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“Noise is that part of data that we choose not to explain.”

Scales & Snieder (1998)
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Resumo

Neste trabalho utilizamos os dados de estacbes sismograficas de diversos projetos que
foram desenvolvidos entre os anos de 2000 e 2022, totalizando mais de 200 estacdes sismogréaficas
com um volume de dados superior a 5 TB. Estes dados foram processados para gerar modelos de
tomografia de ruido ambiental que é uma técnica passiva para imageamento da crosta terrestre.
Os dados foram processados considerando pares de estacGes que funcionaram no mesmo periodo,
assim conseguimos calcular mais de 10000 caminhos de pares de estacdes para gerar 0 modelo
tomografico. Diversas rotinas de automacdo computacional foram criadas para realizar o
processamento do significativo volume de dados. Os resultados obtidos foram divididos em duas
areas: 1) A regido do Brasil, considerando uma visdo mais regional, onde obteve-se apenas 0s
mapas de velocidade para os periodos de 8 a 35 segundos permitindo uma avaliacdo lateral das
diferentes velocidades nos grandes dominios tectonicos; 2) A regido do Craton Sao Francisco e
seus arredores, onde além dos mapas de velocidade por periodo foi calculado um modelo de
velocidade 3D a partir de inversédo dos dados 1D alcangando uma profundidade de 60 km. Essa
separacao de areas ocorreu devido a diferenca de resolucdo encontrada nos resultados para o Brasil,
que ocorre devido a distribuicdo nao uniforme de estacdes sismogréaficas, ndo permitindo ainda a
construcdo de um modelo crustal de velocidades 3D com resolucdo adequada. A regido do craton
foi escolhida devido a uma maior densidade de estagdes naquele local. Nossos resultados
imagearam o0s principais dominios tecténicos do Brasil delimitando-os lateralmente com
anomalias de velocidade. As bacias sedimentares apresentam anomalias de baixa velocidade nos
resultados. As estimativas de profundidade das bacias do Parané e Tucano/Jatoba s&o consistentes
com outros estudos. Nas regides cratonicas apresentaram as anomalias de maior velocidade, porém
a regido de Carajas/PA apresentou velocidades significativamente maiores do que as encontradas
no bloco Arqueano/Paleoproterozoico do Craton Sdo Francisco. Também mostramos que o
aulacdgeno Paramirim apresenta uma assinatura de baixa velocidade com direcdo NW-SE ao
longo da crosta até 31 km de profundidade. Na provincia Mantiqueira mostramos que a partir da
profundidade de 31 km a regido apresenta uma alta velocidade que pode ser associada a um

afinamento crustal.

Palavras-chave: Tomografia de ruido ambiental, estrutura crustal, craton S&o Francisco, curvas

dispersao.
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Abstract

We use data from several projects deployed in Brazil from 2000 to 2022, which amassed more
than 200 seismic stations. This collected data encompass more than 5 TB of stored files. We used
this data to calculate tomographic models with the ambient noise tomography methodology, which
IS a passive imaging approach for crustal studies. The data processing considers seismic stations
that work simultaneously to create a pair of stations. We calculate more than 10.000 station pairs
(paths) to generate the tomographic model. To deal with the large volume of data to analyze, we
develop several automation programs to assist in this process. We divided our study area into two
regions: 1) Brazil: we took a regional approach. We calculated the velocity maps for 8-35s periods,
which allowed us to constrain the large tectonic domains as different lateral velocity anomalies. 2)
The Séo Francisco Craton and its surroundings, where we calculated the 3D shear velocity model
from 1D inversions achieving 60 km depth besides the period velocity maps. Due to the uneven
distribution of seismic stations in the country, we separated the regions because of the different
resolutions in the velocity models for Brazil. Unfortunately, we could not calculate the 3D shear
velocity model for the entire country, so we reduced it to the Sdo Francisco Craton because of a
higher station density. Our results imaged Brazil’s main tectonic domains, delimiting them
laterally with velocity anomalies. The sedimentary basins show as low velocity anomalies, and our
depth estimative of Parani and Tucano/Jatoba basins are consistent with previous works. The
cratonic regions are represented with higher velocity anomalies than other domains. However, the
Carajas/PA region in the Amazonian Craton shows a significantly higher anomaly those found in
the Archean/Proterozoic S&o Francisco Craton. The Paramirim aulacogen northeast of the S&o
Francisco Craton is delimited by a low velocity anomaly with direction NW-SE up to 31 km depth.
Also, the Mantiqueira province starting from 31 km, shows a solid high velocity anomaly which

suggests a crustal thinning.

Keywords: Ambient Noise Tomography, Dispersion curves, crustal structure, S8o0 Francisco

Craton.
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Introducao

O desenvolvimento de grandes redes sismograficas permitiu que uma enorme quantidade
de dados sismicos fosse disponibilizada em tempo real e de forma continua (Bianchi et al. 2018)
para qualquer pessoa. Essa ampliacdo na disponibilidade dos dados permitiu o desenvolvimento
de metodologias de processamento para geracao de imagens tomograficas.

Os equipamentos utilizados nessas redes sdo capazes de registrar grandes intervalos de
frequéncia, o que permite o registro de deslocamentos de diversas naturezas, ou seja, de fontes
distintas mesmo que seus sinais tenham amplitudes muito pequenas. O principal sinal registrado
pelas estacGes sismogréficas tem como origem os terremotos que ocorrem em todo mundo, porém
outros sinais, chamados de ruido ambiental, sdo também registrados, e tém como origem fontes
dispersas no meio, compostas pela combinacdo de diferentes fenémenos, como 0s microssismos,
a energia sismica emitida por grandes terremotos, quebra das ondas oceanicas, fenbmenos
meteorolégicos, entre outros. O ruido sismico é caracterizado por fontes de vibra¢es oriundas de
todas as direcbes ndao apresentando um padrdo caracteristico a ser observado diretamente no

registro.

Atualmente o uso do ruido sismico para obter informacfes sobre a estrutura interna da
Terra tem sido realizado com bastante sucesso em diversos locais (Shapiro et al. 2005, Lin et al.
2007, Goutorbe et al. 2015, Martin-Short et al. 2018, Bianco et al. 2019). A possibilidade de
recuperar informacdes a partir deste sinal, que era anteriormente desprezado, permitiu investigar
a estrutura em subsuperficie de areas com baixa ocorréncia de eventos sismicos (que sdo as fontes
mais comuns para esse fim), ou com a baixa cobertura azimutal, que sdo fatores decisivos para se
conduzir esse tipo de estudo, como é o caso do Brasil. Finalmente, métodos com fontes artificiais,
como explosdes, sdo bastante onerosos, e exigem uma complexidade para a sua execucdo e para

liberag&o de licengas ambientais, o que limita bastante a utilizacdo dessa alternativa.

O método de Tomografia de Ruido Sismico Ambiental (ANT — Ambient Noise
Tomography) depende do tamanho da rede sismografica utilizada (nUmero de estagdes) por ser
uma técnica que utiliza pares de estacdes para a determinacéo dos perfis de velocidades média ao
longo do percurso entre elas, 0s quais sao usados para compor 0s modelos tomograficos. Sendo

assim, a resolucdo das feicbes dos modelos tomograficos estd diretamente relacionada as

1
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caracteristicas da rede. Uma outra aplicacdo da ANT ¢ realizar o imageamento de uma regiao por
um periodo para ver modificagcfes sofridas ao longo do tempo, semelhantemente ao que € feito na
sismica 4D em campos de petréleo (Courtland, 2008). A obtencdo dos sinais para a realizacao da
tomografia com ruido é realizada a partir da técnica de interferometria dos registros simultaneos
dos pares de estacdes, onde, a partir da correlacéo cruzada para diferentes diferencas de tempo (lag
times) é possivel recuperar o sinal analogo ao registro de uma onda de superficie que tenha
percorrido o caminho entre as estagcdes, como se tivesse sido gerada na estacdo A e registrada na

estacéo B.

Trabalhos realizados em redes sismograficas densas produziram tomografias sismicas 3D,
como por exemplo os trabalhos no sul da California atingindo resolucdo horizontal até 60 km
(Sabra et al. 2005, Shapiro et al. 2005). Nem todos os trabalhos utilizam ruido gerado de forma
passiva, alguns trabalhos utilizaram ruidos sismicos gerados a partir de fontes sismicas ativas (e.g.
explosdes) tais como (Rickett & Claerbout, 1999, Schuster, 2009, Wapenaar et al. 2010a, 2010b).
Medidas de anisotropia sismica da crosta também podem ser obtidas a partir de dados de ruido
sismico (e.g. Huang et al. 2010, Ritzwoller et al. 2011).

Nesse contexto, este trabalho de doutorado teve como objetivo aplicar a técnica de
interferometria sismica para extrair informacdo dos ruidos sismicos dos dados das estacbes

disponiveis, para estudar a estrutura geolégica da crosta e manto superior sob o Brasil.

Area de Estudo

A area de estudo do trabalho compreende todo o territorio brasileiro (Figura 1.1) para a
geracdo de tomografia 2D regional. A identificacdo das areas com resolucdo suficiente para a
construcao de modelos 3D de maior detalhe foi definida com a avaliagdo das qualidades das curvas
de dispersdo encontradas. Na Figura 1.1, estdo indicadas as estagcdes que foram utilizadas,
diferenciadas pelas suas respectivas redes, bem como o mapeamento cronoestratigrafico da regido
(Cordani et al. 2016). As estacdes utilizadas pertencem a diversos projetos e instituigdes, como
segue: 1) Rede Sismogréafica Brasileira (RSBR - Bianchi et al. 2018), financiado pela Petrobras e
0 Servigo Geoldgico do Brasil (SGB/CPRM), com as suas redes locais BL (operada pelo Instituto
de Astronomia, Geofisica e Ciéncias Atmosféricas da Universidade de Sdo Paulo - IAG/USP), BR

(operada pelo Observatério Sismologico da Universidade de Brasilia - OBSIS/UnB), NB (operada
2



pelo Laboratorio Sismologico da Universidade Federal do Rio Grande do Norte — LabSis/UFRN)
e ON (operadas pelo Observatdrio Nacional - ON/MCTTI); 2) Projeto “3 Bacias” financiada pela

Fundacdo de Amparo a Pesquisa do Estado de Sdo Paulo (FAPESP) gerenciado pelo IAG/USP
(rede XC); 3) Projetos de monitoramento de barragens de hidroelétricas do OBSIS/UnB (rede OS).

Redes Sismograficas

USP-BL

UnB - BR
UFRN - NB
ON - ON
UnB - 0OS

> > > > >

USP - XC
D Nova area de Estudo

Unidades Tectdnicas

Quaternario (~0 Ma)

Cenozéico (65-0 Ma)

Cretacio Superior (100-65 Ma)

Jurassico - Cretacio Superior (200-100 Ma)
[ risssico (250-200 Ma)

Paleozoico Superior (350-250 Ma)

Paleozéico Inferior (540-350 Ma)

Neoproterozoico Superior (700-540 Ma)
- Neoproterozdico Inferior (700-1200 Ma)
[ Mesoproterozécio Superior (1200-1000 Ma)
[ Mesoproterozsico Inferior (1600-1200 Ma)

Stathérico (1800-1600 Ma)

Orosirico Superior (1900-1800 Ma)
Orosirico Inferior {2050-1900 Ma)
- Paleoproterozoéico Inferior (2500-2050 Ma)
;! Argueano Superior (2800-2500 Ma)

40° S
EsuiGarmin GIHERCORUIBUIOTS: - Arqueano Inferior (>2800 Ma)

0 200400 800 1.200 1.600
km

Figura 1.1: Mapa com a localizacao da &rea de estudo (retdngulo preto), mostrando as unidades cronoestratigraficas
da América do Sul (Cordani et al. 2016) e as estagdes sismogréficas (triangulos classificados pelas diferentes redes
sismograéficas).



Referencial Teorico

Os primeiros estudos tedricos a mostrarem a possibilidade de a funcdo de correlacéo
cruzada entre registros de pares de estagdes fornecer a resposta do meio, também chamada de
funcéo de Green, foram propostos por Aki (1957) e Claerbout (1968). Posteriormente, Weaver e
Lobkis (2001) mostraram, de forma experimental, que, com vibracgdes ultrassonicas € possivel a
recuperacdo das propriedades elésticas de uma placa de aluminio. Desde entdo, diversos trabalhos
utilizando ruidos na &rea da sismologia foram publicados (Shapiro et al. 2005, Lin et al. 2007,
Villasefior et al. 2007, Bianco et al. 2019).

No Brasil, existem alguns trabalhos com a aplicacdo da tomografia de ruido ambiental na
Provincia Borborema (Rocha et al. 2012; Dias et al. 2015; Silva et al. 2021), onde os mapas de
periodos curtos apresentaram feicdes de velocidade semelhantes a geologia de superficie, onde as
anomalias de baixa velocidade coincidiram com os rifts das bacias Potiguar, Recdncavo e Tucano,
e as altas velocidades foram observadas no craton Sdo Francisco e o dominio Rio Grande do Norte.
Na regido sul do Brasil, na bacia do Parand, Collaco (2014) e Shirzad et al. (2020) apresentaram
resultados estimando a profundidade da crosta, onde foram encontrados valores semelhantes aos

obtidos com o método de Funcao do Receptor (Assumpcao et al. 2013).

Um trabalho regional na porc¢éo leste do Brasil, feito por Goutorbe et al. (2015), mostrou
grandes anomalias suavizadas separando os grandes dominios geoldgicos da regido, definindo as
bacias do Parnaiba e Parana com baixas velocidades, e o Craton do S&o Francisco com altas
velocidades (Figura 1.2). Entretanto, os resultados néo tiveram resolucéo suficiente para separacao
de estruturas menores. Mais recentemente, Shirzad et al. (2020) apresentaram 0s modelos de
velocidade 2D e 3D para a regido das bacias do Pantanal, Parand e Chaco-Parana mostrando
diferencas crustais nas propriedades elasticas das trés bacias.
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Figura 1.2: Velocidade relativa a mediana da velocidade de grupo da onda Rayleigh para os periodos de 6 e 10 s,
onde a regido delimitada pela linha preta grossa apresenta resolucéo espacial melhor do que 800 km, os triangulos
e losangos brancos séo estacdes sismograficas, os pontos verdes sdo locais onde Goutorbe et al. (2015) inverteu para
velocidade S em 1D. Figura modificada de Goutorbe et al. (2015).

Ondas superficiais

As ondas superficiais sdo geradas pela combinagdo das ondas de corpo que se propagam
na parte mais superficial da crosta terrestre. As ondas superficiais Rayleigh sdo formadas pela
composicao do movimento do meio causado pelas ondas P e SV (polarizacdo vertical da onda S),
gerando um movimento eliptico retrégado de tais particulas que formam o meio. As ondas Love
sdo formadas pela superposicéo de vérias ondas SH (polarizacdao horizontal da onda S), gerando
um movimento transversal das particulas do meio com a direcéo de propagacdo da onda. Ambas
as ondas superficiais apresentam decaimento de amplitude de forma exponencial, sendo 1/r para
Rayleigh e 1/r? para Love, onde r é a distancia da fonte até a estacdo (Lay & Wallace, 1995, p.

121), ou no caso da ANT, a distancia entre as duas estacgoes.

As velocidades de fase (C) (Equacéo 1) e grupo (U) (Equacao 2) podem ser inter-

. ~ d ac . ~
relacionadas pela equacgdo U = d—‘: =C+ kﬁ’ ao descreverem a velocidade de propagacdo da

5



B
onda, enquanto a primeira é independente da amplitude da onda, e a segunda depende da
velocidade do envelope de toda a onda. Tal que  representa a frequéncia angular e k 0 nimero
de onda. No entanto, devido a dependéncia da onda Rayleigh com a frequéncia (derivada parcial
em relacdo a frequéncia — Equacdo 2), ndo se pode calcular diretamente a velocidade de grupo a
partir da de fase (ou ao contrario), e sendo assim, elas devem ser medidas separadamente. Além

disso, essas duas velocidades possuem comportamentos diferentes em profundidade, sendo elas

complementares para a interpretacdo (Ritzwoller et al. 2001).

C(w) = 1 ®
o) = (22)” @

A sensibilidade (S = :7115) é uma medida que e determinada pela derivada da velocidade de

grupo com relacéo a velocidade da onda S. Essa funcéo denota o comportamento da velocidade de
grupo para as variagcdes da velocidade da onda S (Vs). Na Figura 1.3, é apresentado o gréafico da
sensibilidade para varios periodos, que mostra que nos periodos menores (mais rasos) a velocidade
de grupo apresenta grandes variagdes para pequenas diferencas em Vs, ja que a sensibilidade é uma

derivada de Vs.

0.14r
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50s
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Figura 1.3: Sensibilidade do kernel da velocidade de grupo calculada a partir do modelo IASP91(Kennett, 1991).
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A dispersao das ondas é o fenbmeno no qual estas se propagam com velocidades diferentes
para frequéncias distintas. Na Figura 1.4A, € mostrado um esquema deste efeito considerando um
modelo onde a velocidade do meio aumenta com a profundidade (situacdo mais comum na crosta
terrestre). Nesse caso, ondas com comprimentos de onda (A) maiores se propagardo com
velocidades superiores as das ondas com comprimentos de onda menores. Uma vez que é possivel
separar cada periodo (relacionado a um comprimento de onda) por meio de filtros, é possivel
determinar a velocidade das ondas S em diferentes profundidades, e consequentemente, a variacdo

das propriedades elasticas do meio com a profundidade (Levshin et al. 1989).

A

—_ X

®
C(zw)

Y

Vb Va< Vb

vz

Figura 1.4: Em (A) imagem esquematica da onda de superficie com o efeito de disperséo, e (B) o decaimento da
amplitude com a profundidade.

A dispersdo de um pacote de ondas, com energia distribuida em diferentes frequéncias,
pode ser representada pelas chamadas Curvas de Disperséo, as quais representam a relacdo entre
a velocidade de propagacdo das ondas com intervalos discretos de frequéncias que na qual a
energia esta distribuida. O célculo da curva de dispersao a partir do sinal da onda de superficie é
realizado pela técnica da analise tempo-frequéncia (Levshin et al. 1989), que utiliza uma série de
filtros gaussianos em diferentes janelas para calcular a velocidade da onda em cada segmento da
frequéncia avaliada. A Figura 1.5 mostra o resultado de uma andlise de curva de disperséo para as
velocidades de grupo e fase no caminho entre as estacbes do Rosario/Ma e Santa Maria do

Tocantins/TO, que estdo aproximadamente a 761 km de distancia.
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Figura 1.5: Resultado da medicéo de velocidades de grupo e fase para uma curva de dispersdo com o método de
analise tempo-frequéncia para o caminho entre as esta¢des do Rosario/MA e Santa Maria do Tocantins/TO
(aproximadamente 761 km de distancia entre elas).

Origem do Ruido Sismico

Os primeiros trabalhos a analisarem o ruido sismico tinham como objetivo melhorar a
deteccdo da chegada das ondas sismicas. Gutenberg (1958) mostrou que a vibracdo do ruido no
meio é diferente em bandas de frequéncias distintas. O ruido de altas frequéncias (f > 1 Hz) é,
geralmente, causado por atividade humana (por exemplo: trafego de carros, industria), no entanto,
a determinacdo dos limites de frequéncia do ruido da atividade humana deve ser realizada em cada
regido considerando os fatores locais, como geologia, localizacdo da estacdo, entre outros
(Bonnefoy-Claudet et al. 2006). A energia deste tipo de ruido é extremamente dependente do
tempo, haja vista a sua origem, apresentando variacGes em amplitude nos dias Uteis e finais de
semana, bem como outros eventos que afetam o movimento populacional. O ruido de longo
periodo (f < 1 Hz) é fortemente correlacionado com fenbmenos meteoroldgicos e oceanicos
(Campillo & Roux, 2015).

Para o intervalo de frequéncias entre 0.3 e 0.05 Hz, o ruido sismico é geralmente também
conhecido como microssismo. Este tipo de sinal possui relativa alta amplitude com relacdo ao

ruido local, o que mascara a chegadas de ondas de terremotos de baixa amplitude. Devido a isso
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esses pequenos eventos foram extensivamente estudados. Toksoz & Lacoss (1968) mostraram que
na banda espectral dos microssismos, o ruido € dominado por ondas de superficie,

predominantemente as ondas Rayleigh, porém com a presenca de sinais relacionados a ondas de

corpo.

Entre as principais fontes de ruido, estdo as quebras das ondas do mar na costa. Stehly et
al. (2006) mostram que o ruido produzido pelos oceanos apresenta picos nos periodos de 5 e 7s,
porém com alguns de menor energia em torno de 14s, produzidos por &guas mais rasas, resultado
este obtido pela comparacdo com as alturas das ondas oceanicas obtidas em imagens de satélite.
Para os periodos abaixo de 50s, o ruido ambiental pode ser classificado devido a avaliacdo
espectral como oscilagOes livres da Terra, geradas pela interagdo das ondas infra gravitacionais
com a estrutura interna da Terra (Kobayashi & Nishida, 1998).

O teorema de flutuacao-dissipacdo (Nyquist, 1928) descreve que o ruido em um sinal
gerado pela passagem de corrente elétrica contém informacgdes sob o meio pelo qual a corrente
transitou. O mesmo fendbmeno ocorre com as ondas sismicas, onde o sinal ruidoso com
comportamento aleatdrio e baixa energia, contém informacgdes do caminho onde ele foi propagado
(Claerbout, 1968). Ao aplicar o operador de correlacdo cruzada nas séries temporais do ruido
sismico de duas estacGes é possivel reconstruir a resposta impulsiva do meio entre o par de
estacOes, tal como uma fonte fosse colocada no lugar de uma delas (Claerbout, 1968). Este
procedimento fornece uma possibilidade de imagear regides sem a utilizacdo de fontes sendo
chamado de imageamento passivo. As aplicacGes podem ser inimeras em diversas areas, tais como

sismologia, astronomia, acustica aquatica e na medicina.

Interferometria Sismica

No trabalho de Claerbout (1968) foi proposto que a funcéo de correlagdo cruzada entre 0s
dados de dois receptores A e B pode ser equivalente ao registro de um dado em A com uma fonte
em B (ou ao contrario, dependendo da ordem da correlacdo) no caso de uma dimensao (1D).
Posteriormente, essa técnica foi aplicada na area de astronomia em estudos de heliosismologia
(Duvall et al. 1993, Rickett & Claerbout 1999).



A funcéo de correlacdo mede a similaridade entre os dois sinais, defasados de um lag “t”,
e no caso de se correlacionar os registros de ruido sismico, busca-se encontrar o sinal coerente no
registro que contém informacdo deterministica sobre a propagacdo da onda entre os dois

receptores. Ela pode ser definida no dominio do tempo pela Equacdo 3, onde a duracdo dos

registros é T e o0s sinais dos receptores sdo A e B.
T
C(A,B;t) = Cup(t) = %fo uy (Dug(t +1)dt (3)

Gouédard et al. (2008) mostraram que, em um sistema linear com baixa atenuacdo, a
derivada com relacdo ao tempo da funcao de correlacdo cruzada de sinais de registros sismicos de
um campo de ondas, converge para a funcao de Green daquele campo, sendo entdo a fungédo de
Green a solucdo da equacdo de movimento para a regido. A Equacéo 4 mostra matematicamente
estes resultados, tal que G,z (t) é a fungdo de Green para os receptores A e B, Gg,4(—t) a sua
reciproca, e F(t) é a fungdo no dominio do tempo com as caracteristicas do ruido. No entanto, este
resultado ¢é valido para o caso ideal onde as fontes do ruido sdo aleatdrias e equiparcionais no

campo de ondas.

TIEEO%CAB(Q = F(t) * [Gap(t) + Gga(—1)] (4)

Para que se possa recuperar ondas atraves da correlagdo cruzada do registro do ruido
ambiental, em aplicagdes reais, é necessario que haja no caminho entre o par de estacdo muitas
fontes de ruido dentro de zonas de interferéncia construtiva (Figura 1.6) (Snieder 2004, Roux et
al. 2016). Para regides onde o ruido apresenta uma componente direcional mais expressiva, 0

resultado da funcéo de correlacdo ndo é simétrico. Na Figura 1.7, é apresentado um esquema que
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exemplifica o sinal de resposta da funcéo de correlacdo em ambientes com diferentes distribuicdes

de ruido sismico.

Zonas de interferéncia construtiva
para ondas superficiais

Figura 1.6: Esquema de visada superficial mostrando as zonas cinza de interferéncia construtiva do ruido para o par
de estacéo A e B (figura modificada de Nakata et al. (2019)).
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Figura 1.7: Esquema mostrando trés situac6es de distribuicdo de ruido (equiparcionais, direcional esquerda-direita
e direcional direita-esquerda) e os respectivos correlogramas obtidos nas estagdes sismograficas 1 e 2 (figura
modificada de Stehly et al. (2006).

Uma vez que as ondas de superficie tenham sido recuperadas através das correlacdes
cruzadas, é feito o empilhamento dos varios segmentos correlacionados buscando aumentar a
amplitude do sinal recuperado. Em seguida, 0s métodos classicos utilizados na anélise das ondas
superficiais em dados de terremotos podem ser aplicados para determinar as curvas de disperséo e

eventualmente imagens de tomografia sismica.
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As ondas de superficie dispersas no meio podem ter o seu sinal recuperado com o calculo

Tomografia de Ruido Ambiental (ANT)

da correlagdo cruzada entre pares de estacdes sismogréaficas. Através da analise das curvas de
dispersdo do sinal das ondas recuperadas obtém-se as velocidades de grupo e fase que séo

utilizadas para gerar modelos tomograficos com ondas de superficie.

O problema direto da tomografia de ondas de superficie 2D é encontrar os tempos de
transito (dependentes da frequéncia) a partir das velocidades de grupo ou fase. Tal problema pode
ser descrito na Equacdo 5 utilizando aproximacdo da teoria de raios (Wang & Dahlen 1995), tal
que p representa o caminho do par avaliado, t(w) o0 tempo de transito da onda de superficie na
frequéncia w (Rayleigh e Love), s a distancia entre o par de estacGes e v(w, x, y) a velocidade de

grupo ou fase.

t(a)) _ f ds

P v(wxy)

(5)

Em uma rede sismografica com N estacdes é possivel estimar tempos de percurso para no
méaximo M=N(N-1)/2 caminhos. Assim, para um determinado periodo, as medidas dos tempos de
transito em M caminhos formam um sistema com M equacdes que pode ser invertido para
encontrar a velocidade de grupo ou fase em cada posi¢do do meio para o periodo avaliado. Este
problema é um sistema mal posto, logo é necessario aplicar vinculos de regularizacdo para resolver

0 problema (Barmin et al. 2001).

O imageamento sismico (ou tomografia sismica) é o estudo de problemas inversos que
utilizam as medidas das ondas sismicas (principalmente tempo de percurso) que trafegam em um
meio, para inferir as propriedades elasticas dele. As abordagens mais tradicionais séo: inverter 0s
tempos de transito das ondas de corpo P e/ou S cujo comportamento pode ser descrito por métodos
de tracamento de raios na equagdo de movimento da onda, ou utilizando técnicas de multiplas
frequéncias (Nolet, 2008). Outros métodos utilizam as ondas de superficie, amplitudes, entre

outras abordagens.

Os modelos de velocidades gerados atraves da ANT séo obtidos em duas inversdes
separadas: A primeira gera mapas de velocidades de ondas de grupo e fase por periodo a partir das

medidas feitas nas curvas de dispersdo, e é realizada em duas dimensdes (2D); A segunda é feita
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para modelos em trés dimensfes (3D) a partir dos mapas de periodos, com distribuicdo de

velocidade em profundidade (e claro nas dimensGes horizontais).

O processo de inversédo permite construir um modelo de velocidade 2D associando as
velocidades de grupo ou fase a células do grid ao invés das velocidades associadas ao caminho
entre 0 par de estacbes. A inversdo obtém mapas de velocidade isotropicos de grupo ou fase
(Barmin et al. 2001).

A rotina de inversdo minimiza a combinacdo linear da diferenca (d = t,ps — tsy,) dos
tempos observados (toss) € dos tempos sintéticos (tsyn) calculados a partir de um modelo inicial, da
suavidade (F(m)) e da convergéncia do modelo inicial de velocidade (H (m)). O problema direto
pode ser descrito de forma matricial (Equacéo 6). A matriz G contém os tempos de transito para
cada caminho em cada célula do modelo inicial. Assim, a funcéo a ser minimizada esta descrita na

Equacéo 7.

d =Gm (6)

V—7o

Tal que m pode ser descrito como m = , onde v é a velocidade de grupo ou fase

Vo

resultado da inversdo e v, a velocidade inicial.
(Gm — )" (Gm —d) + a?IFm)II* + BZIIH(m)II? ()

A funcdo de suavidade F(m) é um filtro espacial gaussiano com o comprimento de
correlagdo o é dada pela Equagao 8. H(m) descreve uma norma com pesos do modelo dado pela
Equacdo 9, tal que p representa o nimero de cruzamentos de caminhos em cada célula e A um fator

de peso.

lr=r1|?

F(m)=m(r) — [, e” 202 m(r')dr' (8)

H(m) = e~ %M 9

A inversdo é controlada por quatro fatores de regularizacdo. Os fatores a e o controlam a

suavidade do modelo, ja os fatores 8 e A controlam a norma com pesos.
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A construcdo modelo de velocidades 3D foi realizada utilizando o tragamento de raios dos

Modelo de Velocidade 3D

caminhos da onda de superficie. O tragamento de raios € realizado para cada periodo avaliado
utilizando a técnica Fast Marching Method (Rawlinson & Sambridge, 2004). Além disso, para
minimizar os efeitos de regides com baixa densidade de caminhos € utilizada uma wavelet de

vinculo-esparso conforme descrito por (Fang & Zhang, 2014).

Na Figura 1.8 ¢é apresentado um esquema da construcdo do grid de discretizacdo para gerar
0s modelos 1D, os quais sdo gerados iterativamente a partir de um modelo de velocidade. Assim,
0 processo de construcdo do modelo de velocidades pseudo-3D é realizado em duas etapas: 1)
construcdo dos modelos 1D, e a realizacdo da inversdo 1D para as curvas de dispersao buscando
minimizar a diferenga dos tempos de transito medidos com os do modelo; 2) uma vez encontrado
os modelos 1D que satisfacam as solucBes de minimizacgéo para todos os caminhos disponiveis das

curvas de dispersdo, € realizada a interpolacdo deste modelo 1D convertendo-o em um pseudo-3D.

A tomografia de ruido ambiental apresenta resultados mais detalhados para as porgoes
rasas da crosta alcancando profundidades de até 60 km, devido & natureza do sinal utilizado
(Courtland, 2008).

Depth

Figura 1.8: Esquema a esquerda mostrando a discretizacdo do meio para o calculo da inversdo 1D com o caminho
percorrido entre as estagdes A e B, mostrando os nés que afetam cada parte do caminho. A direita, é mostrado um
grafico da construcdo da inversdo em profundidade de cada nd, onde a curva € construida iterativamente. Esse
esquema mostra com a inversdo 3D € calculada (figura modificada de Fang, et al. 2015).
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Metodologia

A metodologia aplicada neste trabalho pode ser dividida em 6 passos para a geracdo dos
resultados: 1) Pré-processamento de todos os dados disponiveis; 2) Célculo das correlagdes
cruzadas para todos os caminhos possiveis e empilhamento; 3) Calculo das curvas de dispersao;
4) Controle de qualidade e selecdo das medidas de velocidade de fase e grupo; 5) Realizacdo da
tomografia de ondas de superficie 2D para diferentes periodos 6) Constru¢cdo do modelo de
velocidades 3D, seguindo o esquema apresentado por Bensen et al. (2007). Realizamos o
processamento de mais 5 TB de dados de ondas sismicas, o que resultou na recuperacao de diversas

curvas de dispersdo para pares de estacdes espalhadas por todo o territorio brasileiro.

Para os registros das estagcdes sismograficas sdo aplicados os seguintes passos de pré-
processamento: remogdo da resposta do instrumento (remogédo da influéncia da resposta do
sismdmetro no sinal), decimalizacdo do registro (reducdo do nimero de amostras), remoc¢édo da
média do registro, e remoc¢do de tendéncia. Tais procedimentos foram realizados utilizando

programas desenvolvidos com a biblioteca Obspy (Beyreuther et al. 2010).

O célculo da correlacéo cruzada é um passo fundamental para a recuperacao da funcéao de
Green (EGF) entre os pares de estagdes. Os sinais das estacdes devem ser normalizados
temporalmente o que pode ser realizado com a técnica 1-bit, que é uma transformacdo no sinal
onde substitui todas as amplitudes positivas por 1 as negativas por -1, 0 que aumenta a razéo
sinal/ruido do sinal recuperado pela correlagdo (Larose et al. 2004) e aplicado um filtro espectral
(whitening) para uniformizar a energia de cada banda dos microssismos de forma a obter o melhor
sinal possivel (Bensen et al. 2007). Na Figura 1.9, é mostrado o resultado para uma correlacédo de

duas estag¢Oes (uma em Diamantina-MG e outra em Canela-RS).
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Figura 1.9: Dados sismicos pré-processados para a data de 01/01/2018 das estacdes: (A) Canela — RS e (B)
Diamantina — MG. Em (C) € apresentado a correlagdo-cruzada entre os dados de (A) e (B).

O empilhamento é aplicado nas diversas correlacGes para 0 mesmo caminho para aumentar
a razdo sinal/ruido (SNR) do resultado, obtendo-se um sinal com maior recuperacao da amplitude
da onda de superficie. Este sinal apresenta uma componente positiva que representa a direcéo de
propagacdo da onda entre as estagcdes de A para B e a sua parte negativa com a propagacao de B
para A. O sinal negativo € invertido e obtém-se a media entre a medicédo nas duas direcdes para
obter a estimativa da funcéo de Green entre o par A e B. Esta estimativa € o sinal que é utilizado

na andlise de dispersao.
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O empilhamento de fase definido por Schimmel & Paulssen (1997) apresenta um melhor
resultado na recuperacdo de sinais de baixa amplitude, porém o seu custo computacional é
consideravelmente maior do que o empilhamento linear. Na Figura 1.10, é apresentado o resultado
comparativo do empilhamento de fase (figuras inferiores), com o empilhamento linear (figuras
superiores) para dois pares de estacdes (DIAM-MECA e DIAM-MANO1). Nota-se, que a ndo

dependéncia da amplitude, bem como a penalizacdo dos sinais incoerentes resulta em um sinal
com SNR superior, permitindo a utilizagcdo de um maior nimero de pares de estagdes.
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Figura 1.10: Comparacgédo do empilhamento linear (figuras superiores) para o empilhamento de fase (figuras
inferiores) para os pares de estacdes a esquerda: Diamantina-MG e Mercedes- Buenos Aires (Argentina) e a direita:

Diamantina-MG e Mangaratiba-RJ.

Na Figura 1.11, observa-se o aumento da razdo sinal ruido & medida que se aumenta o
aumento do namero de dias empilhados, mostrando que quanto maior for a quantidade de dados
disponiveis, maior a chance de recuperacao do sinal das ondas superficiais para o par de estacdes
em questdo, e melhor a qualidade da forma de onda recuperada. A diferenca observada entre o
dado com 60 e 365 dias implica na rejeicdo do dado para o primeiro caso e a utilizagdo do mesmo
para o segundo. Além disso, como a distribui¢ao do ruido para cada regido/par € diferente, ndo ha

um consenso para 0 nimero de dias minimos para o empilhamento.
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Figura 1.11: Resultados dos empilhamentos de fase para o par de esta¢gdes de Diamantina-MG e Canela - RS para
60, 120,180 e 365 dias, ressaltando a amplitude do sinal (ndo simétrico) recuperado.

Na Figura 1.12, sdo apresentados os resultados dos calculos das correlacdes cruzadas e
empilhamento dos dados disponiveis para diversos pares, a partir da estacdo de Januaria-MG
(JANB). Nota-se o alinhamento simétrico das partes positivas e negativas da correlacdo mostrando

que a maior parte dos pares apresenta a distribuicdo dos ruidos de forma uniforme.
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Figura 1.12: Resultados do empilhamento de diversos pares de estacdes com a estacdo de Januaria-MG (JANB),
organizados pela disténcia.

O calculo das curvas de dispersdo € realizado utilizando a analise tempo-frequéncia
(Levshin et al. 1972, Levshin & Ritzwoller, 2001). Para se determinar a curva de dispersao é
utilizado uma transformada de Fourier no sinal empilhado aplicado diversos filtros gaussianos
(Equacdo 7) no dominio da frequéncia com diferentes valores de frequéncias centrais (wg). Ao
aplicar a transformada inversa de Fourier para retornar ao dominio do tempo, obtém-se duas
funces: a envelope A(t, w,) onde se mede a velocidade de grupo e a fase ¢(t, w,) onde se mede

a velocidade de fase.

w—w 2
G(w — wy) = e_a( 50")

(7)

Na Figura 1.13 € apresentada a curva de dispersdo para o par de estagdo Diamantina-MG
(DIAM) / Mangaratiba-RJ (MANOL1) calculada buscando em cada periodo o0 maximo da funcéo
envelope. Este procedimento foi realizado para todos os pares de estacbes onde foi possivel
recuperar o sinal.
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Figura 1.13: Gréfico da curva de dispersdo para o par de estagdo DIAM/MANO1 (distancia 506 km), onde a curva
azul representa a curva de dispersdo calculada no maximo da funcéo de envelope para cada periodo. As regides em
cinza indicam falta de dados e as cores representam a funcdo de amplitude A(t, wy).

Os resultados das correlagdes cruzadas empilhadas formam a estimativa Funcao de Green
(EFG). Existem diversos fatores que podem levar essa curva encontrada a ndo corresponder a
funcéo de Green do meio, como por exemplo a baixa quantidade de dados empilhados, o ruido mal
distribuido azimutalmente, entre outros. Desta forma, as curvas de dispersdo sdo avaliadas no

controle de qualidade para retirar estes dados incongruentes.
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Figura 1.14: Limites de velocidade minimos e méximos (linha preto) considerados para cada periodo, considerando
uma curva de dispersdo tedrica (linha vermelha) calculada com o modelo de velocidades PREM (Dziewonski &
Anderson 1981).

A primeira avaliacdo para descartar uma curva de dispersdo é verificar se a distancia entre
0 par da estacdo corresponde, no minimo, a trés vezes o comprimento de onda. Isso é realizado
devido as aproximacdes na medicédo das velocidades de fase e grupo (Lin et al. 2008). Em seguida
é realizado um corte nos dados pelo valor de velocidade. Os valores medidos com variagdo superior
a 0.8 km/s ao valor calculado de uma curva de dispersdo tedrica para o periodo sdo descartados
seguindo Martin-Short et al. (2018). O modelo de velocidade para calcular a curva teérica foi o
PREM (Dziewonski & Anderson 1981). A Figura 1.14 apresenta os limites de velocidade
considerados para cada periodo. Finalmente, 0s sinais recuperados com razdo sinal/ruido inferior
a 15 sdo descartados seguindo Bensen et al. (2007). As curvas de dispersdo que sdo aprovadas em

todos esses testes sdo utilizadas na inversdo dos dados para geracdo de mapas tomogréaficos.
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Abstract

We present new maps of the Rayleigh wave group and phase velocities for almost all areas of
Brazil at periods of 8 to 35 seconds from Ambient Noise Tomography. We used data from 204
stations of the Brazilian Seismographic Network and other temporary networks deployed by
several projects in Brazil and abroad. Only some stations operated simultaneously. Therefore, we
only have paths between some pairs of stations. We discarded correlograms with low SNR and
inter-station distance less than three times the wavelength. From the data selection, we obtained
9819 pairs of stations. Synthetic tests showed that structures with dimensions of 1° x 1° can be
resolved for almost the entire study area, with a decrease in the resolution as the periods' increase.
The area with the lowest resolution, with an average of 167 km, is the Amazon region, mainly due
to the low density of stations. Our results reflect the seismic wave velocity distribution at shallow
depths of the crust, with a significant influence on sedimentary basins, which generate large areas
of low velocity, especially for the shortest periods. Higher velocities are observed in regions
without sedimentary cover, especially in cratonic regions. The high-velocity anomaly of the
Tocantins province suggests an extension of the Sdo Francisco craton in depth beyond its surface
limits derived from geological mapping. Also, we separated the two depositional phases of the
Parecis basin separated by the Serra Formosa arc. We observed a good spatial correlation between
velocity distribution and a lateral topography density model, mainly for shorter periods, which
reflect shallower structures. We analyzed individual dispersion paths in different geological
domains. We observed that phase velocities are higher in cratonic regions and lower velocities in
sedimentary basins, especially for shorter periods in the latter case. Finally, Carajas mineral

province has a higher velocity than other regions inside the Amazon and S&o Francisco cratons.

Keywords: Ambient Noise Tomography, Dispersion curves, crustal structure, Brazilian tectonics
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Introduction

Ambient Noise Tomography (ANT) is a passive seismic imaging technique that retrieves
Empirical Green’s Functions (EGFS) between pairs of seismic stations. We use the surface waves
from the dispersed wavefield generated by the background ambient noise sources (Shapiro &
Campillo 2004). ANT relies on seismic interferometry, where simultaneously recorded seismic
data are cross-correlated (between station pairs) to retrieve Empirical Green's Functions (EGFs),
to calculate surface wave dispersion between seismic stations. The emergence of EGFs obtained
from the cross-correlation of the ambient noise signal was shown theoretically by Claerbout (1968)
and applied in the crustal investigation in several studies (e.g., Sabra et al. 2005; Villasefior et al.
2007; Mordret et al. 2013, Nakata et al. 2019). Analyzing dispersion curves from noise-generated
EGFs follows a similar procedure to those used in earthquake-generated surface wave tomography
studies (Shapiro et al. 2005; Yang et al. 2008; Stehly et al. 2009). In regions with a low level of
seismicity (as in the case of Brazil), the ANT methodology is far more suitable for systematic
studies of shallow structures than earthquake-based techniques. ANT treats each station as a virtual
source and receiver (Wapenaar & Fokkema 2006). Therefore, the resolution of the ANT depends

on the density and temporal overlap of the seismic networks and not on the seismicity distribution.

In the last decade, ambient seismic noise has become more widely used to study internal Earth
structures, especially as a seismic tomography method. Several studies using ANT have been made
in diverse parts of the world, providing essential information on the geology from the seismic
structure of the subsurface (e.g., Shapiro & Campillo, 2004; Bensen et al. 2007; Lin et al. 2008;
Kao et al. 2013; Martin-Short et al. 2018; Lynner et al. 2018; Manu-Marfo et al. 2019). ANT is
particularly sensitive to shallow structures such as sedimentary basins and variations in basement

velocities, making it a particularly suitable method for studying crustal features.

In Brazil, some works using ANT were carried out in different geological contexts to obtain
images of the crust. The work using ANT that covered a larger area was carried out by Goutorbe
et al. (2015). They presented group velocity models for periods from 6 to 23 s for a significant
area of Brazil, using data from 53 stations with data for the period from 1996 to 2012. Despite the

low number of stations for a region so large and the consequent low resolution of the models, the
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results obtained were related to some of Brazil’s most significant tectonic features, such as the

largest sedimentary basins (Parané and Parnaiba Basins) and the S&o Francisco craton.

Among the regional works using ANT in Brazil, we can highlight one conducted by Shirzad et
al. (2020), which used 75 stations to study the crustal structure beneath Pantanal, Parana, and
Chaco basins. Their results showed a relatively thin crust in the Pantanal basin's eastern region,

confirming the results obtained by Rivadeneyra-Vera et al. (2019) with receiver function.

Another work using ANT was developed in Borborema Province by Dias et al. (2015) using 34
stations. In this work, they obtained Rayleigh wave group velocity maps for periods between 5 and
20s and showed that low-velocity anomalies characterize the Mesozoic rift basins Potiguar,
Tucano, and Reconcavo, while the Rio Grande do Norte Precambrian domain presents a different
behavior: in the 5-10 s periods maps, it has a high-velocity anomaly, whereas, in the 20s, this
anomaly disappears, suggesting that this terrain is a supracrustal structure, without lithospheric
roots. In the same region, Silva et al. (2021) attest that short-period stations combined with

broadband stations can improve resolution in ANT.

In Southern Brazil, Rosa et al. (2016) presented results combining ambient noise and
earthquake surface wave tomography (Feng et al. 2004, 2007). They estimated the sediment and
crustal thickness of the Parana and Chaco basins region, confirming the thin crust beneath the

northern part of the basins.

In Brazil, we do not have a consolidated regional model from ANT. As presented above, the
first attempt was the work of Goutorbe et al. (2015), but the limited number of stations severely
reduced the imaged area and its resolution. In this way, we apply ambient noise tomography on a
regional scale to almost all of Brazil thanks to the increase in the number of stations in the country
with the consolidation of the Brazilian Seismographic Network (BSN, Bianchi et al. (2018)). Our
objective is to study the distribution of velocities in the crust using only noise data and relate them
to the different geological units that make up the South American Platform and evaluate the
recovery capacity of the structures for shorter periods than those obtained with techniques that use
events. Furthermore, it is expected to improve and update the existing model (Goutorbe et al. 2015)
by processing more data generated mainly by BSN permanent stations (Figure 1) and other

temporary ones installed in several projects.
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Figure 2.1: Study Area with the geological ages (Gdmes Tapias et al. 2019). The blue triangles are the distribution
of the 204 stations used in this work. The main geological provinces are the Amazon basin (AB), Amazon craton (AC),
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Parnaiba basin (PAB), Tucano/Jatoba basin (TJB), Borborema province (BB), Parecis basin (PB), Tocantins

province (TO), Sdo Francisco basin (SFB). Sdo Francisco craton (SFC), Matiqueira province (MT), and Parand basin
(PR).

Geological context

Brazil is in the center of the South American Plate. It is formed mainly by two distinct
major geotectonic domains: the largest Amazon Craton (AC) in the north craton with an Archean
nucleus and Proterozoic provinces (Teixeira et al. 1989), the Séo Francisco craton (SFC) to the
east separated by the Transbrasiliano Lineament (LTB), which is a Phanerozoic transcurrent fault
zone also marked by a continental magnetic signature that crosses South America in the NE-trend
direction (Almeida et al. 2000, Fairhead & Maus 2003; Ramos et al. 2010; Vidotti et al. 2011).

The northwest-west domain has the Amazon craton as its primary unit, and the central-
southeast (the extra-Amazon units) is marked by a net of Neoproterozoic mobile belts (Cordani
& Sato 1999; Tohver et al. 2010; Brito Neves & Fuck 2013, 2014). Jurassic-Cretaceous rifting and
passive margin basins formation were also associated with Pangea break-up and alkaline plutons

related to Neo-Cretaceous and Tertiary in the post-Paleozoic reactivation (Almeida et al. 2000).

Brazil has several Phanerozoic intracratonic basins, such as Parnaiba (PAB), Amazon
(AB), Parecis (PB), and Parana (PR). The Parnaiba basin in northeastern Brazil has an estimated
3.5 km depth in the depocenter (Cordani et al. 1984) which was formed during the Neoproterozoic.
The Parand basin is the largest in Brazil, and it was formed during the formation of the Western

Gondwana with a depocenter of larger than 7 km (Milani & Ramos 1998).

The Tocantins province (TO) was formed in the amalgamation of the Amazon, S&o
Francisco, and Paranapenema cratons collision in the Neoproterozoic age, which formed the
mobile belt surrounding these cratons units (Almeida et al. 2000). The Borborema province (BB)
in northeastern Brazil is a mosaic of Neoproterozoic fold belts (Pankhurst, 2008). Figure 1 shows
the spatial separation of geochronological units with the cratons, mobiles belts, and Paleozoic

onwards sedimentary basins.
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Data and Method

We used vertical seismic data of broadband sensors from several institutions and projects
developed in Brazil. Most stations in Brazil (Figure 1) are from the Brazilian Seismographic
Network, a permanent network operated by a consortium of institutions that work with seismology
in Brazil, namely the University of Brasilia, University of Sdo Paulo, Federal University of Rio
Grande do Norte, and National Observatory. We used stations from temporary projects with
available data. We also added international data from the Incorporated Research Institutions for
Seismology (IRIS) database to complement the distribution of stations in the study area. We used
204 seismic stations with data recovered between 2010 and 2020. Many of the stations of the
temporary networks operated in different periods, leading to not being possible to combine many
pairs of stations, drastically reducing the number of interstation paths. With the available data, a

total of 9819 paths were used.

We apply the methodology to estimate the Green function similar to Bensen et al. (2007)
and Ward (2015). In this methodology, the data processing follows five main steps: 1)
Organization of the database, 2) Cross-Correlation and Stacking, 3) Measurements of dispersion,

4) Quality control, and 5) Tomographic inversion.

Firstly, we sorted our data into 24-hour streams, which were subjected to the process of
instrumental response removal, demean, detrend, decimalization to one sample per second, and
bandpass filtering with corners 0.01 and 0.2 Hz, once their large amplitudes relative to noise levels
represent a significant potential source of error. We used the running-absolute-mean temporal
normalization (Bensen et al. 2007) to remove small earthquakes near the noise amplitudes. After,
we applied the spectral normalization on the 24-hour data and cross-correlated the daily data. Then,
we stacked the resulting signals monthly and yearly, obtaining a two-sided signal that estimates

Green’s function (EGF) between the two stations.

We converted the symmetrical signal EGF to one side by averaging both sides to simplify
the analysis of each stacked cross-correlation. Then we applied frequency-time-analysis (FTAN)
(Dziewonski et al. 1969; Levshin et al. 1972; Levshin & Ritzwoller 2001) to measure the
dispersion curves Rayleigh group and phase velocities for periods of 8 to 35s. We discarded the

dispersions with less than 15 signal noise-to-ratio (SNR) and inter-station distance less than three
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times the wavelength because the dispersion curves retain reliable measurements only up to a
period equal to one-third of the observed traveltime (Yang et al. 2007). Following Bensen et al.
(2007), we define SNR as the peak value in the signal window divided by the peak value in the

trailing 500s noise window.
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Figure 2.2: A) Example of a stacked symmetrical signal EGF from two seismic stations in Mangaratiba/RJ and
Diamantina/MG with a distance between them of 506 km. B) The dispersion curve measurements (blue line) for group
velocity using FTAN for the path in A. C) The number of paths after quality control for each period

Figure 2 outlines the symmetrical stacked signal of pair of stations with a 506 km distance
and the group velocity measurements on the dispersion curve using FTAN. In Figure 3, we present
the variation in the measurements for phase and group velocities as a box plot graph. as expected,
it is observed that the phase velocity is higher than the group velocity for the same period. Some

periods have paths representing outliers' velocities that we remove before the inversion (Figure 3).
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Figure 2.3: Box plot of the group and phase velocities measurements for all periods.

We performed a 2D Rayleigh wave tomography inversion for periods using the dispersion
curves not discarded during the quality control process. We run the inversion twice, following the
approach of Goutorbe et al. (2015). In the first run, we calculated an overdamped model to find
the paths with large residuals concerning the Vs estimations, discarding the paths with residuals
larger than the mean plus/minus 2.5 standard deviations. The remaining paths were used in the
second run of the inversion. As can be seen in Figure 2c, some periods needed more paths to be
used in the inversion (T <8 and T > 40s). Therefore, our results were generated using the inversion
procedure by Barmin et al. (2001), using a 1° x 1° grid for the period range from 8 to 40 s. Figure
4 shows the histogram of the residuals on the resulting inversion of predicted and observed times

for periods of 10, 20, and 25 s for phase (right column) and group (left column) velocities.
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Figure 2.4: Residuals between the observed and predicted travel times for different periods (10, 20, 25 s) of the phase
and group velocities.

The parameterization of the inversion of Barmin et al. (2001) has three parameters defined
by the user. The first one is the damping (a), the second is smoothing regions with lower path
density (B), and the third is the Gaussian smoothing (c). The alpha and beta were systematically
tested using a grid search algorithm. We evaluated the best value for the inversion parameters by
analyzing the L-curve (Figure 5) on a grid of 1° x 1° for all results selecting the elbow point as the

parameter value.
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Figure 2.5: L curve calculated to define the parameters alpha and beta of 2D inversion periods in (A) L-Curve for
alpha and (B) L-Curve for the beta.

To construct the 3D shear wave velocity model, we use the linearized inversion routine of
Herrmann (2013) to compute the 1D shear velocity depth by jointly inverting phase and group
velocities measurements from the 2D Rayleigh wave tomographic maps sampled at a grid node of
1° x 1°. For the input velocity model, we test two cases, one with a constant velocity of 4.0 km/s
and the IASP91 velocity model. Then, we interpolated the results of 1D inversion in a pseudo-3D

shear velocity model.

Results

Resolution Tests

Following Barmin et al. (2001), we estimate the average resolution of our model by calculating
the minimal distance of two d-like perturbations that can be resolved, which yields a resolution of
approximately 167 km laterally. We show in Figure 6 the estimated resolution of the fitted 5-like
perturbations. We run the inversion with the same parameters with the grid cell sizes considering
0.5° x 0.5° 1° x 1°, 1.5° x 1.5°, and 2° x 2° and compare which one performed the best on the

matrix resolution which was the 1° x 1°.

Due to the distribution of stations available and the retrieved dispersion pairs, the resolution of
our model decreases as the period increases limiting the regions of interpretation for greater
periods. The resolution is similar for group and phase velocities across all recovered periods. The

Amazon geotectonic domain is a region with a low number of seismic stations, which limits the
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resolution of the ANT results (Figure 6 C-F). However, its south and southeastern portions have a

sufficient resolution that allows some interpretation for shorter periods below 15s (Figure 6 A-B).

The main regions with good resolution across all periods are the Borborema Province,
Tocantins Province, S&o Francisco Craton, and the Parana Basin. The Parnaiba basin is one of the
regions with less station coverage (similar to the Amazon Craton). Consequently, it is a region

with lower resolution (Figure 6 A, F).
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Figure 2 6: The estimated resolution for the phase velocity map for 10 to 35s obtained from the surface wave
tomography method of Barmin et al. (2001). The resolution for group velocity is shown in Figure S1.

Velocity Anomalies
The Ambient Noise Tomography results for periods between 10 — 35 s phase velocities are
presented in Figure 7 (the results for group velocities are in S2). The shorter periods (T=10s, Figure

7A) presets anomalies with a significant difference between the low and the high velocity
anomalies. This pattern is better observed in the geotectonic domain westwards of the
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Transbrasiliano Lineament, which becomes less evident in the higher periods, probably because

of the decrease in the resolution of the tomographic models (Figure 7) and the increase os depth
sensitivity for the higher periods.

The phase and group velocity maps for the period of 10s (Figure 7-A and S2-A) show the
shallow part of the crust, reflecting the major geological and tectonic domains, including the
basement, phanerozoic, and recent sedimentary basins. The low-velocity anomalies appear mainly
spatially correlated with the phanerozoic and Cenozoic sedimentary basins, especially in their
deepest parts. The basins better correlated with the low-velocity anomalies are Parana, Parnaiba,
Reconcavo-Tucano, and Amazon. A low-velocity solid anomaly in the eastern portion of the
Parecis basin seems to be related to a tertiary cover (Lacerda Filho et al. 2004). However, the Sdo
Francisco basin does not show a correspondence low-velocity anomaly in the 10s period, probably

due to the lower thickness of these basins and lack of seismic stations.

The medium to high-velocity anomalies is better related to the outcropping basement formed
by Neoproterozoic mobile belts that occurred in the Brasiliano orogeny (Cordani et al. 2003). The
same pattern repeats in the cratonic regions without sedimentary coverage. The anomalies are
related to the structured highs that separate the basins to these basements, such as in (1) structure
high of Ponta Grossa (Zalan et al. 1990), which defines a geomorphological indentation east-west
in the central region of Parand basin; (2) the arc of Alto Paranaiba (Hasui & Haralyi 1991), which
limits the northern part of Parana basin; (3) the high structures of the grabens which limit the
Parecis basin (Bahia et al. 2007); (4) the arc of Assuncion which limits the west of Parana basins
(McGee et al. 2018; Filho et al. 2020). The northeastern limit of the Sdo Francisco basin shows a
low-velocity anomaly with primary direction NW corresponding to the aulacogen Paramirim
(Alkimin 1993; Cruz & Alkmim 2006).

The central region of Brazil (Tocantins Province) presents a high-velocity anomaly with a
mainly north-south direction (Figure 7). This region is formed by the alkaline province of Goias
magmatic arc limited to the west by the Parana and Parecis basins and the north by the Amazon
craton. This elongated anomaly borders to the east, the limit of two tectonic domains. Most high-
velocity anomalies recovered occur in regions with outcrop or shallow basements; therefore,

regions with thin sedimentary columns.
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The group and phase velocity maps for the 20s and 25s periods (Figures 7-C, D; S2-C, D)
present a similar pattern to that observed in the maps of 10 s, however, with an increase in the
average velocities. This pattern is mainly observed on larger and deepest sedimentary basins
originated in the Paleozoic, such as the Amazon, Parana, Parnaiba, and Parecis basins, which are

also observed as low-velocity anomalies for periods of 20 and 25 s. However, this behavior is not

observed in the smaller basins in such periods.
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Figure 2 7: (A-F) Ambient noise tomography for phase velocities maps of the 10 to 35 s periods. The results are the
percentage of anomaly based on the mean velocity presented for each period. The group velocities result for the
same periods are shown in Figure S2.

Discussion

When comparing our results with previous works published using purely ambient noise
tomography (ANT), we observed an increase in the resolution of the tomographic results,
delineating the geological limits of the major provinces better. Goutorbe et al. (2015) presented

anomalies covering most of Brazil, excluding the Amazonian craton, due to the reduced number
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of stations. We show low-velocity anomalies in the region of the Amazon basin and high-velocity
anomalies in the Amazon craton not presented in that work. The difference between the results
for 20 s and the Goutorbe et al. (2015) model for the same period is less than 0.2 km/s with an

average of 0.04 km/s. The regions with the most significant disagreements occur where seismic

stations increased substantially (Figure 8).

However, other works covering specific parts of the country were published, achieving
higher resolution than ours in those parts. Shirzad et al. (2020) show group and phase velocity
anomalies in the Paranéa basin, south of Brazil, which correlates well with our findings (Figure 6),

but without an increase in resolution because of the use of the same pool of stations in that region.

Velocity anomaly
%
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Figure 2 8: Comparison of the (A) results of the 20s period with (B) the model of Goutorbe et al. (2015) for the same
period (adapted). The blue triangles are the seismic station used in each study.

In the Borborema province (BB, northeast), tomographic results for 5-20s with a grid of
0.5°x0.5° (Dias et al. 2015) and with the inclusion of short-period stations increased retrieval of
smaller features on the model of this region (Silva et al. 2021). They reached better resolution and
delineated minor geological features than our results. Our results show that the Borborema
province, predominantly with a higher velocity anomaly extends up to the Parnaiba basin to the
west but with a low-velocity anomaly to the south in the Tucano rift basin in the shorter periods.

This basin is small, with 390 km in length to 130 km in width and an average of 2 km in-depth,
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which reduces the low-velocity anomaly at larger periods. The main contribution lies in increasing
the imaging for central Brazil, S&o Francisco, and Amazon Cratons.

The region of the S&o Francisco craton (SFC) has the higher resolution of our model, as
shown in the resolution calculation (Figure 6), with many raypath crosses and good azimuthal

coverage, which leads to a robust velocity anomaly recovery. The entire region of the craton

presets higher velocity anomalies for both phase and group measurements (Figures 7, S2).

The Tocantins province (TO) appears as a high-velocity anomaly that concurs with the
results of (Goutorbe et al. 2015). There is no clear separation between the high velocity of the
Tocantins province and the northern part of the S&o Francisco craton (SFC), suggesting that this
anomaly is part of the SFC below the Neoproterozoic cover. This region has a relatively robust
anomaly (Figure 7). Other works with different geophysical methods also suggest the extension of
the SFC under the Tocantins province (Pereira & Fuck 2005; Soares et al. 2006; Assumpcéo et al.
2006; Fernandes et al. 2021), but other hypotheses for the not continuation of SFC in the TO are
proposed (Fuck et al. 2014).

The Parnaiba basin (PB) has a 3.5 km depth estimative (Milani & Zalan 1999; Castro et al.
2014), and our results show a low-velocity anomaly associated which ranges from 10-20 s period

which Goutorbe et al. (2015) also found in its results (Figure 8).

We compared our results for the period of 10s with the model of Fernandes de Medeiros
et al. (2021), which combined density and lithostratigraphic data to model the lateral topography
density across the country, that reflects spatially the distribution of surface lithology related to the
density of the rocks of the shallow portion of the crust. In general, the comparison shows that the
low velocities are correlated with lower-density regions, and high velocities are the opposite.

The S&o Francisco Craton is one of the regions that does not directly follow the pattern
described before since its central portion has low densities that are not observed as low velocities
(Figure 9). The lower densities are related to the sediments of the S&o Francisco basin, despite its
large surface area and its thin thickness when compared with Brazil's other main sedimentary
basins. The high velocities on the S&o Francisco craton probably reflect its basement since the 10s
period is not sensitive to the shallow basins. Even though the Recéncavo-Tucano basin, in the
northern portion of SFC, has a small surface area, the comparison between the velocity and density

is consistent with the general pattern since this basin is thicker than the Sdo Francisco basin.
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Another region that has a different pattern in the comparison between the velocities and
densities is the Parecis basin, which seems to be formed by two different sedimentary lateral
depositional packages with distinct mean densities (Figure 9 A-C), which are separated by the
Serra Formosa arc (Rubert et al. 2019). This lateral difference is also reflected by an E-W velocity

variation that coincides with the geochronological difference in deposition time. The western

high-velocity anomaly in the basin should reflect a thinning of the sedimentary package.
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Figure 2 9: Comparison of the tomography for a 10 s phase velocity anomaly with lateral topography density model
(B-adapted) proposed by Fernandes de Medeiros et al. (2021).

In the Amazon region (Brazilian part), there are no results with ambient noise tomography
with sufficient resolution to interpret them. Even though our findings lack good coverage in that
region, there are a few places from which we can infer some interpretations. The south portion of
the amazon craton (AC) is one of them. The Carajas mineral province (Figure 10) shows higher
velocities than the other cratonic regions of Brazil. This region inside the Amazon Craton
comprises Meso to Neoarchean continental crust with greenstone belts and granitoids (Vasquez
et al. 2008; Tavares et al. 2018). Different from the Central Amazon with a Mesoproterozoic crust
(Fernandes et al. 2011). Also, there is a lateral density variation between the two domains
(Fernandes de Medeiros et al. 2021), and the Carajas region has a higher density than the
surrounding terrains. Costa et al. (2020) show with P-wave finite frequencies tomography that the
Carajas domain has a high-velocity anomaly from 68 to 316 km. We show that the phase velocity
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presents the same behavior at a shallow crust shown in the tomographic maps of 10, 20, and 25s
for both group and phase velocities (Figure 6).

We show that the raypaths in different geological context behaviors are different (Figure
10 A-B). The major sedimentary basins of Brazil, such as Parana (PR), Amazon (AB), and
Parnaiba (PB) basins, show consistently lower velocities than the cratonic regions: Carajas (CJ),
Central Amazon (AC) (both inside Amazon craton but with different geological context, Figure
1) and Séao Francisco Craton. The Carajas mineral province (PRPB-TUC) presents a behavior of
higher velocities in all periods when compared with other cratonic regions such as the Sao
Francisco craton (path BSCB-DIAM) and different regions of the Amazon craton (ITTB-NPGB).
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Figure 2.10: (A) Dispersion paths in different geological domains for phase velocity showing higher velocities in
cratonic regions and lower velocities in sedimentary basins, especially at smaller periods. (B) Map with the stations'
pairs of dispersions curves shown in (A), the simplified geology (Bizzi et al. 2003) with CJ — Carajas, AC — Central
Amazon (Amazon Craton), AM — Amazon Basin, PB — Parnaiba Basin, CSF — S8o Francisco Craton, PR — Parana
Basin.

We estimate the Moho from our 3D shear velocity model using 4.1 km/s as a transition
velocity and 4.0 km/s in the Borborema region because it is a region with lower Moho depth
estimations (Rivadeneyra-Vera et al. 2019). We choose our velocities by comparing the results,
which have a minimal residual compared with previous Moho depth estimates using the receiver

function. Figure S3 shows the histograms for different cut velocities from 3.9 to 4.2 km/s with 0.1
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km/s increments. Also, in Table S1, we show the difference between our estimative and the
receiver function estimation in each seismic station. We compare our results with Rivadeneyra-

Vera et al. (2019) (Figure 10A-B), and both present similar results. The difference between the

two results has a median of 6.8 km with the main discordance in the Amazon region.
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Figure 2.11: : (A) An estimation of Rivadeneyra-Vera et al. (2019) for Moho with receiver function. (B) Moho
estimative using ambient noise tomography. (C) Differences between results of estimation of Moho by Receiver
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function and by ANT. The histogram shows the difference between the rasters of estimation of Moho by receiver
function and by the shear velocity wave 3D model.

Conclusions

This work used 204 seismic stations, retrieving 9819 paths of empirical green functions.
All these data represent the evolution of the multiple projects deployed in Brazil from 2010 to
2020, increasing the tomographic model resolution, which allowed the computation of group and
phase Rayleigh velocity for 8 to 35s periods with Ambient Noise Tomography (ANT) with an

increased of resolution concerning previous works.

We show the first results of ANT to the Amazon craton (Brazilian part), showing the
Carajas mineral provinces with higher velocities than other regions. However, this region has the

worst resolution of our model because of the low number of stations.

All the major sedimentary basins show low-velocity anomalies delimiting each one with a good
correlation with the geology and the lateral topography density model for shorter periods, where
low velocities are related to low densities as the opposite.

The two regions that break this pattern is the Sdo Francisco and Parecis basins, wherein the
first case, the ANT does not image the thin sediments, and in the second, it was possible to separate
laterally, the two sedimentary depositional phases of the basin, with high velocity in the west and
low velocity to the east in agreement with E-W changes observed in the lateral topographic

densities.

The high-velocity anomaly of Tocantins Province suggests an extension of the Séo

Francisco Craton root, at least in crustal depths.
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Supplementary material - Crustal imaging on the main tectonic domains of Brazil using

ambient noise tomography
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Figure 2.51: The estimated resolution for the group velocity map for 10 to 35s obtained from the surface wave
tomography method of Barmin et al. (2001).

o1



e — — u
-72 -68 -64 -60 -56 -52 -48 -44 -40 -36 -32

— T ——1 —— -
-72 -68 -64 -60 -56 -52 -48 -44 -40 -36 -32

-78 -64 -60 -56 -52 -48 -44 -40 -36 -32
Velocity Anomaly (%)

[ B |

-5.0 -2.5 0 2.5 5.0

Figure 2.52: (A-F) ANT group Velocities maps for the periods 10 to 35 s. The results are the percentage of anomaly
based on the mean velocity presented for each period.
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Figure 2.53: Point difference between the Moho estimative by the receiver function in each seismic station and the
result of the ambient noise tomography estimative using different cut velocities to find the Moho (3.9, 4.0, 4,1, and 4.2

km/s).

Table S1: Compilation of Moho depths from receiver functions (Rivadeneyra-Vera et al., 2019) and point sampling

of Moho estimative from the 3D shear wave velocity model. We use 4.1 km/s as a transition velocity and 4.0 km/s in

the Borborema region.

Station Longitude Latitude RF Moho H(km) ANT Moho DIFF_RF-ANT DIFF ABS

RVDE -54.9389  -19.0286 33.3 33.3 0.0 0.0
ON.VASO1 -43.4426  -22.2801 34.5 34.5 0.0 0.0
BSE10 -36.475 -7.365 33.0 33.0 0.0 0.0
PORB -49.0787  -13.3304 36.4 36.4 0.0 0.0
BR.SNDB -51.2943  -11.9742 35.0 34.9 0.1 0.1
PDRB -56.7296  -11.6123 38.8 38.9 -0.1 0.1
NBRS -55.7773  -14.3224 40.9 40.8 0.1 0.1
BR.NPGB -55.3579 -7.0454 32.8 32.7 0.1 0.1
BSE11 -36.209 -7.608 33.0 32.9 0.1 0.1
BR.ARAG -51.812 -15.706 31.6 31.5 0.1 0.1
NS3 -37.23 -6.79 33.0 33.1 -0.1 0.1
BB4B -48.5076  -21.0821 39.8 40.0 -0.2 0.2
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35.4
36.0
35.4
34.9
37.7
32.4
35.7
41.0
38.8
33.2
32.4
41.0
37.9
38.0
38.0
35.8
32.7

1.6
1.6
1.6
-1.6
-1.6
1.6
-1.6
1.6
1.7
1.7
-1.7
1.7
-1.7
1.7
-1.7
-1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.8
1.8
-1.8
-1.8
1.9
1.9
1.9
1.9
-1.9
1.9
-2.0
2.0
2.0
2.0
-2.0
2.0
21
2.1
-2.1
-2.1
-2.1
2.2

A
N

1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.6
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.8
1.8
1.8
1.8
1.9
1.9
1.9
1.9
1.9
1.9
2.0
2.0
2.0
2.0
2.0
2.0
2.1
2.1
2.1
2.1
2.1
2.2
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nbcp
CAUB
SNVB
PRPB
CVC3wW
PARB
SALB
BSFB
SJMB
nbmo
PP1B
CAN3
PFBR
nbca
Ip07
BR.JANB
BL.MClav
nbmo
PP1B
ON.STA11
PDCB
SBBR
DIAM
pcja
BSE5
BC4
NS9
SNDB
PACB
BSCB
NS4
pcpi
BC7
BSE4
MRO7
MRO7
nbta
CRJB
STSN
nbla
JABU
JACO01
tr16001
nbrf
NS8
DAEB
pcgr
BRA7

-39.181
-36.0103
-51.8771

-49.815

-47.45
-45.6246
-55.6936
-40.8465
-41.1847

-40.041
-54.8797
-48.2898
-38.2708

-36.013
-35.6401
-44.3112

-43.88
-40.0414
-54.8797
-46.2054
-39.1238
-40.2717
-43.6648

-35.958

-37.272

-51.143002

-38.78

-51.29
-51.2618
-44.7635

-37.49

-35.235

-51.143002

-37.501

-49.1623

-49.16
-38.0632
-50.1546
-46.5986
-37.789
-60.1
-48.102354
-44.68
-35.127
-38.48
-46.0099
-35.64
-48.0148

-12.589
-8.1769
0.9051
-6.1724
-13.8
-23.3421
-15.9012
-18.8313
-18.7029
-3.311
-17.6003
-13.0993
-6.1216
-8.226
-8.22
-15.0581
-16.74
-3.3107
-17.6003
-22.13
-12.5306
-3.7452
-18.2952
-6.463
-6.637
-27.563801
-11.24
-11.97
-21.6074
-20.9985
-7.52
-5.976
-27.75
-6.426
-13.7742
-13.77
-9.1218
-6.1702
-6.0787
-10.9925
-2.925
-24.81142
-5.3
-8.679
-10.38
-23.6903
-8.228
-15.6418

38.2
34.3
37.0
37.9
41.1
34.4
31.7
35.9
37.7
34.4
33.2
39.5
30.0
34.5
35.1
37.8
39.5
34.3
33.3
37.8
38.2
33.5
39.9
32.9
30.7
41.6
32.7
37.4
44.5
37.9
34.5
34.3
41.8
30.7
39.0
39.0
35.9
37.8
41.3
31.1
40.0
36.4
39.4
30.6
32.7
34.5
35.4
41.5

36.0
32.1
39.2
35.7
38.9
32.2
33.9
33.7
35.4
36.7
30.9
37.2
32.4
32.1
32.7
35.4
37.1
36.7
30.9
35.4
35.8
35.9
37.5
35.3
33.1
39.2
35.2
34.9
42.0
35.4
32.0
36.8
39.3
33.2
36.5
36.5
33.3
35.2
38.7
33.7
37.4
33.8
36.8
33.2
35.3
31.9
32.7
38.8

2.2
2.2
-2.2
2.2
2.2
2.2
-2.2
2.2
2.3
-2.3
2.3
2.3
-2.4
2.4
2.4
2.4
2.4
-2.4
2.4
2.4
2.4
-2.4
2.4
-2.4
-2.4
2.4
-2.5
2.5
2.5
2.5
2.5
-2.5
2.5
-2.5
2.5
2.5
2.6
2.6
2.6
-2.6
2.6
2.6
2.6
-2.6
-2.6
2.7
2.7
2.7

A
N

2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.2
2.3
2.3
2.3
2.3
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.4
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.6
2.7
2.7
2.7

57



FURB
ON.STA12
NAVB
nbpv
BL.MARB
PARG6
BSE6
OCBR
SIJMB
nbcp
JNRB
slbr
SFA1l
BARB
PAL2
CAPB
SNDB
caub
BC9
CRSM
Cvc3
ARO02
nbli
PETO1
nbpv
NBTA
MALB
IBIB
IGPB
VASO1
CAPB
NBMO
BL.ITAB
VILB
CviB
FRTB
ITRB
TRRB
BALB
nbli
nbpa
ETMB
nbla
BNW?2
PARB
SGCB
IBTB
IBTB

-46.2779
-46.0105
-54.1842
-35.2905
-51.5036
-58.17
-37.042
-38.2921
-41.1847
-39.1809
-44.5051
-35.744
-47.7018
-43.801
-47.33
-51.0155
-51.2943
-36.01
-51.1446
-54.0433
-47.3753
-39.3402
-36.95
-47.2753
-35.291
-38.0632
-54.26
-48.8139
-47.7139
-43.4426
-51.0155
-40.0414
-52.1313
-60.2
-47.3767
-49.564
-50.359
-43.1955
-59.4138
-36.9497
-37.1121
-66.21
-37.789
-40.49
-45.6217
-66.9776
-50.2697
-50.2697

-20.6782
-22.3238
-21.4336
-6.4178
-24.4521
-11.52
-6.847
-4.5813
-18.7029
-12.5888
-15.4678
-6.781456
-17.9707
-21.222
-6.75
-22.8125
-11.9742
-8.176
-27.961599
-27.4937
-13.8003
-6.6419
-7.364

-23.3382

-0.1223
-23.8528
-23.8528

39.9
37.8
39.9
33.6
40.6
34.9
30.7
33.2
38.2
38.8
39.0
32.5
35.3
38.1
35.4
42.4
37.8
35.0
42.1
36.6
41.8
34.7
35.3
36.1
33.4
36.3
40.2
42.1
42.9
37.5
42.6
33.6
43.0
40.4
42.0
41.1
45.4
37.8
41.8
35.5
32.2
44.2
30.5
32.5
35.4
38.2
40.4
40.4

37.3
35.1
37.1
36.3
37.9
37.6
33.4
36.0
35.4
36.0
36.2
35.3
38.1
35.3
38.2
39.5
34.9
32.1
39.2
39.5
38.9
31.8
32.4
33.2
36.3
33.3
37.2
39.2
39.9
34.5
39.5
36.7
39.9
37.3
38.9
38.0
42.3
34.7
38.7
32.4
35.3
41.0
33.7
35.7
32.2
35.0
37.2
37.2

2.7
2.7
2.7
-2.7
2.7
-2.7
-2.7
-2.8
2.8
2.8
2.8
-2.8
-2.8
2.8
-2.8
2.8
2.9
2.9
2.9
-2.9
2.9
2.9
2.9
2.9
-2.9
3.0
3.0
3.0
3.0
3.0
3.1
-3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
-3.1
3.2
-3.2
-3.2
3.2
3.2
3.2
3.2

A

2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.8
2.8
2.8
2.8
2.8
2.8
2.8
2.8
2.8
2.9
2.9
2.9
2.9
2.9
2.9
2.9
2.9
2.9
3.0
3.0
3.0
3.0
3.0
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.2
3.2
3.2
3.2
3.2
3.2
3.2

N
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NBPB
ESAR
BNW7
nbit
BR.AGBLB
CCuB
BUCO
CCRS
BL.PCMB
CAMO1
CAN3
SICB
ARO03
agbl
PEXB
BDFB
NOVB
tr27201
PCMB
tr17601
tr1601
PTGB
TRMB
TMAB
STSR
BL.PLTB
RPRD
MB_PmP
NS7
SJi1
PEXB
CAVA
NBRF
BR.SALB
BR.SALV
nbpa
nbta
PRDT
BL.CNLB
UNIS
AGBLB
ITAB
ON.T1J01
PRCB
AREB
TRCB
tr18401
NUPB

-39.5837
-44.4404
-38.65
-39.434
-37.0454
-51.2126
-43.201
-57.8993
-51.2619
-41.6574
-48.29
-49.877
-39.4958
-37.045
-48.3009
-48.0148
-49.5582
-40.49
-51.2618
-44.03
-49.64
-52.0118
-44.929
-48.1
-43.8063
-53.6044
-53.7007
-48
-38.12
-49.1989
-48.3
-47.39
-35.1272
-55.6936
-55.6936
-37.112
-38.063
-44.3974
-50.8533
-55.0719
-37.0454
-52.1313
-49.0046
-46.8188
-46.1234
-52.6357
-43.73
-47.6859

-5.546
-23.0207
-5.34
-14.931
-9.0387
-18.4253
-5.1586
-17.2882
-21.6074
-21.8257
-13.08
-23.6249
-7.0466
-9.038
-12.1058
-15.6418
-28.6105
-5.28
-21.6073
-5.3
-5.46
-24.7209
-18.0922
-2.37
-5.2889
-31.7637
-20.4808
-14

-9.36
-21.1823
-12.11
-13.81
-8.6795
-15.9012
-15.9012
-5.75
-9.122
-5.3241
-29.3148
-29.0682
-9.0387
-27.2349
-25.3235
-17.2702
-21.3625
-22.7946
-5.2
-20.6628

35.4
29.6
30.0
40.7
34.1
43.8
38.5
35.7
45.3
33.0
40.5
41.0
35.7
34.2
39.4
42.2
38.1
36.7
45.4
39.4
39.4
42.6
38.5
38.6
39.2
38.2
42.3
42.2
37.0
43.9
39.6
42.5
29.6
30.3
30.3
31.7
37.0
40.2
40.1
42.6
34.5
43.6
37.8
41.0
40.3
44.7
39.5
43.4

32.2
32.8
33.2
37.5
30.8
40.5
35.2
32.4
42.0
36.3
37.2
37.7
32.3
30.8
36.0
38.8
34.7
33.3
42.0
36.0
36.0
39.2
35.0
35.1
35.7
34.7
38.8
38.7
33.5
40.4
36.0
38.9
33.2
33.9
33.9
35.3
33.3
36.5
36.4
38.9
30.8
39.9
34.1
37.3
36.6
40.9
35.7
39.6

3.2
-3.2
-3.2

3.2

3.3

3.3

3.3

3.3

3.3
-3.3

3.3

3.3

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.4

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.5

3.6

3.6
-3.6
-3.6
-3.6
-3.6

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.7

3.8

3.8

3.8

3.8

A
N

3.2
3.2
3.2
3.2
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.3
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.6
3.6
3.6
3.6
3.6
3.6
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.8
3.8
3.8
3.8
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pcgu
BL.PTGB
CPSB
DIAN
pccc
MALB
pcal
CLDB
ON.STA21
tr19201
ocbr
OLIB
TRSB
tr2401
NBPV
LEM1
BAMB
POPB
Ip02
FRTB
PTLB
BB19B
BL.PMNB
BPPF
km60
TRIB
rcbr
PTLB
pcst
tr16801
TRIB
NANO1
ROIB
AMBA
ITAB
agbr
PLTB
MARB
BL.SICB
pcac
BDON
BL.VABB
RCBR
CANB
RCLB
CACB
tr20001
JANB

-37.377
-52.0118
-53.4432

-46.89

-36.342
-54.2649

-35.233
-55.7965
-45.7536

-43.38

-38.392
-48.9306
-42.7059

-49.34
-35.2905
-48.3
-46.0308
-52.8368
-39.635
-49.564
59.1368
48.5162
-46.44
47.2518
-37.876
-51.326
-35.901
-59.14
-38.431
-44.35
-51.326
40.1257
51.1353
54.9907
52.3411
35.9361
53.6045
51.5036
-49.877
-36.62
56.7497
46.9657
35.9014
50.3778
-47.531
-46.7326
-43.06
-44.3112

-7.906
-24.7209
-30.4123

-11.48

-6.026

-1.8529

-7.569
-10.8732
-22.3955

-5.2
-4.58128
-20.8793

-4.873

-5.44
-6.4175
-9.85
-20.0398
-22.4565

-4.513
-23.3439
-15.4487
-21.0602

-18.54

-6.2271

-5.219

-20.6724

-5.8274
-15.45
-8.199
-5.3
-20.6724
-17.8442
-24.2955
-22.9269
-27.3082
-8.42955
-31.7637
-24.4521
-23.6249

-6.475
-20.4487
-23.0021

-5.8274
-22.9681
-22.4191
-21.6802

-5
-15.0581

35.5
43.0
39.4
40.2
32.0
41.1
31.2
41.5
38.2
39.4
31.9
44.4
38.7
40.8
32.3
39.9
40.7
45.1
30.9
42.1
41.0
44.1
40.6
42.9
30.2
47.0
32.2
41.1
38.6
40.5
47.1
35.2
41.6
41.4
44.2
36.1
39.0
42.2
42.0
30.3
39.6
39.2
32.0
43.1
41.1
41.5
39.4
39.9

31.7
39.2
35.6
36.4
35.8
37.2
35.1
37.6
34.3
35.5
35.8
40.4
34.7
36.8
36.3
35.9
36.6
41.1
35.0
38.0
36.9
40.0
36.5
38.8
34.3
42.8
36.4
36.9
34.4
36.3
42.8
30.9
37.3
37.1
39.9
31.8
34.7
37.9
37.7
34.7
35.2
34.8
36.4
38.6
36.7
37.1
34.9
35.4

3.8
3.8
3.8
3.8
-3.8
3.9
-3.9
3.9
3.9
3.9
-3.9
4.0
4.0
4.0
-4.0
4.0
4.0
4.1
-4.1
4.1
4.1
4.1
4.1
4.1
-4.1
4.2
-4.2
4.2
4.2
4.2
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
-4.4
4.4
4.4
-4.4
4.4
4.5
4.5
4.5
4.5

A

3.8
3.8
3.8
3.8
3.8
3.9
3.9
3.9
3.9
3.9
3.9
4.0
4.0
4.0
4.0
4.0
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.2
4.2
4.2
4.2
4.2
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.4
4.4
4.4
4.4
4.4
4.5
4.5
4.5
4.5

N
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TRCB
RIBO1
RIBO1
ON.STA09
FRTB
nbcl
BL.SJI1
pcmn
PMNB
CNLB
MCPB
NBMA
ON.MANO1
JUuQB
tr26401
RETS8
GRJU
BR.VILB
MIR_PmP
nbpb
BNW6
FOR1
NBPA
TRZN
BNW1
VILB
PAR1
nbma
nbcl
JIRO1
pcse
jan/07
BL.TRCB
nbma
BL.CLDB
nbpb
CAN1
BR.ROSB
ALGR
SP7
ROIB
CDCB
ITOB
RCLB
NBPS
NATB
SFA1l
BNW4

-52.634
-40.3944
-40.394365
-45.9463
-49.5635
-38.291
-49.1989
-35.114
-46.438
-50.8527
-52.06
-38.764
-43.9641
-47.7163
-40.8

-50.1
-46.0882
-60.2002
-47.3
-39.584
-39.15
-38.768
37.1121
42.6344
-40.82
60.2002
-57.87
38.7641
-38.291
-64.796
-37.473
44.3112
52.6357
-38.764
55.7965
39.5837
-48.09
44.1246
-53.028
-49.46
51.1353
44.7182
56.6241
-47.531
-41.4457
-42.004
-47.7
-39.82

-22.7953
-19.3142
-19.314216
-21.9039
-23.3435
-4.2243
-21.1823
-6.828
-18.5373
-29.3143
-0.36
-7.3654
-22.8652
-24.093
-5.19
-12.98
-5.8308
12.9528
-18.9
-5.543
-4.88
-3.7783
-5.7503
-5.1056
-3.35
12.9528
-11.55
-7.3654
-4.224
-9.5329
-8.326
15.0581
22.7946
-7.365
10.8732
-5.5432
-13.42
-2.8967
28.7981
-27.12
24,2955
20.2365
29.6714
22.4191
-4.394
-21.055
-17.97
-4.27

45.4
38.0
38.0
40.1
42.5
32.0
44.9
31.8
41.0
41.0
33.4
37.5
29.0
39.2
38.1
40.0
42.9
42.0
43.0
36.9
29.0
32.6
30.6
39.5
31.3
42.1
33.4
37.7
31.7
45.0
36.5
40.3
45.8
37.8
42.5
37.1
43.1
41.5
42.7
38.6
42.3
40.1
40.7
41.7
39.4
41.2
43.2
30.5

40.9
33.5
33.5
35.6
38.0
36.5
40.4
36.3
36.5
36.4
38.0
32.9
33.6
34.5
33.4
35.3
38.2
37.3
38.3
32.2
33.7
37.3
35.3
34.7
36.1
37.3
38.2
32.9
36.5
40.2
31.6
35.4
40.9
32.9
37.6
32.2
38.2
36.6
37.8
33.6
37.3
35.1
35.7
36.7
34.4
36.1
38.1
35.6

4.5
4.5
4.5
4.5
4.5
-4.5
4.5
-4.5
4.5
4.6
-4.6
4.6
-4.6
4.7
4.7
4.7
4.7
4.7
4.7
4.7
-4.7
-4.7
-4.7
4.8
-4.8
4.8
-4.8
4.8
-4.8
4.8
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
5.0
5.0
5.0
5.0
5.0
5.0
51
51
-5.1

A
N

4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.5
4.6
4.6
4.6
4.6
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
5.0
5.0
5.0
5.0
5.0
5.0
5.1
5.1
5.1
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JATB
DVLD
BL.TLMB
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Abstract

We present a 3D shear wave crustal velocity map from Ambient Noise Tomography for the S&o
Francisco Craton and its surroundings. We use group and phase velocities obtained from
interferometry of 48 temporary and permanent seismic stations, allowing us to compute velocity
maps in the periods between 7 and 35 s with ambient noise tomography. Then, we constructed a
linear interpolated 3D shear velocity model from 1D inversions until 60 km of depth. The shallow
low velocity anomalies correspond to the mapped sedimentary basins (Tucano/Jatoba, S&o
Francisco, and Parana), and the estimates of depocenters from the 3D model are consistent with
other works. The Mantiqueira province shows a high velocity anomaly starting at 31 km related to
crustal thinning. The crustal low velocity anomaly with direction NW-SE in the northeast S&o
Francisco Craton is related to the Paramirim aulacogen. The Archean/Proterozoic blocks, which

are related to the root of the craton, show solid high velocities anomalies in our model.

Key-words: S&o Francisco, craton, tomography, crustal, ambient noise

Introduction

Ambient Noise Tomography (ANT) is a method that uses passive seismic recordings to
retrieve surface wave signals in the background noise generated primarily by ocean movement,
wind, and other ambient sources (Shapiro & Campillo 2004). A process of interferometry is
applied between pairs of seismic stations by calculating the cross-correlation and stacking the
signals to obtain the data from the noise wavefield. The result approximates the Empirical Green's
Function of the fields as one of the stations acts as a source and the other as a receiver (Wapenaar
& Fokkema 2006).

ANT has been used in the crustal investigation in several studies (Sabra et al. 2005,
Villasefior et al. 2007, Mordret-a et al. 2013, Mordret-b et al. 2013). In Brazil, the ANT method
was used in different geological contexts to obtain the shear velocity distribution in the crust
(Goutorbe et al. 2015; Dias et al. 2015; Silva et al. 2021; Shirzad et al. 2020, 2022). Goutorbe et
al. (2015) showed results of ambient noise tomography for periods of 6-23 s for almost all of
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Brazil, except the northern region. Due to the low number of seismic stations, the resolution of his
model allowed him to distinguish only large-scale structures, such as cratons and sedimentary
basins, but without further detail. Dias et al. (2015) and Silva et al. (2021) presented ANT
tomographic period maps in the Borborema Province, imaging the Mesozoic rifts basins Potiguar,
Tucano, and Recdncavo as low-velocity anomalies. Southern Brazil and surrounding regions

(southern Séo Francisco craton, Pantanal, and Chaco-Parana basins) were imaged with ANT by
Shirzad et al. (2020, 2022), producing high resolution 3D crustal structure and period maps.

Other seismic tomography studies were carried out in Brazil. Rosa et al. (2016) combined
ambient noise tomography with Feng et al. (2004, 2007) earthquake surface wave tomography and
used a higher number of stations to increase the resolution in the Parana basin. Nascimento et al.
(2021) show group velocity maps for South America, updating Feng et al. (2004, 2007) results
with increased seismic stations and earthquakes. These results are from earthquake analysis which

has a primary source direction in the Andean region earthquake zone.

This paper presents a new velocity model at crustal depths for the Sdo Francisco Craton
(SFC) and adjacent regions (Figure 3.1) obtained from seismic noise data. This model is
unprecedented for this region using the ANT method, and it is one of the few models that present
inversion for 3D structures in Brazil with noise-only data. In addition, once the ANT results
provide significant velocity recovery at low periods, allowing to image structures at crustal depths,
except Receiver Function results (Rivadeneyra-Vera et al. 2019), our model fills the gap in depth
between previous work on deep (> 100 km) tomographic models (Schimmel et al. 2003; Feng et
al. 2004, 2007; Rocha et al. 2011; Azevedo et al. 2015; Rocha et al. 2019a,b; Affonso et al. 2021,
Nascimento et al. 2021), and geological mapping information (few hundred meters).
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Geochronological Units

Quaternary (~0 Ma)

Cenozoic (65-0 Ma)

Late Cretaceous (100-65 Ma)

Jurassic - Early Cretaceous (200-100 Ma)
Triassic (250-200 Ma)

Late Paleozoic (350-250 Ma)

Early Paleozoic (540-350 Ma)

Late Neoproterozoic (700-540 Ma)
Early Neoproterozoic (1000-700 Ma)
Late Mesoproterozoic (1200-1000 Ma)
Early Mesoproterozoic (1600-1200 Ma)
Statherian (1800-1600 Ma)

Late Orosirian (1900-1800 Ma)

Early Orosirian (2050-1900 Ma)

Early Paleoproterozoic (2500-2050 Ma)
Late Archean (2800-2500 Ma)

Early Archean (>2800 Ma)

Seismic stations

Figure 3.1:Geolochronological units (Bizzi et al. 2003). The black lines represent the main tectonic provinces such
as SFC: S&o Francisco Craton, SFB: S8o Francisco basin, PAB: Parnaiba basin, MT: Mantiqueira province, AC:

Amazon Craton, TO: Tocantins province, BB.

Geological Setting

Surrounded by southeastern Brazilian, the SFC has a maximum length and width of ca.

1100 and 900 km, respectively. Its basement comprises rock units older than 1.8 Ga (Pedrosa-

Soares et al. 2013). Archean TTG-gneisses, granitoid, greenstone belts, Paleoproterozoic plutons,

and supracrustal successions are the main lithological assemblages of the basement exposed in its

southern tip and northeastern lobe (Wilson Teixeira et al. 2000, Barbosa & Sabaté 2004, Cruz et

al. 2012). These assemblages form an NS-oriented Archean stable block, bounded on the east by

two segments of a Paleoproterozoic orogen. At the southern end of the craton, the Paleoproterozoic

orogenic belt encompasses the region of the Quadrilatero Ferrifero mineral province and the
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Mineiro belt (Brueckner et al. 2000, W. Teixeira et al. 2015). The Eastern Bahia orogenic domain
in the northeastern portion of the craton is made up of a mosaic of various Archean blocks sutured
at around 2.0 Ga (Barbosa & Sabaté 2004). Its counterpart in the reconstructions of West
Gondwana corresponds to the West Central African belt exposed in Gabon (Feybesse et al. 1998).
The cratonic cover is made up of units younger than 1.8 Ga (Almeida 1977) and occurs in three
distinct morphotectonic domains of the craton interior: the Sao Francisco basin, the Paramirim

aulacogen (Brueckner et al. 2000, Alkmim & Cruz 2005) and the Recéncavo-Tucano-Jatoba rift
(Karner et al. 1992).

Data and Method

We used 48 broadband seismic stations with data recorded between 2000 and 2022, mainly
from the Brazilian Seismographic Network (Bianchi et al. 2018) and other locally deployed
projects (Figure 3.1). However, the distribution of stations is not homogeneous across the study
regions, which limits the recovery of the wavefield in the northwest portion because of the lack of
stations there (Figure 3.1). We use interferometry analysis between pair of stations to estimate the
empirical Green's function (EGF) from the cross-correlation of the ambient noise signal following
the approach of Bensen et al. (2007) and Ward (2015) obtaining a shear velocity model from
inversion of Rayleigh wave phase velocity maps. The steps used in the processing are presented
in Figure (3.2).
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Figure 3.2: Workflow of processing from broadband signal to pseudo - 3D velocity model.

We process the data in three phases (Figure 3.2): 1) Data collection — organization of all
the vertical components of the seismic data from the stations in a structured order within 24 hours
and the same format, downsampling of the signal to 2 Hz, removing the instrument response,
therefore converting all signal to velocity (m/s), a bandpass filtering between 0.01 and 0.5 Hz and
finally a 1-bit normalization; 2) Ambient Noise Tomography — all the stations' pairs that worked
at the same time were cross-correlated (Bensen et al. 2007) and stacked using the phase weighted
stacking algorithm (Schimmel 2007), then we calculated the dispersion curves using amplitude-
frequency analysis (Levshin & Ritzwoller 2001) which were selected with a quality control
process that is a signal with signal to noise ratio bellow 15, we define SNR as the peak value in
the signal window divided by the peak value in the trailing 500s noise window, and velocities
between 2.0-4.5 km/s and interstation distance with less than three wavelengths. All the selected
dispersion measurements were inverted to construct the isotropic phase velocity maps for periods
of 7-35 s (Figure 3.3) following Barmin et al. (2001), and we calculated a checkboard test to
evaluate the resolution of our model, which resolved features larger than 111 km (Figure 3.S1); 3)
Structure Velocity model — We join the phase velocities for all periods of the ambient noise
tomography, then inverted for structured in one dimension for absolute shear wave velocity under
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each station using the package "Computer Programs in Seismology"” (Herrmann, 2013) following
the surface wave inversion steps of Feng et al. (2004) (Figure 3.4), with the AK135 (Kennett et al.
1995) velocity model as an input, and finally join all the 1D models in a linear interpolated 3D
shear velocity model up to 60 km depth.

10s 15s

% of velocity anomaly
Phase Velocity (km/s)

l 3
3.45 km/s

3.34 km/s

-20

-2

3.74 km/!

. 3.95 kmis
-50 48 -4 44 -42 -40 -38) -50 -48 -46) 44 -4z -40 -38

24

Figure 3.3: Phase velocity maps of Rayleigh wave ambient noise tomography for periods of 10, 15, 25, and 35 s, the
maps are presented with a percentage of variation of the mean velocity for each period. The black lines represent
the main tectonic provinces such as
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Figure 3.4: One dimension shear wave velocity structure in the Parana basin, Sdo Francisco Craton, Borborema
province, and Mantiqueira province.

Results and Discussion

Rayleigh wave phase velocities from ambient noise tomography correlate well with the
main tectonic units, showing the pattern of low velocity anomaly in the regions of sedimentary

basins and mobile belts and high velocity anomaly in the Archean/Precambrian regions of the Sao
Francisco Craton predominantly.
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The upper crustal results of 10 — 15 s (Figure 3.3) have strong low velocity anomalies in

the Tucano/Jatobd basin, the Borborema province, the Sdo Francisco basin, and the Parana basin
as the periods increase the anomalies of the first two fade away. The Parana basin's low velocity,
on the other hand, remains up to the period of 25s, and its depth is about 7 km (Milani et al. 2007),
but its area is significantly larger than the Tucano/Jatoba basin, which affects many more paths of
the seismic stations of the region. The Parnaiba basin in the northern region of the area does not
show the behavior of strong low velocity as the previous basins. However, the spatial resolution
in this part is meager because of the lack of stations in the region. The checkboard test of the region
(Figure 3.S1) shows a negligible recovery of the synthetic model, which shows that this basin was

not appropriately imaged.

To access the resolution of our tomographic models, we applied a checkboard test (Figure
3.51) with square grid input with alternating velocities of -5.0 to 5.0 km/s finding that the best
recovery of our results features 111 km wide. However, the seismic stations used are not evenly
spaced and concentrate on the regions of Borborema and the Southeast region, which reflects in
the low-resolution results in the Parnaiba basin and Tocantins province, especially as the period
increase. Also, since the errors in picking phase velocity increase with periods, more paths were
removed for larger periods in the quality control process, which enhances the diminishing
resolution in the northwest part of the model as periods increase (Figure S1, 35s). Despite that, we
can interpret the results across all periods for the Borborema region, the S&o Francisco Craton, and

the northern Paran basin.

The 35s phase velocity map (Figure 3.3) reflects the lower part of crustal regions. It
correlates with crustal thickness (Rivadeneyra-Vera et al. 2019) variation, such as high velocity in
regions with a thicker crust and low velocity anomaly to thin crust in Mantiqueira province and
Parana sedimentary basin.

We inverted Rayleigh wave phase velocity for structure in one dimension in each map grid
point to get the shear wave velocity structure of S&o Francisco Craton and the surrounding regions
(Figure 3.4). The result of the one-dimension inversion adjusts well with the Rayleigh wave phase
velocity of the first-period inversion (Figure 3.5). However, the resolution of this inversion
decreases with depth because of the lack of larger periods recovered. Then we combine the 1-D

inversion results in a 3D shear velocity of the S&o Francisco Craton. We also cut the model results
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to 60 km because of periods that we retrieve 7-35s. The Paranéa basin, Mantiqueira, and Borborema

province show behavior in the upper crust with consistently low velocity than the S&o Francisco
Craton (Figure 3.4).
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Figure 3.5: One-dimensional shear wave velocity model adjusted to the Rayleigh wave phase velocity in the regions
of (A) Parana Basin, (B) Mantiqueira Province, (C) Borborema province, and (D) Séo Francisco Craton.

The shear wave velocity in the 3D model (Figure 3.6) shows a gradual increase in the
velocity with the depth. The 7 km slice (Figure 3.6) shows the Parana and the Tucano/Jatoba basins
with a low velocity anomaly. Both these basins have depocenters around this depth. However, the
S&o Francisco basin does not show this behavior because it's a shallow basin, even though it has a
large surface area. The Paramirim aulacogen in the northeast of the Sdo Francisco Craton has
volcanic and sedimentary rocks of the Espinhago. Brazilian Orogeny affected this region and
showed a low velocity at a depth of 15 km (Figure 3.7). Also, there is a strong high velocity
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anomaly in the northeast region of the Sdo Francisco craton near the Paramirim aulacogen with
direction NW-SE bound by low velocity anomaly with the same direction up to 21 km depth. In
the 31 km slice (Figure 3.6), the regions inside the Sdo Francisco Craton with higher velocities are

associated with the Archean/Proterozoic blocks related to the craton's root.
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Figure 3.6:Shear wave velocity maps of Sdo Francisco Craton and its surroundings with slices at the depths of 7,

15, 21, and 31 km. The black lines the main tectonic provinces such as SFC: S&o Francisco Craton, SFB: S&o
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Francisco basin, PAB: Parnaiba basin, MT: Mantiqueira province, AC: Amazon Craton, TO: Tocantins province,

BB: Borborema province, TJB: Tucano-Jatoba province and PR Parana basin.

The low velocity of the northeast limit of S&o Francisco Craton is related to the
Tucano/Jatoba sedimentary basin, this basin has a depth of the sediments which is debatable
because several authors have different depocenter estimative ranging from 8 to 16 km (Milani &
Davison 1988, Santos et al. 2010, Alvarez & Holz 2022), despite its significant depocenter the
basin has a small lateral size and its average sediment depth is modeled about 4-5 km (Alvarez &
Holz 2022) then the low velocity anomaly vanishes when the depth is deeper as shown in Erro!
Fonte de referéncia néo encontrada., 3.7.

The low velocity in the southwest portion of Sdo Francisco Craton (Figure 3.7, 21 km)
overlaps with the low velocity found with body waves tomography (VanDecar et al. 1995,
Assumpcdo et al. 2004; Rocha et al. 2011). This anomaly was interpreted as a fossil mantle plume
by (VanDecar et al. 1995) and because of lithosphere thinning (Assumpcao et al. 2004). Despite
the differences in depth imaging, our results show this anomaly which can be related to the more
profound geodynamic process studied with body wave tomography. The Mantiqueira province
shows a solid high velocity anomaly following the coastline starting at 31 km depth (Figure 3.7).
It suggests that the crustal depth is lower in the province, which agrees with previous receiver

function results (Rivadeneyra-Vera et al. 2019).

The high-velocity anomaly SW of the Tucano/Jatobad sedimentary basin enhances the
region with high metamorphism of the Paleoproterozoic Itabuna-Salvador-Curaca belt, as well as
the Archean rocks of the Jequié complex (Erro! Fonte de referéncia ndo encontrada.). This
anomaly goes beyond the belt's west limit, which separates the different degrees of metamorphism

of the sedimentary rocks in the Contendas-Mirante complex.
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Figure 3.7: Paramirim aulacogen (thick black lines) map as a low velocity zone in the northeast Sdo Francisco
Craton.

The vertical transects across the S&o Francisco Craton (Figure 3.8) show the different
velocities for the amalgamation of terrains that form the Craton. The Archean/Proterozoic terrains
consistently with higher velocity than the Cenozoic covers. Also, this region extends its roots up
to 20 km, as shown in profiles B-B', C-C', and E-E".
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Figure 3.8: Vertical transects along the axis E-W of shear velocity in the Sdo Francisco Craton. To the left is the
Geological map (Bizzi et al. 2003) with the location of the sections.

Conclusions

We used 107 seismic stations from 2010 to 2022 to construct the isotropic phase velocity
maps for periods of 7-35 s with ambient noise tomography, achieving a resolution of 111 km width.
Then, we constructed a linear interpolated 3D shear velocity model from 1D inversions until 60
km of depth. The model has low-velocity anomalies in the sedimentary basins (Tucano/Jatoba,
Séo Francisco, and Parand), delimiting each with a good correlation with the mapped geology. The
mobile belts show the same pattern. Conversely, the Archean/Precambrian regions of the Sao

Francisco Craton present high-velocity anomalies.

The depth profiles show that the low-velocity anomaly of the Parana basin is about 7 km.
However, the S&o Francisco basin does not present significant low velocity contrast to determine
its depth due to our model's low resolution to define structures with less than 5 km depth. The
horizontal depths slice up to 21 km clearly shows the Paramirim aulacogen as a low velocity

anomaly with direction NW-SE showing that this model can image this type of structure if its size
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is compatible with the resolution of the tomographic models. Our low velocity anomaly in the

southwest portion of the S&o Francisco Craton shows the same behavior of deeper results with

body wave tomography.
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Supplementary material - Crustal structure of Sdo Francisco Craton from ambient noise
tomography
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Figure 3.S1: Checkboard resolution test of the phase velocity maps from ambient noise tomography. The hashed
regions represent the sedimentary basins, and the black lines the main tectonic provinces such as CSF: Sao
Francisco Craton, PB: Parnaiba basin, MT: Mantiqueira province, CJ: Carajas Province, TO: Tocantins province,

BB: Borborema province and PR Parané basin.

Table with the number of dispersion curves used in the ambient noise tomography inversion after

the quality control process.
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Periods (s) Number of Dispersion Curves
7 261
8 391
9 446
10 501
11 535
12 547
13 569
14 581
15 610
16 643
17 659
18 655
19 644
20 639
21 611
22 581
23 530
24 501
25 471
26 466
27 462
28 450

A

N
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29 432
30 410
31 388
32 376
33 371
34 364
35 338

A

N
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Conclusodes

Os resultados apresentados no Capitulo 2 (Artigo 1) mostram a possibilidade de uso de
dados de ruido ambiental para gerar mapas tomograficos que imageam profundidades crustais. Foi
realizado o estudo para a &rea do Brasil conseguindo delimitar os grandes dominios tecténicos em
profundidades crustais, porém devido a extensdo da area, ndo foi possivel gerar um modelo da
estrutura 3D a partir da inversao dos mapas de periodo, 0 que pode estar relacionado com a néao
uniformidade espacial das estacdes. Apesar de uma ndo uniformizacdo de malhas de redes
sismograficas ao longo do espaco e também do tempo, conseguimos obter resultados com
resolucéo lateral de 111 km para a maior parte do Brasil, excetuando-se a regido amazonica, devido
especialmente a baixa densidade de estacdes. No entanto, mostramos que a regido de Carajas/PA
apresenta velocidades maiores do que outras regides no Brasil inclusive acima das velocidades
encontradas no craton Sdo Francisco. Na bacia do Parecis, conseguimos separar as duas fases

deposicionais com a dire¢do E-W.

O Capitulo 3 (Artigo 2) apresenta os resultados da inversdo 3D de estrutura para a regiao
do craton S&o Francisco. Tal regido foi escolhida por apresentar uma das melhores resolucdes do
modelo obtido no Brasil. Dessa maneira, foi realizado o processamento separado para esta regiao
visando obter um modelo local, e com estes resultados realizamos as inversfes 1D para gerar um
modelo interpolado obtendo um bloco de velocidades em 3D até a profundidade de 60 km. Nos
resultados, observa-se que a anomalia de baixa velocidade da bacia do Paranad alcanca uma
profundidade de 7 km, consistente com profundidades estimadas por outras metodologias.
Contudo nédo conseguimos delimitar a bacia do S&o Francisco, o que pode ter relagdo com a sua
menor espessura e com a resolucdo do nosso modelo, que nao foi suficiente para delimita-la. A
bacia Tucano/Jatoba foi bem delimitada tanto horizontalmente quanto em profundidade. O
aulacogeno do Paramirim foi bem imageado mostrando sua direcdo NW-SE com uma anomalia
de baixa velocidade em uma regido com velocidades altas, mostrando que a sua assinatura €
presente até a profundidade de 21 km. Além disso, na regido sudoeste do craton Sao Francisco
determinamos uma anomalia de baixa velocidade que € coincidente com resultados de tomografia
profunda com ondas de corpo, mostrando assim, que 0 processo geodindmico que causou este
distdrbio de anomalia na regido teve efeito em profundidades crustais. Observa-se um aumento

acentuado nas velocidades nas regides da Faixa Araguai e ao longo da costa a partir da
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profundidade de 31 km, sugerindo que a espessura crustal nessas regides é menor, 0 que é

consistente com os resultados recentes utilizando Fungéo o Receptor.
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