Morro Séo Joaorioffevaluable insights for advancing the field

of geophysics and subsurface characterization.

3.3. Geological Context

The Ribeira Belt, spanning 150-200 km in width gltime southeastern coast of Brazil
from Rio de Janeiro to Parand, trends ENE. It coisneith the NS-trending Aracuai and
Brasilia belts to the north and is separated froensouthern Dom Feliciano Belt by the Luis
Alves cratonic fragment. Toward Rio de Janeirdrahsitions from the NS-trending Aracuai
Belt colliding with the S&o Francisco Craton to EE-trending transpressional Ribeira Belt.
Moving south involves oblique collisional eventsarg the Sao Francisco, Paranapanema, and
Luis Alves cratons (Hasui and Sadowski, 1976; Attaell977).
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Initially, the Ribeira Belt was a 2500 km long NMEiking fold belt along Brazil and
Uruguay’s southeastern and southern coast. Howswadjes suggest its continuity as the
Brasiliano—Panafrican age Damara—Ribeira fold &xelthe African side (Porada, 1979). Later,
it was divided into the Dom Feliciano Belt, Luisv&k Craton, and Aracuai Belt. Presently, the
Ribeira Belt is generally limited to the deformatiprovince along the coast of southeastern
Brazil (Heilbron et al., 2004, 2017, 2020a).

Tectonic interpretations propose southeastern Byazmalgamation from distinct
tectonic terranes during the Neoproterozoic. Aléie models for intracontinental tectonic
evolution have been suggested (Faleiros et all;20dmpanha et al., 2015, 2023; Heilbron et
al., 2017, 2020a,b; Brito Neves et al., 2021; Gagital., 2021).

The Inner Magmatic Arc System in the Ribeira Belewides the Sdo Francisco
paleocontinent’s passive margin. The dismemberedngey results from the late orogenic
folding of previously accreted terranes and Pharwcobrittle faults (Heilbron et al., 2004,
2017, 2020a). Magmatic arc rocks include deformetbps and stocks in the central Ribeira
belt, such as the Divino and Serra do Valentimquist Carangola pluton, Serra da Bolivia
Complex, and Muriaé, Leopoldina, and Marcelezakstd@edeschi et al., 2016; Heilbron et
al., 2017; Gongalves et al., 2018; Corrales e2aR0).

The mineralogy comprises quartz, plagioclase, Kdear, clinopyroxene,
orthopyroxene, hornblende, and biotite, with acogssninerals like ilmenite, apatite, and
zircon. Metamorphic conditions reach the grandliges, and geochemical analysis indicates
subduction-related magmatism and differentiatioendis toward A-type granitoid rocks
(Corrales et al., 2020). Basic rocks show thotesignatures for Island Arc Tholeiite (IAT)
tectonic environments, and some suggest enricheatsland Basalt (OIB) type sources
(Corrales et al., 2020). The geochemical charastiesi reflect the complex interplay of

magmatic processes and tectonic evolution.

3.3.1.Serra do Mar Province
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The Serra do Mar province, spanning 500 km alory shutheast Brazilian coast,
features a diverse magmatic suite initiated aro88dMa. The magmatism, migrating
progressively ESE, involves complexes, volcanicrrants, and dike swarms from Pogos de
Caldas to Cabo Frio. It is linked to a Brasiliafaf-African) Ribeira mobile belt where a
mantle plume impacted at 85 Ma. The primarily sthwkpheric magmas exhibit ocean-plume
heads expanded rapidly beneath the thick contihesiéad basaltic-like characteristics with
sporadic lithospheric metasomite influence. The @em magmatic evolution involves
fractional crystallization and/or open system pes&s, culminating in distinct potassic to
ultrapotassic melts sourced from an enriched, bg&reous mantle (Montes-Lauar et al., 1995;
Thompson et al., 1998).

Mineralogy, petrography, and geochemistry of theelGretaceous-Eocene (80-55 Ma)
alkaline magmatism in SE Brazil's Serra do Mar e Province are discussed. Dike swarms
and syenitic complexes emplaced into Proterozoraites of the Ribeira mobile belt reveal a
magmatic evolution dominated by fractional crystalion and/or open system processes. The
diverse suite includes strongly silica-undersatdabcks (SUS) like basanites and phonolites
and weakly silica-undersaturated rocks (WUS) likalabasalts. The magmas are believed to
originate from an enriched, heterogeneous mantlle @antributions from mica and scattered
LREE-Zr-Nb-P-Ti-rich phases. The complex magmatiacpsses shaped the landscape from
Pocos de Caldas to Cabo Frio, with a notable tearegfmagmatism to the Abrolhos Platform
around 52 Ma (Brotzu et al., 2005, 2007; Gomes.£2@17; Rosa and Ruberti, 2018).

3.3.2.Morro Sao Joao

Morro Séao Jodo, part of the Early Cenozoic alkatiomplex along the Rio de Janeiro
coastline, exhibits a diverse range of rock typesluding melanocratic nepheline syenites,
nepheline syenites, clinopyroxenites, shonkinaesl, alkali gabbros (Figure 3.1). The intrusive
complex, characterized by chemical and modal aealysrimarily comprises felsic rocks, with
mafic and ultramafic lithologies found in certamrusions, like Campos do Jordao and Morro
de S&o Jodo. Notable features include dominank sif@nites and nepheline syenites, weakly
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peralkaline rocks, and diverse mineralogical contmss such as hastingsite amphibole,

salitic-ferrosalitic pyroxene, biotite, titanitencGapatite (Brotzu et al., 2005, 2007).
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Figura 3.1. Geological mapLocating Morro Sdo Jodo and surrounding area ggdtmgnations, hydrology and
structural/tectonics provinces (modified from Hedlb et al. (2016)).

Morro Sao Joao consists of mafic—ultramafic rockesaibed as meso to
orthocumulates, suggesting crystallization from eratkly evolved magmas. The melanocratic
nepheline syenites and nepheline syenites may sepremagma-—crystal mixtures. Alkali
syenites, typical cumulitic rocks, reflect the cdexpgenesis of clinopyroxenitic to shonkinitic

rocks evolving from tephritic parental magmas tawgshonotephritic and phonolitic
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compositions. Initial isotopic ratios overlap thoskthe broader Serra do Mar province,
indicating a shared genesis from similar pareni&mmas and source mantle. The lithospheric
components are implicated in the potassic affimatyd strongly incompatible element

enrichment of the derived melts (Brotzu et al., 200

3.3.3. Materials and Methods

All geophysical data used in this study were a@jubyy the Geological Survey of Brazil
(formerly CPRM). The dataset is publicly accessdole can be downloaded from its official
website [1]. This study specifically utilizes d&tam the Rio de Janeiro Aerogeophysics Project
number 1117, acquired in 2011. The airborne suceoagred the region at an elevation of 100
meters, employing flight lines spaced 0.5 km apathe north-south (NS) direction, with ten
measurements acquired at 0.1-second intervalsr@adimes, positioned at 5 km intervals in
the east-west (EW) direction, were implemented ftalibration-data pre-processing
procedures, encompassing correcting parallax erdmsnal variations, and profile-leveling

and micro-leveling.

The International Geomagnetic Reference Field (Il5R&s calculated in 2011 and
subsequently removed. The bidirectional interpotatnethod was employed with a 125 m x
125 m grid spacing. Given the proximity of the ®yntine direction to the north-south axis,
this approach is conducive to accentuating geokbdgriends perpendicular to the line direction.
To optimize the enhancement of features orthogtmahe survey line, it is imperative to

specify this angle as perpendicular to the lineation.

3.3.4. Aeromagnetic Data

The resulting data from pre-processing is the Thtagnetic Intensity - TMI (Figure
3.2A). The processing sequence involves upwardctan, reduce to pole, tilt derivative, and

Total Gradient Amplitude.
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Upward continuation (UC) is frequently preferrediasliminishes the signal from
shallower materials, with smaller volume or linglamensions, more rapidly than that from
deeper, larger-volume sources. However, it's cltigiaote that while this approach generally
yields satisfactory results, the shallow sourcessappressed, not eliminated, in the filtered
data. In cases where the shallow signal exhibgh titensity or substantial linear dimensions,
its presence is likely to persist even with upweodtinuation to significant heights (Isles and
Rankin, 2013).

Reduce to Pole (RTP), rooted in potential fieldottye enhances the depiction of
magnetic rock unit geometry, surpassing Total Mé&égnéntensity (TMI) data. Its
transformative effect eliminates the dipolar natofemagnetic anomalies, improving the
delineation of magnetic rock bodies. Peak RTP miagwalues align closely with body centers,
offering more precise insights. Model studies uadere the challenge of interpreting magnetic

rock body geometry using TMI data as field inclioatdecreases (Isles and Rankin, 2013).

The Total Gradient Amplitude (TGA), often collogllyatermed "3-D Analytic Signal"
or "ASA," is a 2-D transformation extended to 3TEGA effectively maps the shallowest edges
of a magnetic body, resilient to orientation changed applicable at low field inclinations and

in the presence of remanent magnetization (Islds=amkin, 2013).

The potential field "Tilt" is calculated as the @ of the ratio of the 1st vertical
derivative (VD) to the modulus of the total horitalinderivative. This calculation results in a
normalized data intensity range. Tilt patterns mg@sle the 1st VD but may pose challenges for
interpreters, as they similarly portray responsesmfdeeper and shallower sources (Isles and
Rankin, 2013).

The processing involves a combination of the pracesl mentioned above. The TMI
data was processed using Geosoft Oasis Montaj @ty Seequent under an educational
license. Figure 3.2B illustrates the outcomes ofvaig Continuation for 200 meters and
Reduce to Pole with inclination and declinationdahen the day of acquisition data. Figure
3.3A displays the UC, RTP, and TGA results. Furtiee, Figure 3.3B depicts the outcomes
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of integrating UC, RTP, and Tilt Derivative. Thesdission for each result will be presented in

further sections.

3.3.5.Processing 3-D Aeromagnetic Inversion

Aeromagnetic surveying, offering extensive areaecage, provides valuable data for
mapping geological structures, particularly inialiexploration. However, detailed prospecting
demands robust inversion algorithms (Li and Oldegh1996). Leliévre and Oldenburg (2006,
2009) have developed algorithms to address théetiggs of inverting geophysical magnetic
data collected above regions with high magneticeigbility. The complexity arises due to
remanent magnetization, leading to the inversiommafynetic data for a three-component

subsurface magnetization vector instead of magsasceptibility.

Works introduce a statistical and quantitative apph to delineate and differentiate various
magnetization domains within a comprehensive 3D md#gation Vector Inversion (MVI)
voxel model. The significance of considering renmneagnetization in 3D voxel-based
inversion is emphasized, highlighting potentiafglis in interpretations when this factor is
overlooked (Ellis et al., 2012). The MVI technigaeplied in the studies addresses the
incorporation of both remanent and induced magattia, eliminating the need for prior
knowledge of the direction or strength of remameagnetization (MacLeod and Ellis, 2016;
Sousa et al., 2019a,b; Soulaimani et al., 2020).

The present work utilizes VOXI EarthModelling™, angponent of Geosoft
OasisMontaj, for 3D inversion of geophysical daieestimate the volume and shape of the
magmatic chamber that originates from Morro Sam.Jéd interested reader can find the
theory and all tests conducted for MVI for cartas@ordinate inversion in Leliévre and
Oldenburg (2009) and for spherical coordinate agpration in Fournier et al. (2020).

For generating the 3D magnetic susceptibility mpohdé&grating aeromagnetic survey

data into the inversion software geodatabase imegla systematic process. Initially, the
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geographic coordinate system adjustments are nuadkgn with the mesh nodes. The next
step is data correction to eliminate dummies arghtie values, resulting in new data with
corrected values. Data interpolation is then peréd, generating a new Total Magnetic
Intensity (TMI) grid. The transformation into Redutcto Pole (RTP) is suggested for cases

where remanent magnetization is not inherent tmbserved rock body.

Careful application of filters is considered foig®removal without compromising the
nature of the TMI. In contrast, creating a PLY mask facilitates 3D model coordination with

intended coordinates.

To achieve the 3D model, the process continuestiogean initial VOXEL mesh for
the defined area, adhering to geographic coordipatameters and processing considerations.
The mesh is tailored using a previously generatedmask. Subsequently, the VOXI model
undergoes processing with defined parameters fairabg magnetic field data and selecting

a numerical inversion method.

The result is a 3D model as a potential solutiotheomagnetic data, allowing for adjustments
in susceptibility cutting and manipulation of the X, and Z axes. The flexibility extends to
modifications in the color scheme used for modeiegation, providing a comprehensive

approach to geophysical data integration and 3Detogl

3.4.Results

The study area comprises eight geological unitd|wsdrated in Figure 1. Analysis of
magnetic anomalies reveals variations comparetid¢ayeological mapping presented in the
same figure. In Figure 3.2A, the Total Magneti@hsity results are displayed, although caution
is warranted in their interpretation due to theotkpnature of magnetic sources. Figure 3.2B
depicts outcomes following processing via Upwarahi@mation with a 200-meter threshold,
chosen to mitigate interference from shallow magn&urces and noise. Additionally, Pole
Reduction was applied with Declination (D) = -22.4d Inclination (I) = -37.45°, matching
the local magnetic conditions at data acquisitibigure 3.2B unveils distinctive features
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labeled 1 to 4 and a significant NE-SW lineameritisTineament may indicate a dike or a
boundary between geological units. Labeled SJ spords to Morro Séo Joéao, the primary
focus of this study. Magnetic anomaly label 1 aigmith metagabbros and metanorites.
Labeled 2’s magnetic anomaly is linked to a regioh in Biotite; it is a divergence from the

depiction in Figure 3.1, possibly due to underlyaligivial deposits. Anomaly labeled 3 poses
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an incognito as the map designates this area aasdat deposit, which typically lacks such
magnetic responses. This anomaly may be attriiatadleeper source, potentially a magmatic

chamber or structural fault.

Notably, the magnetic anomaly associated with Md8@o Jodo did not undergo
successful pole reduction during processing, aseewiin the results presented in Figure 3.2B,
where the magnetic anomaly persists in a dipolanfd his observation concludes that the
source body generating the magnetic anomaly passessianent magnetism.

Figure 3.3 delineates two processes: Figure 3.3#resents the Total Gradient
Amplitude from Upward Continuation with Reductianthe Pole (UC with RTP), while Figure
3.3B illustrates the outcome of the Tilt Derivativem UC with RTP. These processes reveal
features not discernible in Figure 3.2. Notably thvision into distinct terrains or areas,
totaling six, is observed, with the study area géitorro S&o Jodo. It is important to emphasize
that these divisions highlight variations in rockagnetization rather than lithological
differences. Rocks of the same lithology may exhdistinct magnetization due to variations

in the abundance of magnetic minerals.

In Figure 3.3A, terrains 1 and 2 exhibit similargnatization but are separated by an
NE-SW lineament. Terrains 3 and 4 display subsahntagnetization, with terrain 4 exhibiting
a higher magnetization than terrain 3. Terraingi® & show even higher magnetization than
the terrains mentioned above. Figure 3.3A furtlegeals that this magnetization is associated
with ENE-WSW lineaments, potentially extending itgorain 6. Morro S&o Jodo is positioned

between terrains 3 and 4, suggesting a fit betwleehill and these two lithological units.

Figure 3.3B essentially conveys the same informa®03A. However, this processing
accentuates magnetic anomalies from shallower bodtgle attenuating magnetic sources
originating from greater depths. It is possibleacknowledge that a deeper source was

attenuated in the M region.



43

3.4.1. Morro Sao Joao Inversion

After processing magnetic field data, numericakrmsion was used to create a detailed
three-dimensional (3D) Morro S&o Joao rock fornratiadel, as illustrated in Figure 3.4. The
result of the inversion is a body with a higher metge susceptibility than the host rock. Figure
3.4A offers insight, showcasing two layers and d bedy (body with higher magnetic
susceptibility). The top layer represents the magnkeld, the second layer depicts the
topography, and the red body suggests the shagenaymatic chamber. Figure 3.4b provides

a south view, 4c an east view, and 4d a top view.

In the 3D model, a significant observation emergeshallow subsurface area with
elevated susceptibility primarily occupies the easpart of the massif. As we delve deeper, a
substantial portion extends into the western/soasiteérn sector, hinting at the presence of the
magmatic chamber. This aligns with the spatial rayeament observed in the 3D model, as
discussed earlier. In building the model, suscdjtilvalues exceeding a threshold of 0.018
(in relation to host rock) were incorporated postaerical inversion. This selection aimed to
produce a model more coherent in alignment with sheictural characteristics of the

investigated region.

In the model’s shallower and less profound lay&pgproximately around Z=+500m and
Z=-100m, one can quickly identify volumetric voidssociated with Morro S&o Jodo. These
voids indicate a different magnetic susceptibilitythe magmatic chamber rather than an
absence of rock material. As we explore deepertimomodel, precisely down to a depth of
approximately Z=-1000m, the morphology demonstratgsadually reduced horizontal extent,

evolving consistently with increasing depth.

From a top-down perspective, a noticeable east-aleagjation trend extends towards
the southwest as the model delves into deepeastrae spatial arrangement within the model

aligns closely with the geographical locationsuface exposures, as depicted

From a top-down perspective, a noticeable east-geleagation trend extends towards

the southwest as the model delves into deepeastrae spatial arrangement within the model
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aligns closely with the geographical locations wfface exposures, as depicted in the digital
elevation model, and corresponds with the positafrssiomalies observed in the aeromagnetic

maps.

3.5.Discussions
3.5.1. Regional Analysis

Two main magnetic structural directions have beéentified in the region surrounding
Morro S&o Jodo. The southeastern region exhibitsSMEoriented tectonic lineaments on the
continental margin associated with pre-existingattires. Additionally, transverse orientations
NW-SE and NNW-SSE extend into the basin, suggesgtisgible transfer faults.

The first primary observed structure extends framdontinental slope (N65-70W) for
about 20 km, entering the continental portion, tspi Morro S&o Jodo, and altering its
inclination to N45-50W. This magnetic feature desdthe study area into two main sections:
3-5 to the SW and 4-5 to the NE, as seen in FigBe

The observed magnetic structures align predomipavith NW-SE directions, N26-
84W, corresponding to joints and faults in the Camjpnd Santos Basins region. These
directions also coincide with the Volta Redondantansion and Funil Transfer Zone (Souza,
2008).

Similar NW-SE structures are characteristic of @abo Frio terrain, associated with
the Buzios Orogeny (530-480 Ma). Significant magnkheaments in the surrounding area
exhibit a preferred NE-SW direction, resulting fréime amalgamation of various terranes with

ol in NW-SE during the formation of Gondwana.

The analysis of the TGA result (Figure 3.3A) regeal significant difference in
magnetic character between the SW and NE portibMoao Sao Jodo, indicating an abrupt

change in present lithologies. This alteration agmetization is likely caused by a lower
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Figura 3.4. The result of the magnetic inversionin A provides a detailed perspective, revealimg layers and

highlighting a red body (indicating higher magnetirsceptibility). The top layer illustrates the metic field, the
second layer depicts topography, and the red boggests the shape of a magma chamber. Subfigu@sdhd

D offer south, east, and top views, providing adddl insights into the inversion results.

proportion of alluvial deposits and an increasgranitoids, as proposed by (Heilbron et al.,
2016).The predominant NW-SE magnetic lineamentsgesiga possible orientation or
structural horizon for present lithological boundar (Heiloron et al., 2016) proposed
lithological differentiation with no well-defineddnizon between alluvial and sin-collisional
granitoid deposits in clear contact with coastapa$its of marine origin. The proposed
lithologies are minimally structurally controlled affected by the observed magnetic structure.

3.5.2.Morro Séao Jodo Analysis
The magnetic anomaly associated with Morro Sao &ahibits a distinctive character

compared to the surrounding terrains, primarilylaixgd by the observed lithology in Morro
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S&o Jodo. This anomaly deviates from the elonddWedSE and NE-SW structures, standing
out with a rounded shape. The eccentricity of thenaaly suggests a fixation of the magnetic
character under global magnetism conditions diffefem the surrounding regions, possibly

due to the remanent magnetization character irddareMorro Sao Joao.

Fagundes (2020) conducted petrographic and lithdgeical analyses of Morro Séo
Joao rocks, highlighting igneous variations, esgbcbetween syenitic and phonolitic rocks in
the central portions. The significant percentagemagnetite and its abrupt variation along the
massif, coupled with geochronological data dathegrnassif at approximately 59 Ma, suggest

a remanent magnetization character for Morro S@o.Jo

The inversion model, combined with relevant infotima about the massif and the
region, suggests a magma chamber model at a depfipmximately 4 km (Figure 3.5). The
inversion result indicates that the magma chamasgiathigher magnetic susceptibility than the

host rock, making it responsible for the magnetioraaly observed in the geophysical data.

Another notable observation from the inversion lteisuthe presence of conduits with
the same magnetic susceptibility as the magma chgnmbplying a possible extrusion of this
material to the surface. This body's existence ehdporro Sdo Jodo's morphology; in other
words, the hill exists due to the presence of thigision. To understand the origin of the
observed lithotypes' magmas, studies on similalial& massifs in the Serra do Mar Alkaline

Province (SMAP) were considered:

* Brotzu et al. (2007) suggest peridotitic source mmaigsm in the subcontinental

lithospheric mantle for SMAP alkaline bodies.

e Sonoki and Garda (1988) argue that despite templdfatences, the genesis of alkaline
rocky massifs in PASM cannot be attributed to ieaaevents.

« Fagundes (2020) proposes a magmatic evolution modeélorro S&o Joéo involving
partial melting of a peridotite source, magmatitfedlentiation, and integration with a

liquid of distinct characteristics.
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The widely accepted hypothesis for the genesiefnafic precursor liquid of the
magmas forming felsic rocks involves the fusion métasomatized materials from the
lithospheric mantle. This process, possibly origiga from a mantle source, supports the
inference of a deep-seated magma chamber, aligvithgthe proposed vertical development

model.

3.6.Conclusion

This study comprehensively explores the Morro Sfm.hlkaline complex, employing
an integrated geophysical approach. The amalgamatioaeromagnetic data processing,
magnetic inversion algorithms, and 3D modeling pes/en instrumental in unraveling the

intricate subsurface structures beneath Morro $30.J

Our findings contribute to a nuanced understandfribe Morro Sdo Jodo complex and
offer broader implications for geophysics. The rades in magnetic anomaly interpretation,
highlighted in this research, underscore the négdss sophisticated processing techniques in
complex geological settings.

The 3D inversion model not only reveals the degtthe magmatic chamber beneath
Morro Sao Joao but also provides insights intoidsphology, emphasizing the complex nature
of volcanic plumbing systems. Regional tectonic Igses unveil significant magnetic
lineaments, contributing to our understanding ef gion’s broader tectonic processes, fault
systems, and lithological boundaries.

Furthermore, the study showcases the efficacy oplggsical methods in lithological
differentiation, emphasizing the variations in metgmcharacter between different terrains. The
Total Gradient Amplitude (TGA) map is valuable isakrning lithological differences, aiding

geological mapping, and enhancing our understanafisgbsurface geology.

The magnetic inversion results, highlighting vaoas in magnetic susceptibility,
contribute to petrophysical studies, offering imggyinto the composition and mineralogy of

geological formations. This study thus advocatesfiegrating diverse geophysical techniques
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Figura 3.5. Evolution model block.A theoretical schematic representation illustratimgdevelopment of Morro
S&do0 Jodo and the associated magma chamber (Moorddd®). Hotspots at considerable depths facilitate
upward transfer of rock mass from the subcrustahtlteaThis process feeds shallower chambers, waieh

embedded in an interpreted transfer fault, contiriguto the complex geological evolution of theiceg

as a powerful tool for unraveling geological conxies and understanding the dynamics of
magmatic systems in both local and regional costext

4. CONSIDERAGOES FINAIS

Utilizando uma abordagem gedfisica integrada, estiedo examina detalhadamente o
complexo alcalino de Morro S&o Jodo. A integrac@® técnicas de processamento de dados
aeromagneéticos, algoritmos de inversdo magnéticaoeelagem tridimensional se tornou

essencial no desvendar das intricadas estrutubasigerficiais sob Morro S&o Joao.
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Os resultados obtidos contribuem para uma mellmapoeensao do complexo de Morro
Sao Joao e trazem implicacdes significativas paraada geofisica. Em ambientes geoldgicos
complexos, os desafios na interpretacdo de an@smal@Egnéticas destacados nesta pesquisa

evidenciam a necessidade de técnicas de processasoéinticadas.

Além de mostrar a profundidade da camara magmsdic@ Morro S&o Joao, o modelo
de inversao tridimensional também oferece insiglitsre sua morfologia, enfatizando a
complexidade dos sistemas vulcanicos. A compreethssigprocessos tectonicos mais amplos
da regido, assim como dos sistemas de falhas tedirhiologicos, € aprimorada gracas a

revelacdo de lineamentos magnéticos significatpadas analises tectbnicas regionais.

Ademais, é destacado no estudo a eficiéncia dosdogigeofisicos na diferenciacéo
litoldgica, ressaltando as diferencas em termosgtamps entre diferentes terrenos. Para um
mapeamento geoldgico preciso e uma melhor comeeda geologia subsuperficial, €
fundamental usar o mapa de Amplitude Total do @radi (TGA), que possibilita distintas

andlises das diferencas litologicas.

A andlise dos resultados da inversdo magnéticaimfazmacdes cruciais para 0s
estudos petrologicos, especialmente ao mostraa@aces na susceptibilidade magnética.
Com isso, é possivel obter melhores entendimertose sa composicdo e mineralogia das
formacgbes geoldgicas. A proposta deste estudoegeaalda utilizac&o integrada de multiplas
técnicas geofisicas como meio eficiente para defreas complexidades geoldgicas e melhor

compreender a dindmica dos sistemas magmaticos$veis territoriais.
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