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Abstract

Rayleigh-wave phase velocities are automatically determined using earthquake records
of 1,022 stations throughout South America, Antarctica and the Caribbean between 1990
and 2020 for 10,799 earthquakes resulting in 19,522 interstation measurements. Isotropic and
anisotropic phase-velocity maps are presented for periods between 5 and 200 s. For depths
between 0 and 300 km, the isotropic components were used to calculate a 3-D shear-wave
velocity model for the continent based on a stochastic particle-swarm-optimization inversion
techniqgue. We also obtain a Moho map for South America that shows good agreement with
the most recent crustal thickness map. Azimuthal anisotropy is observed in areas of previously
poor coverage by SKS studies within the South American Platform, including the Amazonian
Basin, Amazonian Craton, and Pantanal Basin. For periods above 60 s, we observed a
NE-SW oriented fast direction of azimuthal anisotropy in the regions of the Pantanal and
Chaco-Parana sedimentary basins. This trend coincides with a low-velocity zone (-4%4,
at 100 km) observed in this and other studies interpreted as thinned lithosphere. This
result suggests that mantle ow is channeled by the lithospheric topography in this area. At
crustal depths, beneath the Andes, azimuthal anisotropy is oriented parallel to the strike of
the orogeny, which is consistent with the observed compression of the South American Plate
from the subduction of the Nazca Slab. We also observe a systematic di erence between the
Guyana and Brazilian Shields at lithospheric depths. Our model shows that, on average,
shear-wave velocities are approximately 3% lower in the Guyana Shield than in the Brazilian
Shield which may result from a lithospheric reworking in the Central Atlantic Magmatic
Province. Finally, thin crust and lithosphere is observed in the Tocantins Province in Brazil
in accordance with previous seismic refraction and receiver function studies that might explain

the high seismicity observed in this area.

Ambient noise dispersion curves were calculated similarly to the earthquake methodol-

ogy. We used 138 seismic stations from 1998 to 2022 from the Brazilian Seismographic Net-



work and additional temporary deployments to compute 1,477 ambient noise phase-velocity
dispersion curves. Rayleigh-wave isotropic and anisotropic maps, between periods of 2 and
200 s, were calculated by combining dispersion curves from the earthquake dataset with am-
bient noise. For the isotropic phase velocities, the results show good agreement with previous
tomographies in the crust. At 2 s, higher phase velocities are observed to the west of the
Pantanal Basin relative to the east. This result agrees with a joint inversion of Receiver
Function, surface waves and H/V data and indicates that the basin's basement is shallower
in the west. For the azimuthal anisotropies and crustal depths (5 to 20 s), we observed a
NE-SW fast axis trend to the north of the Pantanal Basin and NW-SE to the south of it,
well correlated with the Paraguay fold belt strike under the basin. At the same depths, N-S
fast axis anisotropies were observed mainly inside the Parana Basin and those could be asso-
ciated with the collision of the Paranapanema, Rio Apa and Amazonian Cratons during the
assemblage of west Gondwana during the Neoproterozoic as mentioned by a previous study.
Fast axis anisotropies parallel to the passive margin in Mantiqueira Province were observed
and correlated well with a Pms splitting study in this area. This result helps con rm the
interpretation that crustal and lithospheric anisotropy in the Ribeira belt is due mainly to

shear deformation during the Brasiliano orogeny.






Resumo

As velocidades de fase das ond&ayleigh foram determinadas automaticamente uti-
lizando registros de terremotos de 1.022 estacdes sismogra cas em toda a América do Sul,
Antartica e Caribe entre 1990 e 2020 para 10.799 terremotos, resultando em 19.522 cur-
vas de dispersdo. Mapas de velocidade de fase da componente isotrépica e anisotrdpica sdo
apresentados para periodos entre 5 e 200 s. Para profundidades entre 0 e 300 km, as com-
ponentes isotropicas foram utilizadas para calcular um modelo 3D de velocidade da onda de
cisalhamento para o continente, com base em uma técnica de inversdo estocastica de otimiza-
¢cdo por enxame de particulas. Também obtivemos um mapa de espessura da Moho para a
América do Sul, que mostra boa concordancia com o mapa de espessura crustal mais recente
para a regido. Anisotropia azimutal foi observada em areas com pouca cobertura em estudos
anteriores de SKS na Plataforma Sul-Americana, incluindo a Bacia do Amazonas, Craton
Amazénico e Bacia do Pantanal. Para periodos acima de 60 s, observamos a direcédo rapida
de anisotropia azimutal orientada NE-SO nas regides das bacias sedimentares do Pantanal
e Chaco-Parana. Essa tendéncia coincide com uma zona de baixa velocidade #4%a
100 km) observada neste e em outros estudos, interpretada como uma regido de a namento
da litosfera. Este resultado sugere que o uxo do manto € direcionado pela topogra a litos-
férica nesta area. Em profundidades crustais nos Andes, a anisotropia azimutal é orientada
paralelamente acstrike da orogenia, o0 que € consistente com a compressao observada da Placa
Sul-Americana pela subduccéo da Placa de Nazca. Também observamos uma diferenca sis-
tematica entre os escudos da Guiana e do Brasil em profundidades litosféricas. Nosso modelo
mostra que, em média, as velocidades das ondas de cisalhamento sdo aproximadamente 3%
mais baixas no Escudo da Guiana do que no Escudo Brasileiro, o que pode resultar de um
retrabalho da litosfera cratonica na regido Provincia Magmatica do Atlantico Central. Final-
mente, observou-se baixa espessura crustal e litosférica na Provincia Tocantins, no Brasil, de
acordo com estudos anteriores de refragdo sismica e funcéo do receptor, o que pode explicar

a alta sismicidade observada nesta area.



Curvas de dispersao de ruido ambiental foram calculadas de forma semelhante a metodolo-
gia dos terremotos. Utilizamos 138 estacdes sismogra cas de 1998 a 2022 da Rede Sismogra-
ca Brasileira e instalagbes temporarias para calcular 1.477 curvas de disperséo de velocidade
de fase da onddrayleigh Mapas isotrdpicos e anisotrépicos de ondas Rayleigh, para periodos
entre 2 e 200 s, foram calculados combinando as curvas de dispersédo do conjunto de dados
de terremotos com o ruido ambiental. Para as velocidades de fase isotropicas, os resultados
mostram boa concordancia com tomogra as anteriores na crosta. Em 2 s, anomalias altas
de velocidade de fase sdo observadas a oeste da Bacia do Pantanal em relacdo ao leste. Este
resultado concorda com uma inversdo conjunta de Funcéo do Receptor, ondas de superficie e
dados H/V e indica que o embasamento da bacia € mais raso no Oeste. Para as anisotropias
azimutais e profundidades crustais (5 a 20 segundos), observamos uma tendéncia NE-SO
da direcéo rapida da anisotropia ao norte da Bacia do Pantanal e NO-SE ao sul dela, bem
correlacionada com cstrike do cinturdo do Paraguai sob a bacia. Nas mesmas profundi-
dades, a direcdo rdpida N-S das anisotropias foram observadas principalmente dentro da
Bacia do Parana, o que pode estar associado a colisdo dos cratons Paranapanema, Rio Apa
e Amazonico durante que colidiram durante a formacdo do Gondwana Ocidental no Neopro-
terozoico, conforme mencionado por um estudo anterior. Dire¢Bes rapidas de anisotropias
paralelas a margem passiva na Provincia Mantiqueira foram observadas e bem correlacionadas
com um estudo dePms splitting nesta area. Este resultado ajuda a con rmar a interpre-
tacdo de que a anisotropia crustal e litosférica na Faixa Ribeira é devido a principalmente

deformacdes de cisalhamento devido a Orogénese Brasiliana.
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1 Introduction 18

1 Introduction

1.1 Thesis overview

This thesis contains phase-velocity and shear-wave velocity tomographies using Rayleigh-
wave dispersion data from earthquakes..This rst work was produced in cooperation with
Prof. Dr. Thomas Meier and his group from the University of Kiel in Germany. The work
was submitted to Geophysical Journal Internationalon July 4th, 2024. A copy of the sub-
mitted paper is available in Appendix B (Sec. 11). The sections from 1.2 to 6 cover the same
study but provide more details, especially concerning the methodology and parameterization
of the inversions. This thesis also includes a second study regarding the use of ambient noise
data together with the earthquake dataset from the rst work to improve the characterization
of the seismic phase velocities and azimuthal anisotropy determination in the crust of SSE

Brazil. The sections from 7 to 8 cover this topic.

1.2 Geological framework

The South American Lithosphere can be divided into three main units: 1) The South
American Platform (Almeida et al. 2000), a mostly stable region since Phanerozoic times
that was not a ected by the Andean and Caribbean orogenesis; 2) The Andean Phanerozoic
Orogeny; and 3) The Patagonian microcontinent. The South American Platform is bounded
west by the Andean Phanerozoic Orogeny, south by the Patagonian block, east by the Atlantic
Ocean and north by the Caribbean (Fig. 1). The South American Platform is divided into
cratonic blocks Archean and Proterozoic ages (blue text in Fig. 1) that are connected by
Neoproterozoic mobile belts (green text in Fig. 1). Several Precambrian orogenic events were
responsible for the formation of the lithosphere that ranged from 2.2 Ga to 0.5 Ga (Cordani
and Sato 1999) through a series of episodes of agglutinations with posterior fragmentation

(Almeida et al. 2000). The South American Platform can be divided into an Amazonian
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and an Atlantic domain based on their distinct tectonic evolution (Almeida et al. 1981):
1) Amazonian domain contains, more importantly, the Amazonian craton, whose origin is
related to the paleocontinent Laurentia; 2) Atlantic domain whose origin is related to the
western region of the Gondwana supercontinent and it contains the cratons of Sdo Francisco,
Paranapanema and Rio de la Plata. All the mentioned cratons have outcrops on the surface
(blue and red lines are cratons and sedimentary basins in Fig. 1, respectively), except the
Paranapanema craton (blue dashed line in Fig. 1) that is supposed to be underneath the
Parana Basin (A onso et al. 2021; Mantovani et al. 2005; Ciardelli et al. 2022; Celli et
al. 2020). Those domains are roughly divided by a 2,700 km continental-scale megashear
zone called Transbrasiliano Lineament (Cordani and Sato 1999; Cordani et al. 2013) or TBL
(purple dashed line in Fig. 1). A series of Phanerozoic intracratonic basins (red text in Fig. 1)

covers most of the cratonic units of the platform.

A Mesozoic reactivation associated with the fragmentation of the Pangea Superconti-
nent (Deckart et al. 2005) and opening of the Atlantic Ocean (O'Connor and Duncan 1990)
caused magmatism to occur throughout the South American Platform: 1) Central Atlantic
Magmatic Province (CAMP) with its emplacement happening around 200 Ma (Deckart et al.
2005; Marzoli et al. 2018) with extensive basalt ooding in Amazon basin and NW-SE and
NE-SW orientation dykes in the eastern and northern areas of the Guyana Shield (Deckart
et al. 2005; Knight et al. 2004); 2) Parana-Etendeka Large Igneous Province, with a major
magmatism peak between 137-120 Ma, produced extensive basalt ooding a ecting mostly

the Parana basin (Turner et al. 1994; Renne et al. 1996; Thiede and Vasconcelos 2010).

1.3 Previous works

1.3.1 Overview

At the end of the 20th century, regional tomographic studies observed lateral variations

in the seismic velocities of the South American Lithosphere. The group-velocity tomography
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Fig. 1: Major tectonic units for South America. Plate boundaries are shown as a red lines
while dented lines are for subductions (Hasterok et al. 2022). Blue outline are craton
limits (dashed for cratonic blocks buried beneath sedimentary basins) and red are
limits of sedimentary basins (Almeida et al. 1981; Cingolani and Salda 2000). Labels
are blue for cratons, red for Phanerozoic sedimentary basins and green for Neopro-
terozoic orogenic belts. AC = Amazon Craton, composed of the Guyana Shield (GS)
and Central Brazil Shield (BS), SFC = Sao Francisco Craton, RC = Rio Apa Craton,
PaC = Parnaiba Cratonic block inferred from deep seismic re ection pro les (e.g.
Daly et al. 2014), PC = Paranapanema Cratonic block inferred from gravity data
(Mantovani et al. 2005) and the RPC = Rio de La Plata Craton. Fold belt provinces:
Tocantins (TP), Borborema (BP) and Mantiqueira (MP). Phanerozoic sedimentary
basins: Amazonian (AB), Parnaiba (PaB), Parecis (PrB), Pantanal (PtB), Parana
(PB) and Chaco-Parana (CPB). The dashed purple line denotes the transcontinental
Transbrasiliano Lineament, or TBL (Cordani et al. 2016). The black dashed line is
the limit between the Andean orogenic belt (Cordani et al. 2016) and the stable plat-
form (Almeida et al. 2000). Orange dashed line is the limit of the Patagonia Paleozoic
terrain (Ramos 2008).
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from Vdovin et al. (1999) observed strong lateral heterogeneity within the South American
Lithosphere. They observed low-velocity anomalies associated with the presence of sediments
in the Parana and Chaco-Parana basins, variations in crustal thickness in the Andes and
the Brazilian Highlands and the cratonic roots of the Amazon and Sao Francisco cratons.
A surface-wave inversion using phase velocity with Receiver Function and P-wave regional
travel-time data constraints by Snoke and James (1997) showed considerable upper mantle
low S velocity (around 4.2 km/s) and shallow Moho (32 km depth) under Chaco-Parana
basin, increasing to about 4.3 km/s at 150 km depth. Snoke and James (1997) also observed
a high S velocity anomaly (around 4.6-4.7 km/s) beneath Parana basin until about 200 km
depth associated with cratonic lithosphere. The teleseismic travel-time inversion of VanDecar
et al. (1995) imagined a fossil plume in the upper mantle beneath Parana basin. A cylindrical
and 300 km across anomaly was associated with low P -.8%) and S ( -1.2%) velocity
anomalies going vertically from 200- to 600 km. VanDecar et al. (1995) interpreted this
anomaly primarily as a fossil conduit by which the Tristan da Cunha plume head traveled to

cause the Parana-Etendeka ood basalts.

The P and S travel-time inversion of Schimmel et al. (2003) con rmed the observation
of the fossil upper mantle plume beneath Parana basin as previously observed by VanDecar
et al. (1995). They also observed high P and S wave velocities beneath the southern tip of

the Sdo Francisco craton at 200 to 250 km depth associated with its cratonic root.

The S velocity inversion in the upper mantle from Lee et al. (2001) imaged a highly
heterogeneous upper mantle of the South American Lithosphere. A high-velocity lithosphere
(about +3 to +4% S velocity at 100 km) was observed in the western region of Guyana and
Brazil shields, indicating that both shields are underlain by cratonic lithosphere. Moreover,
the model shows a high-velocity lithosphere under Amazon basin despite the Mesozoic rifting
in the region (Cordani and Bruto Neves 1982). Low-velocity anomalies (around -3% S velocity
at 100 km) were observed beneath the Pantanal, Chaco-Parana and Parana basins. Strong

low-velocity anomalies (around -7% S velocity anomaly at 100 km) were observed along the
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Andes associated with the mantle wedge in the region. However, the poor distribution of
sources and stations limited the resolved anomalies to the west and central South American

Lithosphere.

Feng et al. (2004) produced a group-velocity inversion for South America using Rayleigh
and Love waves. Feng et al. (2004) also used the regionalized dispersion curves to invert a
lithospheric S-velocity model. Down to 150 km, high-velocity anomalies were found beneath
the Amazon and S&o Francisco cratons. In the Amazon craton at 150 km, the high-velocity
anomalies were found more prominently in its eastern region, indicating that the lithosphere
would be thicker. This is consistent with the hypothesis that the Amazon craton could be
formed by crustal accretion during di erent orogenic cycles (Santos et al. 2000; Santos et al.
2006), where the oldest units are to the east. This result was consistently observed in other
studies as well (e.g. Feng et al. 2004; Feng et al. 2007; Heit et al. 2007; Ciardelli et al. 2022;
Celli et al. 2020; Nascimento et al. 2022; Nascimento et al. 2024). The authors observed
a correlation between the trend of the TBL with a low-velocity zone alongside it in upper

mantle depths.

The Rayleigh-wave waveform inversion from Heit et al. (2007) for South America pro-
duced an Sv velocity model that observed, at 100 km, that the high velocity in the Amazon
craton was separated in two parts associated with the Brazil and Guyana shields, suggest-
ing that the Mesozoic rifting was responsible for the formation of the Amazon basin. They
observed a high-velocity anomaly (around +7-8% Sv velocity) down to 200 km depth inside
the Parana basin that was associated with a cratonic lithosphere. Below 200 km beneath the
Parana basin, a low-velocity anomaly (around -3-4% Sv velocity) was observed in the region
of the Ponta Grossa arc. This low-velocity anomaly was interpreted as a fossil plume located
900 km south of the low-velocity anomaly from VanDecar et al. (1995) and Schimmel et al.
(2003). This observation led Heit et al. (2007) to conclude that both anomalies could be
related to the Tristan da Cunha plume and, most likely, di erent diachronous plumes hit the

base of the lithosphere in the Parana basin region.
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The joint inversion of waveforms and Rayleigh-wave group velocities by Feng et al.
(2007) also observed a reduction in the high-velocity anomalies beneath the Amazon basin at
depths around 100 to 150 km, similar to Heit et al. (2007). Feng et al. (2007) also reproduced
the observation from their previous work (Feng et al. 2004) of a low-velocity belt along the

TBL at 100 to 200 km depth.

Rocha et al. (2011) inverted tomographic maps of SE and Central Brazil using P and
S-wave travel times from teleseismic earthquakes. At lithospheric depths, the authors also
observed P and S-wave high-velocity anomalies (e.g. around +0.3% for P and around +0.9%
for S at 150 km) beneath Parana basin that was associated with a cratonic lithosphere in the
region. In the Parana basin, between 300 to 700 km depth, a strong low-velocity anomaly
(-0.4% for P and -1.5% for S at 350 km) was associated with the fossil mantle plume observed

previously by VanDecar et al. (1995) and Schimmel et al. (2003).

The waveform inversion of Celli et al. (2020) computed shear-wave velocity maps to
image the South American and African Lithospheres. In South America, high Vs anomalies
were observed beneath Paranapanema craton and Parnaiba basins. They did not observe
a high-velocity anomaly beneath the Rio de la Plata craton. Between the Amazon and
Sao Francisco cratons, a low-velocity anomaly (around -2% Vs) was observed corresponding
roughly to the TBL at 260 km, similar to previous works (Feng et al. 2004; Feng et al. 2007;
Rocha et al. 2016). At 260 km, a low-velocity anomaly (around -1.5% Vs) was also observed in

the Guyana shield's western region, explaining the high topography of the Guyana Highlands.

The Adjoint Waveform Tomography of Ciardelli et al. (2022) was used to compute a
shear-wave velocity model for the South American Lithosphere. Ciardelli et al. (2022) did
not observe a high-velocity anomaly beneath the Rio de la Plata craton. This result is in
agreement with previous tomographic models (Feng et al. 2007; Schae er and Lebedev 2013;
Celli et al. 2020) with exception of the recent surface-wave inversion by Nascimento et al.
(2024) that detected a high shear-wave velocity anomaly (around 4.7 km/s Vs at 150 km)

roughly towards NW of the Rio de la Plata craton surface limits (Fig. 1). The highly resistive
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anomaly (around 2,000 m) observed from the magnetotelluric study by Bologna et al. (2019)

would indicate the existence of a cratonic keel.

Ciardelli et al. (2022) also computed a Lithosphere-Asthenosphere Boundary (LAB)
map that showed thick lithosphere beneath eastern Brazil Shield (around 160 km thick)
and thinner LAB (around 100 km) beneath Pantanal and Chaco-Parana basins. This area
of thin lithosphere also coincides with a low-velocity zone for P and S velocity found in
several studies (e.g. Ciardelli et al. 2022; Nascimento et al. 2022; Celli et al. 2020; Rocha
et al. 2019; Lee et al. 2001; Feng et al. 2004; Moura et al. 2024; Nascimento et al. 2024).
Ciardelli et al. (2022) high-velocity anomalies (around +6% Vs) along the Paranapanema
craton that were consistent with the gravimetric signature from Mantovani et al. (2005),
consistent with positive P-wave anomalies (around +1% Vp) for the Paranapanema craton
from 100 to 300 km depth (A onso et al. 2021; Rocha et al. 2011) and the waveform inversion
from Celli et al. (2020).

At crustal depths, we observe low shear-wave velocity (around 3.4 to 3.7 km/s Vs) in the
areas of sedimentary basins from both surface-wave studies (e.g. Feng et al. 2004; Nascimento
et al. 2022; Nascimento et al. 2024; Moura et al. 2024) and ambient noise (Shirzad et al. 2020),
except for the Pantanal basin, that has a very thin (500 m) sedimentary layer (Catto 1975;

Weyler 1962).

1.3.2 Anisotropy

The anisotropy of South America is mostly regionally studied using Shear Wave Split-
ting, SWS (e.g. Melo et al. 2018; Assumpcao et al. 2011; Heintz et al. 2003; Assumpc¢ao et al.
2006; Russo and Silver 1994; James and Assumpcéo 1996; Polet et al. 2000; Kriger et al.
2002; Anderson et al. 2004; Pifiero-Feliciangeli and Kendall 2008; Growdon et al. 2009; Masy
et al. 2009; Poveda et al. 2023), geodynamic models (Hu et al. 2017), azimuthal anisotropy
(Poveda et al. 2023; Shirzad et al. 2024) andms splitting analysis (Feng et al. 2024). For

the asthenospheric upper mantle, the anisotropy is thought to be primarily attributed to
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subduction-induced mantle ow (Hu et al. 2017) or to have some additional contribution
from it being de ected by the cratonic roots (Melo et al. 2018; Assumpcao et al. 2011; As-
sumpcéo et al. 2006). The Amazon and Paranapanema cratons were observed to cause this
de ection in SWS studies (Melo et al. 2018; Assumpcao et al. 2011; Assumpcéo et al. 2006).
In the South American Platform, those studies are usually limited to the southeastern region

of the continent and along the Andes.

Shirzad et al. (2024) computed azimuthal anisotropy for the crust and upper mantle
using Ambient Noise data between 4 and 70 s for SE Brazil. At short periods (e.g. 8 s),
Shirzad et al. (2024) found that the anisotropies fast directions are parallel to the fold belt
deformation. At longer periods (e.g. 70 s), Shirzad et al. (2024) found N-S fast direction
anisotropy that was associated with compressional deformation of the lithospheric lid and it
Is consistent with the same N-S fast direction from the global model of Debayle et al. (2016).
Shirzad et al. (2024) infer that this deformation could result from of the nal Neoproterozoic

collision between the Amazon, Rio Apa and Paranapanema cratons.

The Pms splitting study by Feng et al. (2024) resolved crustal anisotropies for the
South American Platform with splitting times varying from 0 to 0.5 s. Feng et al. (2024)
observed roughly NNE-SSW fast polarization directions approximately parallel to the strike
of the TBL. Because the anisotropy orientation is inconsistent with present-day stress elds
(Heidbach et al. 2016), Feng et al. (2024) conclude that the anisotropy orientation is more
likely to be related to crustal deformation during the formation of the TBL. Weak anisotropies
(around 0.1 s) parallel to the passive continental margin were observed in the east and
northeast, implying a fossil extensional deformation from the rifting of West Gondwana
during the Mesozoic. Strong and roughly WSW-ENE anisotropies fast direction were found
in the Parana basin that the authors interpreted as being associated with mantle anisotropy
from SKS studies (e.g. Melo et al. 2018; Assumpcao et al. 2011; Assumpcéo et al. 2006). This

would indicate a coupled crust-mantle deformation during the breakup of west Gondwana.
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2 Interstation Measurement Method and Data

2.1 Overview

Studying the South American Lithosphere seismic structure has always been challeng-
ing, given the sparse station coverage, especially in the stable platform. Methods such as
SWS are especially a ected by the lack of station coverage. However, two-station meth-
ods (e.g. Meier et al. 2004; Kastle et al. 2016; Soomro et al. 2016) can be used to provide
accurate surface-wave dispersion data that can be used to derive isotropic and anisotropic
anomalies along the whole ray path between a pair of stations. Two-station measurements
have an advantage over single-station measurements by not being a ected by source mech-
anism and localization errors (e.g. Muyzert and Snieder 1996; Levshin et al. 1999). Beyond
that, the bandwidth for Rayleigh-wave two-station measurements is generally broader than
single-station, especially for high frequencies (Lebedev et al. 2006). For the previously men-
tioned earthquake-based surface-wave studies in the South American Platform (Feng et al.
2004; Rosa et al. 2016; Lee et al. 2001; Heintz et al. 2005; Feng et al. 2007; Nascimento
et al. 2022; Nascimento et al. 2024), all of them use single-station measurements. We used
the two-station method to compute a simultaneous inversion for isotropic and anisotropic

anomalies using Rayleigh-wave phase velocities in South America.

2.2 Phase-velocity curve measurement

The two-station method (e.g. Meier et al. 2004; Kastle et al. 2016; Soomro et al. 2016)
IS a way to measure surface-wave group and phase velocities using earthquakes closely aligned
with a pair of stations. The phase velocity can be derived from the phase term of the cross-
correlation function between the earthquake waveforms recorded on each station. Fig. 2 gives

a general idea of this procedure for the 7.9 Mw Cantwell Alaska Earthquake.

As explained by Soomro et al. 2016, the cross-correlation has the advantage of being
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Fig. 2: Example of the two-station method measurement for the 7.9 Mw Cantwell Alaska
Earthquake. a) The maps show the event's location and selected receivers for two sta-
tions inside Brazil (PP1B and NOVB). The curves show the great circle path connect-
ing the event and each station. b) and c) 2-hour-long seismograms and frequency-time
diagrams for PP1B and NOVB stations. d) cross-correlation function and respective
frequency-time representation; and e) computed Rayleigh-wave phase-velocity disper-
sion curve from the cross-correlation function2 multiples are shown in black. The
background model used to select the correct multiple is shown as a gray line with an

associated 15% threshold (dashed gray line). The nal selected dispersion curve is
shown as a red line..
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less a ected by uncorrelated noise and the contribution of the fundamental mode is enhanced
by the product of the amplitude spectra. We can understand the signal components of the

Fourier transform of a time seriesu(t), as

X
U(t)= W)+ U()+ N() 1)
j
. P . . ,
whereU(! ) is the fundamental mode, ; U;(!) are the higher modes and\ (! ) is the noise.
To accurately calculate phase velocities, it is necessary to isolate the fundamental mode

contribution in Eq. 1.

To extract the fundamental mode, a frequency-time analysis is applied (Levshin et al.
1989; Kulesh et al. 2005; Laske et al. 2011), where the higher modes and noise signals are
Itered out. A cleaned frequency-time representation of time series(t) would contain only
the contribution of the fundamental mode and some noise as follows(! ,;t)  ug(! n;t) +
n(! ;t). For this step, we used the implementation by Soomro et al. 2016 where Gaussian

Iters are applied according to

F(;tn)=exp ¢ ;— 1 )

where the width of the Gaussian lteris = 2!, tis chosen to optimize the frequency-
time resolution with ¢ being an empirical parameter usually between 12 and 20 (we chose

16 following Soomro et al. 2016). t is the sampling interval in the time domain.

Second, the fundamental mode signal can be enhanced by applying a down-weighting
time window to reduce higher modes and noise signals (Meier et al. 2004). Again, we used
the implementation by Soomro et al. 2016, where Gaussian windowst) are applied in the

time domain as follows

|
P2(t tmax)?

w(t) = exp 2 ®3)
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wheretax is the time of maximum amplitude of the cross-correlation and the width of the
Gaussian window is implemented similarly to the previous step as = 2!, t. Soomro

et al. 2016 note that because the dispersion is stronger for longer interstation paths, the em-
pirical parameter , must increase linearly. We varied, between 20 and 70 for interstation

distances between 400 and 3000 km, respectively.

Based on Soomro et al. 2016 notation, if the cleaned frequency-time spectra representa-
tions for stations 1 and 2 ardJ, 1(! ,) and U, 5(! ,,), respectively. The average phase velocity,
c(! ), can be calculated by taking the phase (! ,) from the ratio betweenU, (! ,) and

U! 2(! n)

U! 1(! n) - jU! l(! n)J

Ul )~ jUna(L o) &R0 () @)
where
)= (tn) 2000 k(U 2 1) (5)
and
Fn( )
) iyan (6)

where (! ) and (! ,) are the fundamental mode phase spectra for stations 1 and 2, while
1 and , are the epicentral distances for the stations. Soomro et al. (2016) point out
that the use of epicentral distances instead of interstation distances is important because
interstation distances can induce bias if the event is slightly o the great-circle path. The
phase dierence (!,) (Eq. 5) can be approximated by taking the phase from a Itered and

weighted cross-correlation function:

CCF 1(! n) 2(! n) (7)
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An example of this procedure can be seen in Fig. 2. Fig. 2b and ¢ show the 2-hour
long record of the vertical component of two stations and their respective frequency-time
representation. The high amplitude shown in this gure is the Rayleigh wave fundamental
mode and it can be seen clearly until about 0.04 Hz. For higher frequencies (>0.03 Hz),
we observe very high contamination of the fundamental mode that is probably related to
crustal heterogeneities along the propagation path. The cross-correlation (Fig. 2d) reduces
this contamination strongly. The extracted phase-velocities multiples can be seen in Fig. 2e,
where is necessary to compare it to a background model (gray dashed line) as a way to pick
the correct branch. The acceptable dispersion curve segment (red line) is selected based on

its proximity to the background model.

2.3 Selection of phase-velocity curves

To select realistic 1-D phase-velocity curves, we follow the automatic selection procedure
from Soomro et al. (2016). The authors point out that due to the fundamental mode depth
sensitivity kernels having a very broad range of depth and changing very gradually with
frequency, any realistic 1-D earth dispersion curve should be smooth. Based on that premise,
their model aims to select or reject parts of an observed dispersion curve based on roughness

criteria.

The rst criterion is the background model. In order to select the correc2 multiple
and its segments with reasonable phase-velocity values, a proximity measurement between

the observed dispersion curve and background model is done as follows:

c('i) colti)
Sy w00t ®)

wherec(! ;) is the observed dispersion curvey(! i) is the background model andh  is the

maximum di erence allowed, in percent (we used 15%).

The second criterion is smoothness. The curve roughness is quanti ed by taking the
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rst derivative of the phase velocity with respect to frequencycY! ), and comparing it with

the equivalent roughness of the background modef(! ), and it is calculated as

R S (I ()
St = =tod() Co(!j) <ths

i=

9)

whereths is a constant empirical threshold usually de ned as 150 s (Soomro et al. 2016),
we kept the same value for our study. The authors perform the summation in Eq. 9 over a
moving window of increasing length as a function of frequendd(! i), as a way to implement

a frequency-independent threshold.

Finally, the last criterion is length. Usually, very short segments are determined with
less con dence and of little use. Therefore, to avoid that the authors implement a criterion
where the length of a segment must be greater than a frequency-dependent threshtid, ,

described below:

th , = maxfa log(! )+ b; min(threshold value)g (20)

where! ., is the central frequency of the segment. The values we determined empirically are

a=0:0035 b= 0:023and the min (threshold value) = 1 =200Hz.

An example of applying those selection steps is shown in Fig. 3. Fig.3A the multi-
colored phase-velocity curve is the selectédd branch (thin black lines) based on proximity
to the background model (gray solid line). Additionally, the blue segment of the accepted
curve is rejected because it exceeds the maximum deviation thresholds (dashed gray lines).
Some samples before the violating segment are removed to account for nite resolution in
the frequency domain. The green segment violates the smoothness criterion (Fig. 3B) by
exceeding the threshold of 150 s. Lastly, the yellow segment violates the length criterion by
being smaller (the yellow circle shows segment size) than the minimum value allowed for its

central frequency (dashed gray line). The red segment is accepted.
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Fig. 3: Example of the automated selection criteria by Soomro et al. 2016. A) Background
model criterion: The gray solid line is the background model with dashed lines around
it representing the maximum deviation thresholds (15%). The thinner black lines
are the multiples @ ambiguity). The multi-colored line in A represents the selected
branch by background model criterion. B) The left and black y-axis is the smoothness
criterion (with a threshold of 150 s), while the right and gray y-axis is the length
criterion threshold (de ned by the gray dashed line). The multi-colored curve in B is
a smoothness curve, while the dots represent the length of the same colored segments.
Taking all criteria into consideration, the blue segment is rejected because it violates
the background model criterion, the green segment is rejected because it violates the
smoothness criterion by being over 150 s in B and the yellow segment is rejected
because it violates the length criterion (yellow circle below the gray dashed line). The
only accepted segment is the red curve. Figure from Soomro et al. 2016.
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2.4 Averaging phase-velocity curves

Because the phase-velocity curve calculated for each event for a pair of stations can
have some variability, especially for di erent propagation directions (Fig. 4b). It is necessary
to apply further quality control before taking the nal average. We followed Soomro et al.

2016 implementation:

=

outlier rejection (we rejected 15% of the outermost values);
2. a minimum number of measurements are required for each frequency (we used 5);

3. a mean phase-velocity curve and the standard deviation are calculated for each di-
rection (stdl, std2), if the di erence between those two directions is over a certain
threshold, thgy, the measurement is rejected. This threshold is de ned ahgy =

5 max(stdl; std2);
4. the standard deviation of all measurements should be lower than 3%;
5. the length criterion of section 2.3 is applied again;
6. averaging of all phase-velocity curves for each interstation path.

Fig. 4 shows an example of this procedure for a pair of stations IPMB and JANB in Brazil.
Fig. 4a shows all the calculated dispersion curves for each propagation path (gray and black
lines), where it is clear that there are inconsistencies between the curves in both directions
(Fig. 4b). The dashed blue line in Fig. 4b shows the phase-velocity interval of the dispersion
curve (DC) segments that passed the selection criteria. Fig. 4c shows the nal average as a

solid blue line. After its application, the curves in both directions are highly in agreement.

2.5 Data

We downloaded broadband earthquake records from 1,022 stations in South America,

Antarctica and the Caribbean, as seen in Fig. 5, between 1990 and 2020, from the IRIS data
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Fig. 4: Averaging of the phase-velocity curves for a pair of stations IPMB and JANB in
Brazil. The black and red curves are measurements in opposite propagation directions.
The dashed blue line shows the phase-velocity interval of the dispersion curve (DC)
segments that passed the selection criteria described in Sec. 2.4. The nal phase-
velocity dispersion curve average for this path is shown as a blue line.
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center and the Brazilian Seismographic Network, RSBR (Bianchi et al. 2018). Table 1 in
the Appendix C shows a compilation of all used networks. A total of 10,799 earthquakes
were selected based on the following criteria: (1) Events aligned within 10° of the great circle
path between a pair of stations; (2) A linearly increasing minimum magnitude between 4
and 6 Mw as a function of the epicentral distance; (3) Epicentral distances between 2.5° and

130°.

Fig. 5 shows our station distribution (a) and the coverage of the 76,038 ray paths
(b). The colors indicate the number of events used for each station and interstation path for
Fig. 5a and b, respectively. The stations in the Caribbean, Andes and some of the permanent

Brazilian seismographic stations provide most of our data.

Following the phase-velocity dispersion curve processes shown in Sec. 2.3, we obtained
19,522 Rayleigh-wave dispersion measurements between 4 and 315 s (around 26% of the initial
dataset). Fig. 6 shows a hitcount plot for all the average dispersion curves. Most of our data
Is below 200 s, which can roughly indicate we can investigate, at most, 300 km depth. We
also observe two branches for periods higher than 15 s. The bottom one is related to the
high crustal thickness below the Andes and the top one is related to the cratonic areas inside
the South American Platform (Fig. 1). The measurements' average standard deviation is
approximately 1.5% for all periods (Fig. 8). Fig. 7 shows ve examples of average dispersion
curves throughout mostly the cratonic area of the South American Platform. Fig. 7a shows
the color-coded location of the interstation paths and Fig. 7b shows all the dispersion curves.
Fig. 7b shows the Civiero et al. (2024) global average cratonic dispersion curve in gray and a
shaded area corresponding to this reference curvé:1 km/s. The shaded area corresponds,
roughly, to the distribution of dispersion curves around the mean from Civiero et al. (2024).
Our dispersions agree with the reference model, starting to deviate only below 15 s. The
dispersion that goes through a non-cratonic area (green curve) shows considerably lower phase
velocities between 40 and 110 s. In the same period range, we can also observe a systematic

di erence between the red and brown curves going through the east and west of the Amazon
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Fig. 5: Color-coded number of earthquake records between 1990 and 2020 used for each sta-
tion (a) and each station pair along the great-circle path (b). A total of 1,022 stations
recorded 10,799 earthquakes distributed over 76,038 interstation paths to calculate
Rayleigh-wave phase-velocity maps for South America. The paths going northeast-
ward in (b) are from stations on Madeira Island, Portugal.
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Fig. 6: Hitcount for the nal selected dispersion curves. The bottom branch, after 15 s, shows
mainly the lower velocities from the Andean thick crust, while the top branch shows
higher velocities related to velocities in the upper mantle below the stable continental
region.

craton, respectively. The eastern portion of the Amazon craton is the oldest province of the

craton (Santos et al. 2000) and several studies identify a high-velocity anomaly in this region

(e.g. Feng et al. 2004; Feng et al. 2007; Heit et al. 2007; Ciardelli et al. 2022; Celli et al. 2020;

Nascimento et al. 2022).

3 Isotropic and Anisotropic Phase-velocity Inversion

3.1 Theory

We conducted a simultaneous isotropic and anisotropic phase-velocity inversion for
Rayleigh waves following the work of Deschamps et al. (2008). We accounted for the
and 4 anisotropic contributions as described by Smith and Dahlen (1973) that show the
dependence of Rayleigh and Love waves propagation velocity in an anisotropic medium. The

contributions to the phase velocity anomaly, C, for a latitude and longitude' are as
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Fig. 7: Example of six average Rayleigh-wave phase-velocity dispersion curves for di erent
tectonic areas. (@) location of each interstation path. The blue and red dots are
the locations of shear-wave velocity inversion pro les in Fig. 21 for the Amazonian
Craton and Pantanal Basin, respectively. (b) plot of all six dispersion curves. In (b),
the global average dispersion for cratons (Civiero et al. 2024) is shown as a dark gray
line and the shaded area corresponds to the reference curv@lkm=s.
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Fig. 8: Hitcount graph for the standard deviation (percentile) as a function of the period (s)
for all the observed dispersion curves.
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follows using the notation by Deschamps et al. (2008):

C(; )= Ciso(s )+ C2(5 )+ Cua (5 ) (11)

where Ciso('; ) is the isotropic anomaly andC, (; )and C4 (; ) arethe2 and4

anisotropic anomalies that are de ned as

Cz (5 )=Azcoq2 )+ Bz sin(2 ) (12)

and

Ca (5 )=Ascoq4 )+ By sin(4) (13)

where is the local azimuth of the ray. The four anisotropic coe cients are de ned for each
and' asA, ,B, ,A; andB, . The amplitudes of anisotropic anomalies, , and 4 ,

are de ned as

8
q
? 2= A7 4B}
2 q _— — (14)
T 4= A} +B]
while the direction of fast propagation, , and 4 , are de ned as
8
2 = larctan 22
: 272 Az (15)
© 4 = iarctan %

Deschamps et al. (2008) method is parameterized on a triangular grid where we used
a knot spacing of 30 km. The authors calculate the average phase-velocity anomaly for a

certain path i as

Ci= K )c(@ )dd (16)
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Fig. 9: Cross-section perpendicular to the path of a sensitivity kernelK;(*; ) (Eq. 11) for
a xed width approximation from Deschamps et al. (2008) used in the isotropic and
anisotropic phase-velocity inversion.
where C ('; ) is calculated from Eq. 11 anK;(; ) are the sensitivity kernels and
contain the weight of each knot for each path and are approximated by Deschamps et al.
(2008) using paths of nite width. Fig. 9 shows an example of a xed-width kernel approx-

imation. Deschamps et al. (2008) did not observe a signi cant di erence in the obtained

solutions for widths between 10 and 300 km. We chose 100 km for our inversion.

For each period, Deschamps et al. (2008) solve the inversion problem by building a

discrete system of linear equations for each path:

d= Gm (17)

whered is the data vector containing the dispersion curve Rayleigh-wave average phase-

velocities (Sec. 2.4) at a particular period and each patN :
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T=(C: Cy) (18)

The vectorm (Eq. 17) is the model and includes the ve termsCi('; ), A , B, ,

A; and B, for each knot of the gridM :

0 1
Cisor Az2:1 Ba.1 As.1 Baa
E (19)
|soM A2 M BZ;M A4;M B4;M
The generalized matrix is composed of ve submatrices:
G=(Giso Gc2 Gs2 Ges Gsa ) (20)
where
0 1
K 11 .- Kl;M
Giso = ST (21)
KN;l e KN;M
0 1
a]_K L1 e a]_K 1M
Geor = E E (22)
anKnir i anKnw
0 1
K11 i bKow
Gs2 =a ST i (23)

bvKn:: fr nKnew
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0 1
C]_K]_]_ . C]_K]_M
Geq = E’ E (24)

cnKnir fii ovnKnw
0 1
diK1r i dhiKaim
Gsa —é SEENNES. (25)
dvKni: 0 duKnem

where K; are the weights for each path and knot j, the azimuthal dependence is
de ned by the constantsa = cog2 i); i = sin(2 ), ¢ = cog4 ;) and d, = sin(4 ;) with
i being the azimuth for a pathi. The authors solved this linear system by following the

implementation of the LSQR method (Paige and Saunders 1982).

The isotropic and anisotropic terms are regularized independently by Deschamps et al.
(2008) using lateral smoothing and norm damping. The choice of the regularization values
Is always subjective. We opted to base the regularization of this work roughly on the best
regularization values found in El-Sharkawy et al. (2020) Rayleigh-wave phase-velocity model
for the Mediterranean region. El-Sharkawy et al. (2020) used the exact same methodology

shown for a similar continental-scale study of the lithosphere.

3.2 Checkerboard test

Checkerboard tests were made to verify the resolution of our phase-velocity model using
di erent cell sizes for 30 and 100 s. We used checkers of sizes of 1.5°, 3° and 6° spaced by 2°,

2° and 4°, respectively. The test results are shown in Fig. 10.

For 1.5° and 30 s, the test shows well resolved anomalies in the central part of South
America and the central Andes. We also can resolve some anomalies in the Southern Andes
(along 70°W). For 100 s, the coverage for this checker size is slightly worse, where the main

well-resolved area is the cratonic area (mainly Brazil) to the east.
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For 3° and 30 s, the coverage is largely similar to 1.5°, but we can resolve a larger region
overall in the central part of South America. Also, we can further include a portion of the
northern Andes ( 5°N 73°S) and east of the Caribbean plate. For 100 s, the test shows

similar results to the 1.5° checkerboard test.

For 6°, both periods show we can recover anomalies throughout the model for large-scale
features. However, we observe a slight attenuation of the recovered amplitudes for checkers

north of 0° latitude and south of 30°S.

From those tests, our models have good resolution for most of central South America
(mainly Brazil) but cover a larger area in the lower periods (e.g. 30 s) compared to the longer
periods (e.g. 100 s). Outside this high-resolution area, we can recover the average tendencies

of the medium for large-scale features.

3.3 Rotation test

We applied a two-step procedure to verify the anisotropy component's reliability. First,
anisotropies with small amplitudes mostly indicate an isotropic medium. Therefore, they
are of no use for the interpretation. We de ned a low amplitude thresholdth, using the
standard deviation of all anisotropy amplitudesA«yq, and its mean,Anean, for each period.
Then we de ned a frequency-independent threshold #s, = mean(Amean Asta) OF 7.41 m/s
(Fig. 11). Second, for the remaining curves, we applied the 90° rotation test (e.g. Zhang et
al. 2009; Endrun et al. 2011; Schae er et al. 2016; Wiesenberg et al. 2022). In this test,
we rotate the original 2 terms 90° while the4 terms are set to zero due to them being
much smaller than the2 terms. Then, we remake the inversion with an initial model that
combines the rotated anisotropy and the original isotropic component. The directions of the
rotated anisotropy and the one retrieved from the test must be within 20° of each other to be
considered a robust result. Fig. 12a shows a cropped region of our model in northern Brazil

at 30 s. Azimuthal anisotropy fast direction is plotted over the isotropic model as red bars.
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Fig. 10: Checkerboard tests for the isotropic component of the Rayleigh-wave phase-velocity
map at 30 and 100 s. We tested checkers with sizes of 1.5°, 3° and 6° spaced by 2°,
2° and 4°, respectively. The anomaly scale is in m/s.
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Fig. 11: Anisotropy average amplitude as a function of the period (black circles) with associ-
ated standard deviation (black bar). The low amplitude thresholdth,, was de ned
asthy = mean(Amean Ast) Or the value of 7.41 m/s (dashed red line).

Those original amplitudes are rotated 90° with a xed amplitude (white bars in Fig. 12b) and
the recovered anisotropies after remaking the inversion are shown as black bars in Fig. 12b.
Fig. 12c shows the cleaned results, where the nodes with amplitudes smaller thhp are
shown as red circles and the nodes where the direction di erences were larger than 20° were

removed. Fig. A2 shows further examples of the uncleaned phase-velocity maps for 15, 30,

60 and 100 s.

The nal cleaned results can be seen in Fig. 13 for 15, 30, 60 and 100 s. The Guyana
shield was the main area where nodes were removed by amplitude and rotation test. Beyond

that, some low-amplitude nodes inside Brazil were also removed. The nodes with NE-SW
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Fig. 12: Rotation test example for the azimuthal anisotropy for the Guyana Shield Craton
for 30 s. (a) shows the originally calculated anisotropies as red bars. (b) shows the
rotation test in two steps: (1) anisotropies with amplitudes smaller than an empir-
ically de ned threshold of 7.41 m/s are removed and (2) the remaining amplitudes
are rotated by 90 (white bars) and used as synthetic input for the inversion (e.g.
Zhang et al. 2009; Endrun et al. 2011; Schae er et al. 2016; Wiesenberg et al. 2022).
The white bars are the original anisotropies rotated 90°. The black bars are the
anisotropies recovered after the inversion. Measurements were accepted if the initial
and recovered anisotropies are within 20° of each other. (c) shows the nal cleaned
results. The original anisotropies that passed both steps are shown as red bars and
anisotropies smaller than the amplitude threshold are plotted as red dots.

orientations below the Pantanal basin and Andean nodes were kept after this test. The

Fig. Al, in the appendix, shows the rotation test (equivalent to Fig. 12b) for the whole study

area.

4 Local Dispersion Curves

Local phase-velocity dispersion curves were computed from the isotropic component of
the inverted phase-velocity maps (Sec. 3) for each grid node. Vos et al. (2013) point out
that, hypothetically, in total absence of lateral heterogeneity, the two-station method would
produce exact results for a pure great circle path propagation. However, in the presence of
the actual Earth 3-D heterogeneity and the nite frequency of the seismic waves, there can be

bias in the accuracy of phase velocity measurements. A solution to extracting smooth local
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Fig. 13: Final Rayleigh-wave phase-velocity maps for periods 15, 30, 60 and 100s and fast
azimuthal directions after removal of anisotropy nodes that failed the rotation tests.
Red dots indicate nodes with anisotropy amplitudes below the minimum threshold
(<7.41 m/s). The isotropic component remained unchanged.
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phase-velocity dispersion curves was developed by Timké et al. (2022), where the roughness
of each dispersion curve is evaluated and the rough segments are removed. The calculation
of the rough segments is made using a di erentiation function for each frequenkyby taking

the frequency-dependent rst partial derivative of the measured local dispersion curve

c'(t)=

cl(!) 26)

and comparing it to the rst derivative Cg(! ) of a synthetic dispersion curve from a ref-
erence model. For each knot of the inversion, synthetic phase-velocity dispersion curves were
calculated based on a combination of CRUST1.0 (Laske et al. 2013) and Preliminary Ref-
erence Earth Model (Dziewonski and Anderson 1981) reference models. The di erentiation

function is implemented by Timko et al. (2022) as

C(') Co!)

Y= Co(!)

(27)

The authors de ne the roughnesf (! ) by integrating Y (! ) over a moving windowT (! )

F+T(!)
R(!) = Y (! )d! (28)

1T

where the windowT (! ) is de ned as

T()=al +b (29)

with a and b being empirically de ned values. Following Timko et al. (2022), we used

0.05 and 0.01 fora and b, respectively.

A discrete approximation of Eq. 28 R,, was implemented as follows for each sampie
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Y('w 1)+ Y(') .

X
R(1) " Ra(!) = 5

k=1

(30)

where! | values are contained inside of the moving window interv@l T(!);! + T(!)]

instepsof !',="1, !y 1. Fig. 15 shows theR,(! ) values calculated using Eq. 30.

Timko et al. (2022) de ne a threshold where an acceptable roughness at a frequehcy

th., (31)

whereth andth, are empirically de ned thresholds andR is the median ofR,(! ), or
9.464e-5, of all frequencies above an empirical threshold th , th, and were chosen as

-15, 5 and 40 s, following roughly Timko et al. (2022).

Timko et al. (2022) also implement a strategy to estimate the frequency-dependent

standard deviation of the accepted segment§(! ), as

Ra(!)
R

S(1) = E() (32)

where R,(! ) is the discrete approximation of the roughness function (Eg. 30R me-
dian roughness above 40 s as de ned for Eq. 31,is an empirical threshold to scale the
in uence of the roughness ratio to the uncertainty calculation and (! ) is a Rayleigh-wave
frequency-dependena priori reference standard deviation. FOE (! ), we used the standard
deviation estimated from Rayleigh-wave dispersion curves from El-Sharkawy et al. (2020) for
the Mediterranean, varying from 0.048 to 0.057 km/s for periods between 15 and 250 s
(Fig. 14). is chosen as 0.15, following roughly Timko et al. (2022) values.
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Fig. 14: El-Sharkawy et al. (2020) compilation of reference standard deviation values for the
Mediterranean,E(! ), used in Eq. 32.

5 Depth ( Vsy) Inversion

In the stable part of South America, S-wave 3D models have been obtained from surface
wave tomography maps using mainly linearized inversion of local dispersion curves (e.g.
Shirzad et al. 2020; Shirzad et al. 2024; Nascimento et al. 2024). Linearized inversion of group-
velocity dispersion and receiver functions have also been used (e.g. Julia et al. 2008; Cedraz
et al. 2020; Poveda et al. 2023). However, this type of inversion has complex nonlinearity and
its linear approximation requires an initial model close enough to the true earth structure
(Ammon et al. 1990; Julia et al. 2000). Stochastic methods, on the other hand, allow for a
random iterative search over an acceptable model space to nd the best solutions for this
inverse problem. We used the isotropic component from the inverted phase-velocity maps to
compute a 3-D shear-wave velocity model for the continent using a new stochastic inversion

approach by El-Sharkawy et al. (2020).
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Fig. 15: Local dispersion curve roughness and standard deviation estimation. (a) Absolute
roughness valuesjR,(! )j, as a function of the period. The 40 s vertical bar corre-
sponds to the empirical threshold, , above which the median roughnes®, is cal-
culated. (b) Calculated standard deviation values (Eq. 32 shown in the top right),
S(!), as a function of the period.
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In order to interpret those phase velocities in terms of shear-wave velocities as a func-
tion of depth, we used the implementation of EI-Sharkawy et al. 2020 which is based on the
particle-swarm-optimization (PSO) technique by Eberhart and Kennedy (1995) and Wilken
and Rabbel (2012). This technique creates random background model perturbations for
speci ed depth-dependent velocity ranges. We can calculate synthetic dispersion curves from
those random models and compare the resulting mis t between the measured and synthetic
dispersion curves. The initial background models were created for each node using CRUST1.0
(Laske et al. 2013) and an isotropic average of PREM (Dziewonski and Anderson 1981) for
the upper mantle. A depth-dependent parameterization and regularization can be applied
to velocity perturbations on each layer and to discontinuities (such as Moho depth). The
model global convergence is sped up by resetting the search after a certain number of for-
ward calculations. The synthetic phase-velocity dispersion curves are calculated using the
Thomson-Haskell matrix implementation for a 1-D, isotropic and elastic model (Schwab and

Knopo 1972; Knopo 1964).

5.1 Parameterization and regularization tests

We parameterized our models using 12 parameters with quadratic perturbations on the
crust and cubic in the mantle from the Moho depth down to 410 km depth. Perturbations
down to 660 km depth are linear. Furthermore, the Moho depth and the depth of the crust and
upper mantle nodes are inversion parameters to ensure high parameterization exibility. The
upper crust nodes had a maximum perturbation of 1 km/s, allowing for sedimentary basin
shear-wave velocities. All the others were set to 0.5 km/s maximum perturbation. The depth
variable nodes for the lower crust, Moho, LAB and Lehmann discontinuity had a variability
of depth of 5, 10, 20 and 30 km, respectively. Fig. 16 illustrates the parameterization used
for a given background model down to 900 km. Fig. 16b and ¢ show an example of a
background model perturbation for a given iteration for a node inside the Amazon Craton

(Fig. 7) for the rst 300 km. The nal models were calculated using 10,000 forward models.
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To compensate for the lower resolution at short periods, we applied regularization to the
shear-wave velocity di erences for: 1) lower crust velocities with relation to the upper crust;
and 2) Moho velocity with relation to the lower crust. The shear-wave velocity di erences for
each subsequent parameter are multiplied with the depth-dependent regularization value,
and added to the objective function to punish the mis t of forward models with high-velocity
gradients between the layers. We show the results forequals to 0 (no regularization), 0.005,
0.01 and 0.03 for nodes in the Amazon Craton, Pantanal Basin and Andes in Fig. 17, 18,
19 and 20, respectively. In those tests, a better t between local (black line) and synthetic
dispersion curves (red line), as well as a better t between the best (black line) and centroid
(red line) shear-wave velocity models, indicate a more stable solution. For the Andes grid
point, the centroid solution provides reasonable velocity and Moho depth for the centroid
models. However, the agreements between the best and centroid models are signi cantly
worse than for the other grid points, regardless of the value used. This instability in
the solution is related to a lack of resolution, especially at longer periods, as shown in the
checkerboard tests (Fig. 10). For the remaining grid points, Amazon Craton and Pantanal
Basin, the better t happens when = 0.01, so we decided to use this value for our nal

models.

5.2 Final Vsy models

Two nal models were calculated: (1) the global model with the lowest mis t; and (2)
the centroid model. In most cases, we observed that the best- t model tends to be similar to
the centroid model. However, it can sometimes produce nal models that do not correspond
to an area's expected geological characteristics because the best- t models represent a local
minimum instead of the main features of models around the minimum. We found that the

centroid model correlates more closely to the expected features, so we used it instead.

We show an isotropic Rayleigh-wave depth inversion for a node in the Amazon craton
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Fig. 16: Background model parameterization example. a) An arbitrary background model is
shown as a black line. The model space (dashed black line) is de ned a% km/s
for the upper crust and 0.5 km/s for the lower crust. 12 inversion parameters are
de ned as a function of depth as perturbations of the background model, as follows:
circles areVsy velocity perturbations; inverted triangles are depth perturbations.
The depth perturbations are set between the upper and lower crust and the Moho,
LAB and Lehmann discontinuities, which are 5, 10, 20 and 30 km, respectively. b)
example of a background model perturbation for a node in the Amazon Craton (blue
circle in Fig. 7) for the rst 300 km. The background model is shown as a black line,
and the model space is shown as a dashed line. The calculated forward model for
an arbitrary iteration is shown as a red line. ¢) random perturbation applied to the
background model.
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Fig. 17: Regularization test for theVsy inversion for = 0 (no regularization) for grid points
inside Amazon craton, Pantanal basin and Andes (Fig. 1). The top left gure shows
the location of the three test grid points. The remaining gures show, on the left, the
local dispersion curve (black curve) with their associated standard deviation (dashed
line) and synthetic dispersion curve of the best forward model (red curve. On the
right, it shows the best shear-wave velocity model (black line), centroid model (red
line) and the models used for calculating the centroid (dashed red line).
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Fig. 18: Regularization test for theVsy inversion for = 0.005 for grid points inside Amazon
craton, Pantanal basin and Andes (Fig. 1). Same as Fig. 17.

Fig. 19: Regularization test for theVsy inversion for = 0.01 for grid points inside Amazon
craton, Pantanal basin and Andes (Fig. 1). Same as Fig. 17.
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Fig. 20: Regularization test for theVsy inversion for = 0.03 for grid points inside Amazon
craton, Pantanal basin and Andes (Fig. 1). Same as Fig. 17.
and the Pantanal basin (additional gures are shown in Fig. A3 and A4). Those models'
locations are given in Fig. 21. The observed and best model dispersion curves are shown
in Fig. 21(a,d) as black and red lines, respectively. The dashed line in Fig. 21(a,d) is the
observed curve standard deviation. Fig. 21(b,e) shows the best (black line) and centroid (red
line) pro les. The red dashed line in 21(b,e) represents the pro les within 0.5 over the global
minimum. Those pro les were used to calculate the centroid model, following El-Sharkawy
et al. 2020. Fig. 21(c,f) shows the sampled model space. The pro les are sorted from worst

(gray) to best (blue) global mis ts. The centroid model is shown as a coarse dashed line.

For the Amazon Craton node (Fig. 21 blue outline). According to the centroid model
(red curve Fig. 21B), we observe a pronounced increase in the shear wave velocities around
100 to 200 km, indicating a high lithospheric thickness. Our results for the centroid model
agree with the expected thicker lithosphere from Ciardelli et al. (2022) and Priestley et al.
(2018) of around 180 km from both studies. Based on the previous crustal thickness map by

Rivadeneyra-Vera et al. (2019), we expected a40 km Moho depth for this area that agrees
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Fig. 21: Vsy inversion example for nodes inside the Amazon Craton (blue outline) and Pan-
tanal Basin (red outline) node locations shown in Fig 7. (a,d) Observed local dis-
persion curve (black line) and its standard deviation (dashed). The red line is the
best-inverted dispersion curve. (b,e) 1-D shear-wave velocity pro le. Black and red
lines are the best- tting and centroid models, respectively. Red dashed lines show
the range of models used to calculate the centroid. (c,f) Gray-shaded areas show the
sampled model space, colored models are sorted according to their mis t values. The
coarse dashed line is the centroid model.

with the 40 km moho found.

For the Pantanal Basin node (Fig. 21 red outline). The centroid model (red curve
Fig. 21B) has a pronounced decrease in shear wave velocities from 100 to 200 km, indicating
a shallow lithosphere. This result agrees with Ciardelli et al. (2022) and Priestley et al.
(2018). The centroid model also shows a thinner crust @7 km) corresponding with the thin

crustal thickness found in previous works (Rivadeneyra-Vera et al. 2019; Cedraz et al. 2020).
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5.3 Horizontal Slices, Moho Map and Vertical Cross-sections

Using the centroid models, we made ¥sy velocity anomaly map for the region between
15 and 300 km. We show results for depth slices at 15, 60, 100 and 300 km (Fig. 22). All
the depths can be seen in the appendix (Fig. A5). The anomalies are plotted in relation
to average velocities for each depth and reference values are shown at the top right of each
gure. We present a Moho thickness map in Fig. 23. We also did nine vertical cross-sections
of the model across South America (Fig. A6), with the more important ones for discussion in
Fig. 24. To improve the visualization of the crustal structure, we separated the crustal and
mantle pro les along the inverted Moho depths and used di erent vertical scales for both of
them. To enhance the visualization of the lateral variations, we plotted th&/sy velocities
relative to an empirically de ned depth-dependent linear gradient (Fig. 24) with di erent
values for the crust and mantle, following Timkd et al. (2022). To identify the top of the
Nazca slab, we plotted the ISC-EHB (ISC 2023; Engdahl et al. 2020; Weston et al. 2018;
Engdahl et al. 1998) seismicity on the prole. The ISC-EHB is a dataset of teleseismically

well-constrained events and is well-suited to visualize subduction zones.

6 Discussion - Paper |

6.1 Phase-velocity maps

The isotropic phase velocity maps at periods of 15 and 30 s (Fig. 13) indicate around
8% high-velocity perturbations in the regions of: (1) cratonic blocks of the South American
Platform (Brazil Shield, Sdo Francisco and Rio Apa cratons); and (2) under the Pantanal
basin, possibly related to a high-velocity lower crust. We also observed between -8 to -4%

low-velocity perturbations in the Andean Mountain range root below the Bolivian Altiplano
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Fig. 22: 3D shear wave velocities for South America at 15, 60, 100 and 300 K, anomalies
are shown in relation to the regional average for each depth (top right velocity in
each map). For 15, 60 and 100 km, the green outlines are the main tectonic units
of South America shown in Fig. 1. For 300 km, the red outline is the Nazca Plate
Slab2 model for the same depth (Hayes et al. 2018).
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Fig. 23: Crustal thickness map for South America derived from th¥s,, inversion. Black lines

are the main tectonic units of South America, as in Fig. 1.
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Fig. 24: Vertical cross-sections (A, B and C) through the shear wave velocity model, with
red diamonds plotted every 500 km along the pro les. The shear wave anomalies
are plotted in relation to a 1D gradient velocity model for the crust and mantle.
Topography is plotted above each cross-section. BS = Brazilian Shield, GS = Guyana
Shield, SFC = Sdo Francisco Craton, AB = Amazonian Basin, PtB = Pantanal Basin
and TP = Tocantins Province, as shown in Fig. 1. The ISC-EHB seismicity (ISC
2023; Engdahl et al. 2020; Weston et al. 2018; Engdahl et al. 1998) is shown as black
dots.

(Central Andes). The Parana, Chaco-Parana and Parecis intracratonic basins also have
lower velocities relative to the neighboring cratonic areas. Those maps also show, in the
Central Andes, anisotropy fast directions parallel to the continent coast consistent with the

known compression of the South American Plate from the subduction of the Nazca slab (e.g.

Assumpcao et al. 2016).

The 60 and 100 s (Fig. 13) maps are mostly sensitive to the lithosphere. The high
velocities ( 3%) in the South American Platform's eastern portion correlate well with the
deep roots of the oldest region of the Amazon and the S&o Francisco cratons. Lower velocities
( 2%) can be seen below the Pantanal basin area and are well correlated with the shallower
depths of the LAB from continental scale tomography (Ciardelli et al. 2022) and global model
(Priestley et al. 2018). Overall, we do not observe the anisotropy direction changes around
the cratonic roots of the Paranapanema and Amazon cratons (Melo et al. 2018; Assumpcao

et al. 2011; Assumpcéao et al. 2006). However, we observe a roughly NE-SW fast direction
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below the Pantanal basin that coincides with the area of low-velocity and thin LAB.

For 30, 60 and 100 s (Fig. 13), we observe that the Guyana shield has lower velocities
than the Brazil Shield. This result can be seen similarly in the surface-wave group velocity
tomographies of Rosa et al. (2016) and Nascimento et al. (2022). However, Celli et al. (2020)

and Ciardelli et al. (2022) do not see systematic di erences between the shields.

6.2 Depth inversion

At 15 km depth (Fig. 22), we see a good correlation with known crustal tectonic units
of South America. High velocities ( 2 to 4% Vsy) in the crust inside the Amazon craton
(Brazil Shield and Guyana Shield), Sdo Francisco craton, Pantanal basin's basement and
Rio Apa craton (small-scale high to the south of the Pantanal basin). We also see lower
velocities ( -2 to -6% Vsy) in the Parana and Parecis sedimentary basins and the Andes. In
the Caribbean, we see a spotted pattern that is expected, given the thinner oceanic crust.
We observe a high-velocity anomaly between the Parand and Chaco-Parana basind%
Vsv). The surface-wave Ambient Noise Tomography of Shirzad et al. (2020}, inversion
also shows a high-velocity anomaly in the Pantanal basin and a low-velocity anomaly in the
Parana basin at 20 km. The authors also observe a high-velocity anomaly in the transition

between the Parana and Chaco-Parana basins at 30 km.

At 60 km depth, we mainly see the contrast between the high velocities of the cratonic
South American Platform and the low velocities of the crustal roots of the Andes. For the
cratonic area, the main characteristic is the di erence between the average velocity in the
northern and southern parts of the Amazon craton (pro le B-B' in Fig. 24). The northern
shield (Guyana Shield) seems to have lower average velocities than the south (Brazil Shield)
and this di erence is consistent with depth in our inversions (Fig. A5 and Fig. 24 A-A’).
Therefore, structural di erences could exist between the northern and southern Amazonian

cratons, which will be discussed in more detail below.
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At 100 km depth, we mostly observe lithospheric features and the distinction between
the cratonic South American Platform, on the East, and the Andean and subandean regions,
on the West. An important characteristic is the lower shear velocities (-4% Vsy) beneath
the Pantanal and Chaco-Parana basins. This low-velocity zone is well delineated in our
model and correlates well with the shallow LAB in Priestley et al. (2018) and Ciardelli et
al. (2022) . It will be discussed in more detail below. We observe high-velocity anomalies
( 5% Vsy) in the Amazon and Sao Francisco that are coherent with the areas of deepest
LAB (180 km) for those cratons (Priestley et al. 2018; Ciardelli et al. 2022). The lower
velocities ( -2% Vsy) in the Mantiqueira fold belt also correlate well with the shallow LAB
( 70 to 90 km) expected in this area (Priestley et al. 2018; Ciardelli et al. 2022). We
also see higher velocities (2% Vsy) under the Parana basin that can be attributed to the
Paranapanema craton underneath the basin. Prole B-B' (Fig. 24) shows the transition
between the 100 km LAB under the subandean region and the Pantanal basin (distances
between 550 to 1,750 km) to the 200 km LAB to the east. Pro le C-C' (Fig. 24) shows the
cratonic roots of the Amazon and Paranapanema cratons from 1,500 km onward. We also
observe crustal and lithospheric thinning near the TBL in the Tocantins fold belt (around
3,500 km in Prole C-C'). The thin crust was also observed in seismic refraction pro les
(Berrocal et al. 2004) and receiver functions (Assumpcao et al. 2013b; Assumpcao et al.
2013a; Rivadeneyra-Vera et al. 2019). Assumpcédo and Sacek (2013) proposed that crustal
thinning could produce higher stresses in the upper crust, which would explain the higher
seismicity observed in the area. Lithospheric thinning was also suggested as an additional
contributor to the concentration of stresses in the upper crust (Assumpc¢ao et al. 2004b).
This result is in agreement with the low-velocity anomalies observed in the upper mantle

from P-wave tomography (Rocha et al. 2016; Assumpcao et al. 2004a).

At 300 km depth, the anomalies are generally well correlated with those found in the
Adjoint Tomography of Ciardelli et al. 2022. We resolve general high-velocity anomalies to

the west, correlating well with the subduction of the Nazca plate (Slab2 model in Fig. 22 by
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Hayes et al. 2018). We can observe the slab in the Central Andes15°S 70°W in Fig. 22
at 300 km) where we see a pronounced high-velocity anomaly% Vsy ). East of the slab
( 26°S 60°W) we observe a high-velocity anomaly 8% Vs, ) similar to Ciardelli et al. 2022
model. To the south of 35°S the slab is not seen clearly given the poor resolution at the
longer periods, as shown in the checkerboard tests in Fig. 10. In NE Brazil we observe a
high-velocity anomaly in the Borborema province, similar to Celli et al. (2020), but di erent
from the low velocities of Ciardelli et al. 2022. However, our model is on the edge of its

resolution in that region (Fig. 10) to resolve this di erence.

6.3 Crustal thickness

We observe thick crust in the Andes ¥55 km) and the thin oceanic crust in the
Caribbean 25 km) as major features (Fig. 23). More importantly, we can resolve smaller-
scale features, such as thinner crust east of the Pantanal basin and thicker crust inside the
Parand basin. Those are examples of smaller-scale features that correlate well with the
thickness map of Rivadeneyra-Vera et al. (2019). The thin crust in the Pantanal basin could
have been caused by a delamination near the TBL, as hypothesized by Cedraz et al. (2020).
The thicker crust beneath the Parana basin is usually associated with its thick sedimentary
layer (up to 7 km). Overall, our Moho map is consistent with the known crust thickness in
South America (derived mainly from receiver functions), indicating that the depth inversion
solutions should be helpful in areas where no local data is available, such as the Amazon

region.

6.4 Pantanal Basin and thin lithosphere

Low velocities ( -4% Vsy) can be seen inside and to the SW of the Pantanal basin
(around 19°S 59°W) at 100 km (Fig. 22 and 24B-B'). This low-velocity anomaly has been

observed in several tomographic models (e.g. Ciardelli et al. 2022; Nascimento et al. 2022;
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Celli et al. 2020; Rocha et al. 2019; Lee et al. 2001; Feng et al. 2004) which makes it a major
feature of the upper mantle of the South American Lithosphere. We observe this anomaly
from around 70 to 200 km depth (Fig. A5). Both the global model of Priestley et al. (2018)
and continental tomography of Ciardelli et al. (2022) show a thin lithosphere (100 km)

in this area. Those results con rm that these upper mantle low velocities are related to a
shallow asthenosphere. In this area, the anisotropy fast direction (Fig. 13 at 100 s) shows an
E-W trend just east of the Andes, parallel to the motion of the Nazca Plate relative to the
South American Plate (Gripp and Gordon 2002). A change to NE-SW trend, following the
low-velocity anomaly under the Pantanal basin, is observed, and it is consistent with mantle
ow de ected by the Paranapanema cratonic root, as suggested by Melo et al. (2018) and
Assumpcao et al. (2011). However, we do not observe the NW-SE directions south of the
Paranapanema craton, as observed by Melo et al. (2018) and Assumpcao et al. (2011). This
could be in partly due to low resolution south of 32°S or mantle ow in this area is deeper

and not a ecting our azimuthal anisotropy at 100 s.

6.5 Amazonian Craton

Geochronologically, the Amazon craton is thought to have been formed by crustal ac-
cretion during di erent orogenic cycles (Santos et al. 2000; Santos et al. 2006; Tassinari and
Macambira 1999). The oldest provinces (Santos et al. 2000) are in the eastern part of the
craton, such as the Carajas-Imataca (3.0 to 2.5 Ga). The eastern region of the Guyana Shield

is mainly composed of the younger Transamazonic province (2.25 to 2 Ga).

Both regional and global scale tomography models show high-velocity shear wave anoma-
lies around 100 km depth in the eastern regions of both shields (Ciardelli et al. 2022; Celli
et al. 2020; Feng et al. 2004; Feng et al. 2007; Lebedev and Hilst 2008; Nascimento et al.
2024) relating it to a thicker cratonic root of the oldest provinces. LAB models derived from

shear-wave velocities provide di erent accounts of the cratonic roots of each shield. Priestley
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et al. (2018) show a lithosphere 180 km thick for both shields. On the other hand, Ciardelli
et al. (2022) show in the eastern Guyana Shield a lithospherel 10 km thick while the eastern
Central Brazil Shield has a 160 to 180 km lithosphere. Surface wave group velocities at
100 s tend to be lower in the north and higher in the south (e.g. Nascimento et al. 2022; Rosa
et al. 2016), corresponding roughly to a 100 km depth maximum sensitivity for shear-wave
velocity kernels. Our phase-velocity map (Fig. 13) for 100 s also shows higher velocities in

the Eastern Central Brazil shield compared to the Guyana shield.

At 100 km (Fig. 22), we observe high-velocity anomalies 6% Vsy) in the eastern
Brazil Shield and no anomalies in the eastern Guyana shield. It is possible that the lack
of su cient azimuthal coverage in the area due to a lack of stations makes it dicult to
resolve this dispute. However, our checkerboard tests can reasonably recover anomalies in
this region larger than 6° (Fig. 10). Therefore, even if small-scale anomalies can not be
recovered due to poor coverage, the average seismic properties in the Guyana shield may be
preserved in our model, especially given that the lack of a high-velocity anomaly is constant
with depth (Fig. A5 and Fig. 24A-A"). The average lowVsy in our model could indicate that
a cratonic root never formed or it was reworked by volcanic activities during the evolution of
the Guyana shield, such as the back-arc extension around 2.2 Ga in French Guyana (Santos
et al. 2000) or by the magmatism around 200 Ma that occurred in the CAMP (Deckart et al.
2005; Marzoli et al. 2018).

7 Ambient Noise

To improve the density of interstation measurements, especially at shorter periods,
we decided to use Ambient Noise Data to compute additional Rayleigh-wave phase-velocity
dispersion curves in our study area. We downloaded the daily raw continuous waveform
records of the vertical component of 138 seismic stations from 1998 to 2022 from the RSBR

(Bianchi et al. 2018) and from the temporary deployments of the 3 Basin Project. The
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RSBR is most dense in the SSE region of Brazil (Fig. 25a), with most stations being deployed
after 2015 (Fig. 26) when the seismic network was greatly expanded. Fig. 25b shows the
interstation measurements available between each station pair. A total of 163,191 days were
downloaded across all stations, with an average of 1,182.54 daily records per station. All
waveform data was downloaded from the International Federation of Digital Seismograph

Networks (FDSN) service of theCentro de Sismologiaof the University of Sdo Paulé.

The following steps were applied to the raw waveform data, following Bensen et al.
(2007): (1) resampled to 5 Hz; (2) instrumental response correction; (3) detrend; (4) demean;
(3) tapered; (4) bandpass- Itered between 1 and 200 s; (5) time-domain normalization; (6)
running-absolute mean normalization and (7) spectral whitening. The daily records are then
cross-correlated and linearly stacked. A total of 3,396 Cross-Correlation Functions (CCF)
were produced and can be seen in Fig. 27 lItered between 10 and 100 s to improve the

Rayleigh-wave group-velocity arrival visualization at around 3 km/s.

The CCFs are then spectral Itered to isolate the Rayleigh-wave fundamental mode
from noise and the higher harmonics (Meier et al. 2004). Gaussian and band-pass lters
are applied according to Sec. 2.2. The phase-velocity dispersion curves are extracted in the
frequency domain using the automatic algorithm by Wiesenberg et al. (2022). The nal
dispersion curve selection follows the steps in Sec. 2.3. An additional selection step is the
minimum frequency for each dispersion curve segment and it is applied after all the ones from
Sec. 2.3. This threshold is distance-dependent and created by interpolating a line de ned at
the points 400 km and 20 s and 3000 km and 100 s. For example, a phase-velocity curve
derived from a pair of stations with an interstation distance of 400 km must have a minimum
frequency of 0.05 or 20 s. Fig. 28 exempli es the dispersion curve selection for the station
pair PP1B-BBPS in Brazil. After applying the selection criteria, 1,477 nal phase-velocity
dispersion curves were selected (Fig. 29 and Fig. 30). The computed phase velocities were

determined between 2 and 100 s with around 1,000 dispersion curves with periods below 10 s.

2 http://seisrequest.iag.usp.br/fdsnws/
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Fig. 25: The 138 broadband stations used in the Ambient Noise analysis. Daily raw contin-
uous waveform records of the vertical component from 1998 and 2022 were down-
loaded. a) The color scale indicates the number of daily records downloaded for each
station. b) interstation paths available between the stations pair.
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Fig. 26: Number of daily records as a function of the years used in the Ambient Noise analysis.

The ambient noise dataset complements the previously determined earthquake dispersion
curves (Sec. 2) at shorter periods and by having a lower shorter period (i.e. 2 s instead of

45s).

7.1 Dispersion curve dataset integration

The Ambient Noise (AN) and Earthquake (EQ) datasets contain 1,477 and 19,522
dispersion curves, respectively. The AN dataset corresponds to around 7.5% of the EQ
dataset. We integrated our AN and EQ datasets to compute higher-resolution phase-velocity
inversions for SSE Brazil, repeating the methodology of Sec. 3. However, it is known that
there is a systematic discrepancy between the velocities obtained from AN and EQ data (e.g.
Kastle et al. 2016; Magrini et al. 2022; Yao et al. 2006; Kohler et al. 2012; Timko et al. 2022;

Zhou et al. 2012). Usually, it is observed that AN data has, on average, a 1 to 2% lower
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Fig. 27: Rayleigh-wave Estimated Green Function (EGF) section for all 3396 station pairs
band-pass Itered between 10 and 100 s.

phase velocities than EQ. Magrini et al. (2022) observed signi cant di erences between the
phase velocities from AN and EQ data at periods 50 s and this could be explained by the
di culty of AN to produce robust measurements at periods above the primary microseism
band, i.e. 10 to 20 s (Friedrich et al. 1998). At shorter periods, several explanations exist
for the observed bias: (1) AN cross-correlations having a low signal-to-noise ratio (Kastle
et al. 2016); (2) Wave propagation path deviations between source and receivers caused by
heterogeneities in the subsurface (Magrini et al. 2020); (3) Overtone contamination (Soomro
et al. 2016); and (4) Di erences in the sensitivity kernels (Fichtner et al. 2017). Magrini et
al. (2022) also observed, at periods 15s, that the AN and EQ phase velocities di erences

increased signi cantly.

To resolve the dataset integration problem, we followed the correction method of Timko
et al. (2022), based on Magrini et al. (2022). First, the discrepancy between those datasets

was computed by matching the dispersion curves for the same pairs of stations. 566 common
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Fig. 28: Selection of the phase-velocity multiples for the station pair PP1B and BBPS. Curves
were selected according to the following criteria: (1) distance from a background
model (gray andl red curves) falls within a certain threshold (gray dashed curves);
(2) smoothness of each multiple (purple segments); (3) segment length (orange);
(4) and minimum required frequency (yellow) calculated as a distance-dependent
threshold. The thick green line is the nal selected dispersion curve segment.
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Fig. 29: The 1,477 selected (pink lines) phase-velocity dispersion curves. The thresholds
for the background model deviation are shown in the lower right. The average
background model for all curves is shown as a gray line with an associated deviation

threshold (dashed gray line). The comparison with a background model stops below
10 s (vertical dashed line).
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Fig. 30: Hitcount graph for the 1,477 nal selected dispersion curves.
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paths were selected (38% of the AN dataset). Then, the di erences between AN and EQ
dispersion curves were taken as a function of the period. Fig. 31A shows histograms of those
di erences for 8, 10, 15, 25, 50 and 60 s before the correction. The histogram median is
around -1% for all the periods, con rming the AN negative bias mentioned before. To x
this bias, we implemented a weighted function based on Magrini et al. (2022) (bottom graph

in Fig. 32). The correction factors for AN and EQ dispersion curves are computed as follows:

1. Calculate the average di erence for each period between AN and EQ dispersion curves

for the common paths (dashed orange line in Fig. 32);

2. Smoothing is applied to the dierence curve from the previous step (blue curve in

Fig. 32);

3. The AN correction factor (pink curve in Fig. 32) is calculated by multiplying the

smoothed curve, , with the weight function (blue line in Fig. 32 bottom graph);
4. The EQ correction factor (yellow curve in Fig. 32) is calculated by  ( 1);

5. Those di erences are removed from the original dispersion curves;

After the correction was applied, we observed that the AN negative bias was removed for all
periods (Fig. 31B). Examples of the corrected and nal dispersion curves are shown in Fig. 33.
We observed a good agreement between both types of dispersion curves for all periods and

all areas.

7.2 Isotropic and anisotropic phase-velocity inversion

Following the inversion scheme from Sec. 3, we remade the inversion for SSE Brazil
using the earthquake and ambient noise dispersion curves obtained after the bias correction
(Sec. 7.1) for periods between 2 and 200 s. The same area as the previous phase-velocity

inversion was used. However, most di erences should be located in SSE Brazil given the
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Fig. 31: Histogram of the Earthquake (EQ) and Ambient Noise (AN) phase velocity di er-
ences (AN - EQ) for 8, 10, 15, 25, 50 and 60 s. The di erences are shown before (A)
and after (B) the bias correction.
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Fig. 32: The top graph shows the average di erences between the Ambient Noise and Earth-
quake datasets (dashed orange), smoothed di erence curve (thick blue), calculated
correction factors for Ambient Noise (pink) and Earthquake (yellow) datasets. The

weighted function used in the calculation of the correction factor is shown at the
bottom.
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Fig. 33: The left gures are examples of Earthquake (red line) and Ambient Noise (blue line)
phase-velocity dispersion curves for di erent pairs of stations (location map shown
on the right).



8 Discussion - Paper Il 81

higher ambient noise ray density (Fig. 25b). Examples for 2, 5, 10 and 20 s are shown in

Fig. 34.

8 Discussion - Paper Il

8.1 Overview

The periods of 2, 5, 10 and 20 s shown in Fig. 34 were chosen because of the pre-
dominance of the microseism band (Friedrich et al. 1998) in ambient noise data, i.e. where
dispersion curves derived from ambient noise have the most energy. The periods between 2
and 20 s sample mostly the upper and middle crust, respectively. For all periods, we observe
low phase velocities in the Parana and Chaco-Parana basins associated with the 7 km thick
sedimentary cover of those basins (e.g. Julia et al. 2008; Dragone et al. 2017). A separa-
tion between the basins by a shallower basement along the Asuncion and Rio Grande arches
(roughly along 57°W) follows the results from Shirzad et al. (2020) ambient noise inversion
for periods above 5 s. Low velocities are also observed inside the Parecis basin, agreeing
with Shirzad et al. (2020) and Nascimento et al. (2022). High-velocity anomalies are seen in
shield areas of the Amazon, S&o Francisco and Rio Apa cratons. For the Pantanal basin, high
velocities are observed for periods between 5 and 20 s and are related to the thin (500 m) sed-
imentary layer (Catto 1975; Weyler 1962). For the 2 s inversion, inside the Pantanal basin,
higher phase velocities are observed in the western part of of the basin in relation to the
eastern. This di erence agrees with the joint inversion of Receiver Function, surface waves
and H/V data by Moraes and Assumpcao (2022), indicating that Pantanal basin basement

is shallower in the west.

As mentioned in Sec. 1.3, most of the anisotropy in South America has been studied
with SWS and geodynamic models (e.g. Melo et al. 2018; Assumpcao et al. 2011; Heintz
et al. 2003; Assumpcéao et al. 2006; Russo and Silver 1994; James and Assumpc¢éo 1996;
Polet et al. 2000; Krtger et al. 2002; Anderson et al. 2004; Pifiero-Feliciangeli and Kendall
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Fig. 34: Rayleigh-wave phase-velocity maps for the earthquake and ambient noise integrated
datasets for the periods 2, 5, 10 and 20 s. The percentiles of phase-velocity pertur-
bations are plotted in relation to the average velocity for each period/(oon the top
right of each map). The red bars indicate the direction of fast propagation for the
azimuthal anisotropy with a reference scale of 4% amplitude on the top right of each
gure. The black outlines are the main tectonic units of South America.
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2008; Growdon et al. 2009; Masy et al. 2009; Poveda et al. 2023; Hu et al. 2017). The SWS
anisotropy can be mainly related to upper mantle fossil anisotropy due to tectonic processes
or present-day asthenospheric mantle ow (Silver and Chan 1991; Silver 1996; Vinnik et
al. 1992), which makes a direct comparison of SWS anisotropies with azimuthal anisotropy
studies not straightforward. Few recent studies were able to derive azimuthal anisotropy for
the area (Poveda et al. 2023; Shirzad et al. 2024) and those can be compared directly with the
anisotropies computed in this work.Pms splitting was analyzed by Feng et al. (2024), where
the time of P-to-S converted phases from Receiver Functions with di erent back azimuths
was observed to vary slightly and can be used to compute an average anisotropy for the crust.
The observed dependence of faBims direction may be similar to our azimuthal anisotropy
measurements depending on the origin of the anisotropy. The following comparisons were

made with the combined of ambient noise and earthquake dataset (Fig. 34).

8.2 Azimuthal anisotropy comparison with Shirzad et al. (2024)

For crustal periods (5 and 20 s in Fig. 35), the azimuthal anisotropy in SSE Brazil
shows fast directions oriented mostly N-S (Fig. 34) with a tendency of being NE-SW north
of the Pantanal basin and NW-SE to the south of it. This pattern follows the Paraguay
fold belt trend beneath the basin. These results agree with the azimuthal anisotropies from
Shirzad et al. (2024) derived from ambient noise. Thus, our results agree with the hypothesis
of Shirzad et al. (2024), where the observed pattern could be due to the collision between
the Paranapanema, Rio Apa and Amazon cratons during the assemblage of West Gondwana

in the Neoproterozoic.

For longer periods sampling the upper mantle (e.g. 60 and 70 s in Fig. 35), our model
disagrees with the predominantly N-S anisotropy direction of Shirzad et al. (2024) in the
center of Parana basin (around 20°S). Our model shows a predominantly E-W trend. Along

23°S, Shirzad et al. (2024) show a small region with E-W fast directions that correlate well
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with our anisotropies. Our model starts to show the change to NE-SW fast direction in the
north of the Pantanal basin, as previously discussed in Sec. 6.4, and it seems to have a weak
correlation with Shirzad et al. (2024) anisotropies in this area. Beneath 100 km depth, our
E-W anisotropies agree better with global S-wave anisotropy from Debayle et al. (2016) and
SWS (Melo et al. 2018) and are interpreted as the asthenospheric mantle ow from the Nazca

plate subduction guided by LAB topography.

8.3 Azimuthal anisotropy comparison with Feng et al. (2024)

The Pms splitting anisotropy from Feng et al. (2024) correspond to an average of crustal
anisotropies. To improve the comparison, we averaged our anisotropies between 10 and 30 s

for each grid point within a 2.5° radius. Fig. 36 shows a comparison between both works.

Inside the Parana basin, Feng et al. (2024) show fast E-W anisotropies, while our work
shows the trend is mainly N-S in the crust. Feng et al. (2024) N-S trend is interpreted as being
related to a synchronous crust-mantle deformation during the breakup of West Gondwana,
resulting from the magmatism that formed the Parana-Etendeka Large Igneous Province. As
discussed, our results agree better with Shirzad et al. (2024) and our N-S fast orientations
could be explained by cratonic collision in this area (Sec. 8.2). Feng et al. (2024) also interpret
the NE-SW trend of anisotropies parallel to the TBL strike and could be formed by dynamic
metamorphism during the TBL formation. Our model does not show this pattern, especially
inside the Parnaiba basin. In the Mantiqueira fold belt, NE-SW fast direction anisotropies
are observed by Feng et al. (2024). An interpretation from Feng et al. (2024) is that the
NE-SW trend in Mantiqueira fold belt could be related to extensional crustal fabrics from
the West Gondwana rifting. Our fast directions run parallel to the coast and along the large
scale shear zone along the Ribeira belt. The strong SKS anisotropy along the Ribeira belt
has been interpreted as due to superposition of mantle and crustal anisotropies (Heintz et al.

2003). Our observations of the average crustal anisotropies agrees with that interpretation.
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Fig. 35: Azimuthal anisotropy comparison between this work's integrated dataset (red bars)
and Shirzad et al. (2024) (blue bars). The top right legend shows the reference bar
for 0.1 km/s anisotropy.
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Boness and Zoback (2006) categorize the upper-crust anisotropy into two major groups:
(1) stress-induced anisotropy due to an anisotropic tectonic state. In a medium with aligned
microcracks, vertically propagating seismic waves will have a fast direction anisotropy par-
allel to the open microcracks (Crampin 1987). For a fractured crust, the fast polarization
directions of the vertically propagating seismic waves will be perpendicular to the closure
of the fractures (Boness and Zoback 2004). (2) structural anisotropy due to the alignment
of planar features, such as macroscopic fractures, parallel sedimentary bedding planes and
mineral alignment (e.g. Mueller 1991; Hornby 1998). This di ers from the mantle, where
the major source of anisotropy is lattice preferred orientation of crystals such as olivine (e.qg.

Ismail and Mainprice 1998).

The disagreements in most areas with Feng et al. (2024) could be due to the di erent
sources of anisotropy in the upper crust. This is because the Rayleigh-wave phase-velocities
are primarily dependent on the vertical polarized shear-wave velocities propagating along a
horizontal path, while the P-to-S phase measured by Feng et al. (2024) is primarily dependent
on horizontal polarized shear-wave velocities propagating along a mostly vertical path. The
di erence in polarization between the studies could originate from di erent sources in the
upper crust that a ect each azimuthal anisotropy measurement di erently depending on

which mechanism is predominant in each area.

8.4 Azimuthal anisotropy comparison with Poveda et al. (2023)

Poveda et al. (2023) computed a radial and azimuthal anisotropy map in NW South
America from surface waves. They presented group-velocity isotropic and anisotropic maps
between 7 and 170 s. The short periods, between 7 to 35 s, were estimated using ambient

noise data, while the longer periods (40 to 170 s), were estimated using earthquakes.

Continental-scale works tend to impose strong regularization in such a way as to produce

a smoother result across di erent tectonic areas. This can cause the azimuthal anisotropies
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Fig. 36: Comparison between this work integrated dataset average crustal azimuthal
anisotropies (red bars) andPms splitting anisotropies from Feng et al. (2024). The
red bar size corresponds to a scale of 0.1 km/s and the blue bar size corresponds to
a P-to-S conversion delay of 0.2 s. The Transbrasiliano Lineament (TBL) is shown
as a dashed line.
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amplitudes to be more strongly attenuated in a region with relation to regional works. Fig. 37
shows the average anisotropies amplitudes between this work's integrated dataset (solid red
line) and Poveda et al. (2023) model (solid blue line). Our work's average anisotropy ampli-
tude across all periods is around 0.1 km/s, while Poveda et al. (2023) is around 0.18 km/s. To
compensate for this e ect, we used this result to scale up our model anisotropies amplitudes
by a factor of 1.8. The comparison with Poveda et al. (2023) can be seen in Fig. 38 for 25
and 70 s.

For shorter periods (e.g. 25 s in Fig. 38), both models have a good agreement. Our
results con rm the observations by Poveda et al. (2023) of fast-direction anisotropies perpen-
dicular to the trench that are consistent with the movement of the South American plate in
relation to the Nazca plate. Poveda et al. (2023) point out that this observed anisotropy can
be due to the interaction between the descending plate and the upper asthenospheric mantle.
The observed anisotropy can be due to mantle wedge ow or alignment of cracks along the
subduction direction (Legendre et al. 2021; Long and Silver 2008). We also observe an N-S
trend east of the Andes and a trench parallel fast axis in the Caribbean. There is no clear

interpretation for those last two.

For longer periods (e.g. 70 s in Fig. 38), both model's anisotropies tend to disagree.
At 70 s, Poveda et al. (2023) observed a rotation to N-S (blue line) of the fast axis parallel
to the trench, which is challenging to explain. Our model (red line) shows an E-W fast
axis consistent with mantle wedge ow in the region. Poveda et al. (2023) commented that
mechanisms, such as slab rollback, oblique subduction and water-rich olivine deformation,
could explain an N-S trend. This disagreement in the longer periods could be explained
by: (1) azimuthal anisotropies calculated from group and phase-velocities have dierent
sensitivity kernels; and (2) our model tends to have poorer resolution along the Andean

region for longer periods, as shown during the checkerboard tests (Sec. 3.2).
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Fig. 37: Average anisotropy amplitude comparison between our integrated model (solid red
line) and Poveda et al. (2023) (solid blue line) as a function of the period. The
averages across all periods are shown as dashed lines for our model (around 0.1 km/s)
and Poveda et al. (2023) (around 0.18 km/s).
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Fig. 38: Azimuthal anisotropy fast direction comparison between our integrated model (red
line) and Poveda et al. (2023) (blue line) for 25 and 70 s. Our anisotropies amplitudes
were increased by a factor of 1.8 following Fig. 37 results to compensate for di erences
in each work's scale (continental vs regional). The 3 km topography of the Andes is
shown as a black line.
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9 Conclusion

For the rst study, we presented Rayleigh-wave phase-velocity maps for periods between
5 and 200 s for isotropic and anisotropic components (Fig. 13). We used an automatic im-
plementation of the two-station method to automatically compute and apply quality control
to dispersion curves throughout South America (Soomro et al. 2016). This method allowed
measurements across a broader range of periods than previous works (Feng et al. 2004; Rosa
et al. 2016; Lee et al. 2001; Heintz et al. 2005; Feng et al. 2007; Nascimento et al. 2022). We
also used the isotropic component to invert a 3-D shear-wave velocity model between 15 and
300 km (Fig. 22) following a particle-swarm-optimization technique by El-Sharkawy et al.
(2020). We also derived a Moho map for South America from this last inversion (Fig. 23)
that showed good agreement with the crustal thickness map from Rivadeneyra-Vera et al.
(2019) and can help complement the Moho thickness data in areas of poor station coverage

for Receiver Function studies.

The lithospheric anisotropy has been studied with SKS in the South American Plat-
form (Melo et al. 2018; Assumpcao et al. 2011; Assumpcéao et al. 2006). However, such
studies have di culty observing large-scale trends in the anisotropy, given the poor coverage
of seismographic stations inside the South American Platform. We were able to compute
the anisotropies in areas of previously poor coverage, such as the Amazonian Basin, Amazon
Craton and Pantanal Basin. For the 15 and 30 s (Fig. 13) maps, we observed the azimuthal
anisotropy fast direction being parallel to the strike of the Andean Orogeny, which is consis-
tent with the observed compression of the South American Plate from the subduction of the
Nazca Slab (e.g. Assumpcdao et al. 2016). For 100 s (Fig. 13), the anisotropy fast direction
shows an E-W trend just east of the Andes, parallel to the motion of the Nazca Plate relative
to the South American Plate (Gripp and Gordon 2002). A change to NE-SW trend, following
the low-velocity anomaly under the Pantanal Basin (e.g. 4% Vsy in Fig. 22 at 100 km),

is observed and it is consistent with mantle ow de ected by the Paranapanema cratonic
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root. However, we do not observe the NW-SE directions south of the Paranapanema block,

as observed by Melo et al. (2018) and Assumpcao et al. (2011).

We observed systematic di erences between the Guyana Shield and Central Brazil
Shield (e.g. Fig. 22 at 100 km) that were constant across di erent depths (Fig. 24A-A'
and Fig. A5. Our model indicates that, on average, the Guyana Shield has lower shear-wave
velocities than the Central Brazil Shield (di erence of 3% Vsy). This di erence could be
due to some rework of the lithospheric root of the Guyana Shield by some magmatic event,

such as the Central Atlantic Magmatic Province (CAMP).

We also observed a low crustal and LAB thickness (prole C-C' in Fig. 24) in the
Tocantins Province, an area of known high seismicity in Brazil (e.g. Agurto-Detzel et al. 2017).
The thin crust was observed previously in seismic refraction pro les (Berrocal et al. 2004)
and receiver functions (Assumpcéao et al. 2013a; Assumpcéo et al. 2013b; Rivadeneyra-Vera
et al. 2019). Assumpcao and Sacek (2013) proposed that crustal and lithospheric thinning
could contribute to the high seismicity observed in this area by producing higher stresses in

the upper crust.

Ambient noise-derived dispersion curves were calculated similarly to the earthquake
methodology (Sec. 2). We used 138 seismic stations from 1998 to 2022 from the Brazilian
Seismographic Network (Fig. 25) to compute 1,477 ambient noise phase-velocity dispersion
curves (Fig. 29). Rayleigh-wave isotropic and anisotropic maps, between periods of 2 and
200 s, were calculated by combining the dispersion curves from the earthquake dataset with
ambient noise. We showed examples for 2, 5, 10 and 20 s (Fig. 34). For the isotropic phase
velocities, the results show good agreement with previous tomographies in the crust. At
2 s, higher phase velocities are observed to the west of the Pantanal Basin relative to the
east. This agrees with a joint inversion of Receiver Function, surface waves and H/V data
by Moraes and Assumpcao (2022) and indicates that the basin's basement is shallower in the
west. For the azimuthal anisotropies and crustal depths (5 to 20 s in Fig. 34), we observed

a NE-SW fast axis trend to the north of the Pantanal Basin and NW-SE to the south of
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it, well correlated with the Paraguay fold belt strike under the basin. At the same depths,
N-S fast axis anisotropies were observed mainly inside the Parana Basin and those could be
associated with the collision of the Paranapanema, Rio Apa and Amazonian Cratons during
the assemblage of West Gondwana during the Neoproterozoic as mentioned by Shirzad et al.
(2024). Fast axis anisotropies parallel to the passive margin in Mantiqueira Province were
observed and correlated well with Pms splitting anisotropy inversion for the area (Feng et al.
2024). This result helps con rm the interpretation that crustal and lithospheric anisotropy

in the Ribeira belt is due mainly to shear deformation during the Brasiliano orogeny.
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10 Appendix A - Additional Figures

Supporting gures are available in this appendix. Those are:

Rotation tests for the full study area (Fig. Al);
Uncleaned Rayleigh-wave phase-velocity maps for 15, 30, 60 and 100 s (Fig. A2);

Additional gures about the Vs, inversion for the nodes inside the Amazon craton

(Fig. A3) and Pantanal basin (Fig. A4) shown initially in Fig. 21;
3D shear wave velocities for South America between 15 to 300km every 25 km (Fig. A5);

Additional vertical cross-sections throughout ouNVsy, model (Fig. A6).
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Fig. Al: Rotation test for periods of 15, 30, 60 and 100 s. White bars are the original fast
directions rotated 90° that are used as the input for the inversion. The black bars
are the results after the inversion with a reference scale of 4% amplitude on the top
right of each gure. The background color shows the isotropic perturbations from
the original inversion plotted in relation to the average value for each periodv§
on the top right of each map). Regions with no data are places where the original
anisotropy amplitude falls below the minimum amplitude threshold<€ 7.41 m/s), so
those nodes were not considered for the rotation test.
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Fig. A2: Uncleaned Rayleigh-wave phase-velocity maps for the isotropic a@d anisotropic
components for the periods of 15, 30, 60 and 100 s. The percentiles of phase-velocity
perturbations are plotted in relation to the average velocity for each period/(oon
the top right of each map). The red bars indicate the direction of fast propagation
for the azimuthal anisotropy with a reference scale of 4% amplitude on the top right
of each gure. The black outlines are the main tectonic units of South America.
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Fig. A3: Vsy inversion example for a node inside the Amazon Craton. (a) location of the node.
(b) initial background model and its parametrization. The colored lines indicate the
order of perturbations for the shear-wave velocity. The blue and red colors indicate
guadratic and cubic curvatures, respectively. The colored circles indicate the grid
nodes' locations. The lines indicate grid nodes with depth variability enabled. (c)
best global mis t for the inversion for each iteration. The jumps in mis ts are resets
in the inversion random parameter search to try and nd better global mists. (d)

In black are the observed local dispersion curve and its standard deviation (dashed).
The red line is the best- tted dispersion curve. (e) nal shear-wave velocity models.
Best model is in black and the centroid model is in red. The dashed red lines are the
models used for calculating the centroid. (f) Gray-shaded areas show the sampled
model space, the accepted range of models is plotted in blue and the models are
sorted according to their mis t values. The coarse dashed line is the centroid model.
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Fig. A4: Same as Fig. A3, but for a node inside the Pantanal Basin.
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Fig. A5: 3D shear wave velocities for South America between 15 to 300 km. TWg, anoma-
lies are shown in relation to the regional average for each depth (top right velocity
in each map). The green outlines are the main tectonic units of South America.
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Fig. A6: All vertical cross-sections (A to ) of the shear-wave velocity model, with red di-
amonds plotted every 500 km along the proles. The shear wave anomalies are
plotted in relation to a 1D gradient velocity model for the crust and mantle The
topography is plotted above each cross-section. The ISC-EHB seismicity is shown
as red dots. Blank spots mean no data.
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Earthquake Surface Wave Phase Velocity Tomography of the South American Litho-
sphere study produced in cooperation with Prof. Dr. Thomas Meier and his group from the
University of Kiel in Germany as part of the Programa Institucional de Internacionalizacao
from the Coordenacéo de Aperfeicoamento de Pessoal de Nivel Supe(@APES). The work
was submitted toGeophysical Journal Internationalon July 4th, 2024 and is available in this

appendix.
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Abstract

Rayleigh-wave phase velocities are automatically determined using earthquake records of 1,022 stations
throughout South America, Antarctica and the Caribbean between 1990 and 2020 for 10,799 earthquakes resulting
in 19,522 interstation measurements. Isotropic and anisotropic phase-velocity maps are presented for periods
between 5 and 200 s. For depth between 15 km and 300 km, the isotropic components were used to calculate
a 3-D shear-wave velocity model for the continent, based on a stochastic particle-swarm-optimization inversion
technique. We also obtain a Moho map for South America that shows good agreement with the most recent
crustal thickness map for South America. Azimuthal anisotropy is observed in areas of previously poor coverage
by SKS studies within the South American Platform, including the Amazonian Basin, Amazonian Craton, and
Pantanal Basin. For periods above 60 s, we observed a NE-SW oriented fast direction of azimuthal anisotropy
in the regions of the Pantanal and Chaco-Parana sedimentary basins. This trend coincides with a low-velocity
zone (-4%Vsy at 100 km) observed in this and other studies interpreted as thinned lithosphere. This result
suggests that mantle ow is channeled by the lithospheric topography in this area. At crustal depths, beneath the

Andes, azimuthal anisotropy is oriented parallel to the strike of the orogeny, which is consistent with the observed
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1 Introduction 2

compression of the South American Plate from the subduction of the Nazca Slab. We also observe a systematic
di erence between the Guyana and Brazilian Shields at lithospheric depths. Our model shows that, on average,
shear-wave velocities are approximately 3% lower in the Guyana Shield than in the Brazilian Shield that may result
from thermal erosion in the Central Atlantic Magmatic Province. Finally, low crustal and lithospheric thickness is

observed in the Tocantins Province in Brazil in accordance with previous seismic refraction and receiver function

studies that might explain the high seismicity observed in this area.

Keywords: Crustal imaging, Moho depth, Seismic anisotropy and Seismic tomography

1 Introduction

1.1 Geological Framework

The South American Lithosphere can be divided into three main units: 1) The South American Platform or
SAP (Almeida et al. 2000), a mostly stable region since Phanerozoic times that was not a ected by the Andean
and Caribbean orogenesis; 2) The Andean Phanerozoic Orogeny; and 3) The Patagonian microcontinent. The SAP
is bounded west by the Andean Phanerozoic Orogeny, south by the Patagonian block, east by the Atlantic Ocean
and north by the Caribbean (Fig. 1). The SAP is divided into cratonic blocks of ages Archean and Proterozoic
(blue text in Fig. 1 corresponds to Guyana Shield - GS, Central Brazil Shield - BS, Amazonian Craton - AC, S&o
Francisco Craton - SFC, Rio Apa Craton - RC, Paranapanema Craton - PC and Rio de la Plata Craton - RPC)
that are connected by Neoproterozoic mobile belts (green text in Fig. 1 corresponds to Tocantins Province - TP,
Borborema Province - BP and Mantiqueira Province - MP). Several Precambrian orogenic events were responsible
for the formation of the lithosphere that ranged from 2.2 Ga to 0.5 Ga (Cordani and Sato 1999) through a series
of episodes of agglutinations with posterior fragmentation (Almeida et al. 2000). The SAP can be divided into an
Amazonian and an Atlantic domain based on their distinct tectonic evolution (Almeida et al. 1981): 1) Amazonian
domain contains, more importantly, the AC, whose origin is related to the paleocontinent Laurentia; 2) Atlantic
domain whose origin is related to the western region of the Gondwana supercontinent and it contains the cratons
of SFC, PC and RPC. All the mentioned cratons have outcrops on the surface (blue and red lines are cratons
and sedimentary basins in Fig. 1, respectively), except the PC (blue dashed line in Fig. 1) that is supposed to
be underneath the Parana Basin (A onso et al. 2021; Mantovani et al. 2005; Ciardelli et al. 2022; Celli et al.
2020). Those domains are roughly divided by a 2,700 km continental-scale megashear zone called Transbrasiliano
Lineament (Cordani and Sato 1999; Cordani et al. 2013) or TBL (purple dashed line in Fig. 1). A series of
Phanerozoic intracratonic basins (red text in Fig. 1 corresponds to Amazonian Basin - AB, Parnaiba Basin - PaB,

Parecis Basin - PrB, Pantanal Basin - PtB, Parana Basin - PB and Chaco-Parana Basin - CPB) covers most of
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1 Introduction 3

the cratonic units of the platform.

A Mesozoic reactivation associated with the fragmentation of the Pangea Supercontinent (Deckart et al.
2005) and opening of the Atlantic Ocean (O'Connor and Duncan 1990) caused magmatism to occur throughout the
SAP: 1) Central Atlantic Magmatic Province (CAMP) with its emplacement happening around 200 Ma (Deckart
et al. 2005; Marzoli et al. 2018) with extensive basalt ooding in AB and NW-SE and NE-SW orientation dykes
in the eastern and northern areas of the GS (Deckart et al. 2005; Knight et al. 2004); 2) Parana-Etendeka Large
Igneous Province, with a major magmatism peak between 137-120 Ma, produced extensive basalt ooding a ecting

mostly the PB (Turner et al. 1994; Renne et al. 1996; Thiede and Vasconcelos 2010).

1.2 Previous studies

For the SAP, regional P and S tomographies and surface-wave studies allowed for a delineation of the
mentioned tectonic units laterally and in depth (e.g. A onso et al. 2021; Rocha et al. 2019; Feng et al. 2004; Rosa
et al. 2016; Lee et al. 2001; Costa et al. 2020; Heintz et al. 2005; Rocha et al. 2011; Simdes Neto et al. 2018; Feng
et al. 2007). The P-wave tomographies identify strong high-velocity (around 1% for P-wave) anomalies for the
PC from 100- to 300 km depth (A onso et al. 2021; Rocha et al. 2011) and consistent with the block delineation
by gravimetric signature from Mantovani et al. (2005). The Partitioned and Full Waveform Inversions by Celli
et al. (2020) and Ciardelli et al. (2022) observe high velocities for the PC. For the AC, in general, surface-wave
and waveform inversion studies identify high upper-mantle velocities up to 200 km depth, especially in the eastern
older provinces of the craton (e.g. Feng et al. 2004; Feng et al. 2007; Heit et al. 2007; Ciardelli et al. 2022; Celli
et al. 2020; Nascimento et al. 2022). High-velocity anomalies are also observed for the SFC (e.g. Feng et al. 2004;
Feng et al. 2007; Ciardelli et al. 2022; Celli et al. 2020; Nascimento et al. 2022). Global models (e.g. Priestley
et al. 2018; Schae er and Lebedev 2013) also identify high-velocity anomalies. However, they tend not to show
the cratons separately. At crustal depths, we observe low-velocity anomalies in the areas of sedimentary basins
from both surface-wave studies (e.g. Feng et al. 2004; Nascimento et al. 2022) and ambient noise (Shirzad et al.

2020), with exception of the PtB, that has a very thin (500 m) sedimentary layer (Catto 1975; Weyler 1962).

The anisotropy of South America is mostly regionally studied using Shear Wave Splitting, SWS (e.g. Melo
et al. 2018; Assumpcao et al. 2011; Heintz et al. 2003; Assumpcédo et al. 2006; Russo and Silver 1994; James
and Assumpgédo 1996; Polet et al. 2000; Kriger et al. 2002; Anderson et al. 2004; Pifiero-Feliciangeli and Kendall
2008; Growdon et al. 2009; Masy et al. 2009), and geodynamic models (Hu et al. 2017). For the asthenospheric
upper mantle, the anisotropy is thought to be primarily attributed to subduction-induced mantle ow (Hu et al.
2017) or to have some additional contribution from it being de ected by the cratonic roots (Melo et al. 2018;

Assumpcao et al. 2011; Assumpcdao et al. 2006). The AC and PC were observed to cause this de ection in SWS
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2 Data and Method 4

studies (Melo et al. 2018; Assumpcao et al. 2011; Assumpcédo et al. 2006). In the SAP, those studies are usually

limited to the southeastern region of the continent and along the Andes.

2 Data and Method

2.1 Overview

The study of the South American Lithosphere seismic structure as a whole has always been a challenge
given the sparse station coverage, especially in the SAP. Methods such as SWS are especially a ected by the lack
of station coverage. However, two-station methods (e.g. Meier et al. 2004; Kastle et al. 2016; Soomro et al. 2016)
can be used to provide accurate surface-wave dispersion data that can be used to derive isotropic and anisotropic
anomalies along the whole ray path between a pair of stations. Two-station measurements have an advantage
over single-station measurements by not being a ected by source mechanism and localization errors (e.g. Muyzert
and Snieder 1996; Levshin et al. 1999). Beyond that, the bandwidth for Rayleigh-wave two-station measurements
is generally broader than single-station, especially for high frequencies (Lebedev et al. 2006). For the previously
mentioned earthquake-based surface-wave studies in the SAP (Feng et al. 2004; Rosa et al. 2016; Lee et al. 2001,
Heintz et al. 2005; Feng et al. 2007; Nascimento et al. 2022), all of them use single-station measurements. We
used the two-station method to compute a simultaneous inversion for isotropic and anisotropic anomalies using

Rayleigh-wave phase velocities in South America.

In the SAP, shear-wave velocity models have commonly been linearly inverted using deterministic methods
(e.g. Julia et al. 2000) that jointly invert both surface-wave and receiver function data. However, this type of
inversion has complex nonlinearity and its linear approximation requires an initial model close enough to the true
earth structure (Ammon et al. 1990; Julia et al. 2000). Stochastic methods allow for a random iterative search over
an acceptable model space to nd the best solutions for this inverse problem. We used the isotropic component
from the inverted phase-velocity maps to compute a 3-D shear-wave velocity model for the continent using a new

stochastic inversion approach by El-Sharkawy et al. (2020).

2.2 Data

We applied the two-station method (e.g. Meier et al. 2004; Kastle et al. 2016; Soomro et al. 2016) to
measure Rayleigh-wave phase velocities using earthquakes closely aligned with pair of stations. We downloaded
broadband earthquake records from 1,022 stations in South America, Antarctica and the Caribbean, as seen in

Fig. 2, between 1990 and 2020, from the IRIS data center and the Brazilian Seismographic Network (Bianchi et al.
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2 Data and Method 6

2018). A total of 10,799 earthquakes were selected based on the following criteria: (1) Events aligned within 10°
of the great circle path between a pair of stations; (2) A linearly increasing minimum magnitude between 4 and

6 Mw as a function of the epicentral distance; (3) Epicentral distances between 2.5° and 130°.

Fig. 2 shows our station distribution (a) and the 76,038 ray paths coverage (b). The colors indicate the
number of events used for each station and interstation path for Fig. 2a and b, respectively. The stations in the

Caribbean, Andes and some of the permanent Brazilian seismographic stations provide most of our data.

2.3 Method

2.3.1 Phase-velocity measurement

We followed the automatic implementation of Soomro et al. 2016 to calculate the Rayleigh-wave phase
velocities. The phase velocity can be derived from the phase term of the cross-correlation of the earthquake
records on each station (Meier et al. 2004). The cross-correlation has the advantage of being less a ected by
uncorrelated noise and the contribution of the fundamental mode is enhanced by the product of the amplitude
spectra, especially towards higher frequencies (Soomro et al. 2016). Fig. S1 gives a general idea of this procedure

for the 7.9 Mw Cantwell Alaska Earthquake.

2.3.2 Selection of phase-velocity curves

To select realistic 1-D phase-velocity curves, we follow the automatic selection procedure from Soomro
et al. 2016. The rst criterion is the background model, where we only allowed a maximum di erence of 15%
between the calculated and a reference dispersion curve. The reference curve was calculated for each station pair
using path averages in a 3-D velocity model constructed from CRUST1.0 (Laske et al. 2013) and the Preliminary
reference Earth model, PREM (Dziewonski and Anderson 1981). The second criterion is smoothness as a function
of frequency, calculated by taking the rst derivative of the dispersion curve. Finally, the length criterion, where

dispersion curves with period-length smaller than a frequency-dependent threshold are rejected.

Because the phase-velocity curves calculated for each event can have some variability, especially for events
propagating in opposite directions (Soomro et al. 2016). It is necessary to apply further quality control before
taking the nal average. Following closely Soomro et al. 2016 implementation, for each frequency: (1) 15% of
the outermost values were rejected; (2) minimum required measurements of 5; (3) the average and the standard
deviation are calculated for each propagation directiostdll, std2) to de ne the threshold asthgq = 5

max (std1; std2). The absolute di erence of the mean curves in both directions must be smaller thag ; (4)
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the standard deviation of all measurements should be lower than 3%; (5) for the remaining segments, the length

criterion is applied again.

Following this process, we obtained 19,522 Rayleigh-wave dispersion measurements between 4 and 315 s
(around 26% of the initial dataset). Fig. 3 shows a hitcount plot for all the average dispersion curves. Most of our
data is below 200 s, which can roughly indicate we can investigate, at most, 300 km depth. We also observe two
branches for periods higher than 15 s where the bottom one is related to the high crustal thickness below the Andes
and the top one is related to the cratonic areas inside in the SAP (Fig. 1). The measurements' average standard
deviation is approximately 1.5% for all periods (Fig. S2). Fig. 4 shows ve examples of average dispersion curves
throughout mostly the cratonic area of the SAP. Fig. 4a shows the color-coded location of the interstation paths
and Fig. 4b shows all the dispersion curves. Fig. 4b also shows the Civiero et al. (2024) global average cratonic
dispersion curve in gray and a shaded area that corresponds to this reference cOri/&m/s. The shaded area
correspond, roughly, to the distribution of dispersion curves around the mean from Civiero et al. (2024). Our
dispersions show good agreement with the reference model, starting to deviating only below 15 s. The dispersion
that goes through a non-cratonic area (green curve) shows considerably lower phase velocities between 40- and
110 s. In the same period range, we can also observe a systematic di erence between the red and brown curves
going through the east and west of the AC, respectively. The eastern portion of the AC is the oldest province of
the craton (Santos et al. 2000) and several studies identify a high-velocity anomaly in this region (e.g. Feng et al.

2004; Feng et al. 2007; Heit et al. 2007; Ciardelli et al. 2022; Celli et al. 2020; Nascimento et al. 2022).

3 Isotropic and anisotropic phase-velocity maps

We followed Deschamps et al. (2008) by conducting a simultaneous isotropic and anisotropic phase-velocity
inversion for Rayleigh waves for periods between 5 and 200 s. The model is parameterized in a triangular grid with

a node spacing of 30 km.

3.1 Checkerboard test

Checkerboard tests were made to verify the resolution of our phase-velocity model using di erent cell sizes
for 30 and 100 s. We used checkers of sizes of 1.5°, 3° and 6° spaced by 2°, 2° and 4°, respectively. The test

results are shown in Fig. 5.

For 1.5° and 30 s, the test shows well resolved anomalies in the central part of South America and the

central Andes. We also can resolve some anomalies in the Southern Andes (af@iyV). For 100 s, the coverage
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for this checker size is slightly worse, where the main well-resolved area is the cratonic area (mainly Brazil) to the

east.

For 3° and 30 s, the coverage is largely similar to 1.5°, but we can resolve a larger region overall in the
central part of South America. Also, we can further include a portion of the northern Andes°  73°S) and

east of the Caribbean plate. For 100 s, the test shows similar results to the 1.5° checkerboard test.

For 6°, both periods show we can recover anomalies throughout the model for large-scale features, however,

we observe an slightly attenuation of the recovered amplitudes for checkers north of 0° latitude and south of 30°S.

From those tests, our models have good resolution for most of central South America (mainly Brazil), but
covering a larger area in the lower periods (e.g. 30 s) with relation to the longer periods (e.g. 100 s). Outside

this high-resolution area, we can recover the average tendencies of the medium for large-scale features.

3.2 Rotation test

We applied a two-step procedure to verify the anisotropy component's reliability. First, anisotropies with
small amplitudes mostly indicate an isotropic medium. Therefore, they are of no use for the interpretation. We
de ned a low amplitude thresholdth 5, using the standard deviation of all anisotropy amplitudés,y , and its
mean,Anean , for each period. Then we de ned a frequency-independent thresholtth as= mean(Amean  Astd)
or 7.41 m/s (Fig. S3). Second, for the remaining curves, we applied the 90° rotation test (e.g. Zhang et al. 2009;
Endrun et al. 2011; Schae er et al. 2016; Wiesenberg et al. 2022). In this test, we rotate the originérms 90°
while the4 terms are set to zero. Then, we remake the inversion with an initial model that combines the rotated
anisotropy and the original isotropic component. The directions of the rotated anisotropy and the one retrieved
from the test must be within 20° of each other to be considered a robust result. Fig. 6a shows a cropped region of
our model in northern Brazil at 30 s. Azimuthal anisotropy fast direction is plotted over the isotropic model as red
bars. Those original amplitudes are rotated 90° with a xed amplitude (white bars in Fig. 6b) and the recovered
anisotropies after remaking the inversion are shown as black bars in Fig. 6b. Fig. 6¢ shows the cleaned results,
where the nodes with amplitudes smaller th#ém, are shown as red circles and the nodes where the direction
di erences were larger than 20° were removed. Fig. S4 shows further examples of the uncleaned phase-velocity

maps for 15-, 30-, 60- and 100 s. Fig. S5 shows rotation test examples for the whole model for the same period.

The nal, cleaned, results can be seen in Fig. 7 for 15-, 30-, 60- and 100 s. The main area where nodes
were removed by amplitude and rotation test was the Guyana Shield. Beyond that, some low-amplitude nodes
inside Brazil were also removed. The nodes with NE-SW orientations below the Pantanal Basin and Andean nodes

were kept after this test.
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The model global convergence is sped up by resetting the search after a certain number of forward calculations.

We parameterized our models using eight layers composed by 87 nodes in total with quadratic perturbations
on the crust and cubic in the mantle from the Moho depth down to 410 km depth. Perturbations down to 660 km
depth are linear. Furthermore, the Moho depth and the depth of nodes in the crust and upper mantle are inversion
parameters to ensure a high exibility of the parametrization. The upper crust nodes had a maximum perturbation
allowed of 1 km/s, while all the others were 0.5 km/s. The depth variable nodes for the lower crust, Moho, and
Lithosphere-Asthenosphere Boundary (LAB) had a variability of depth of 5-, 10-, 20 km, respectively. The nal
models were calculated using around 10 000 forward models. Two nal models were calculated: (1) the global
model with the lowest mis t; and (2) the centroid model. We observed that the best- t model tends to be similar
to the centroid model in most cases, but it can, sometimes, produce nal models that do not correspond to the
expected geological characteristics of an area because it represents a local minimum instead of main features of
models around the minimum. This issue is a consequence of the non-uniqueness of the inversion problem. We

found that the centroid model correlates more closely to the known geology, so we used it instead.

We show an isotropic Rayleigh-wave depth inversion for a node in the AC and the PtB (more details can be
seen in Fig. S6C and S7C). Those models' locations are given in Fig. 8. The observed and best model dispersion
curves can be seen in Fig. 8(a,d) as black and red lines, respectively. The dashed line in Fig. 8(a,d) is the observed
curve standard deviation. Fig. 8(b,e) show the best (black line) and centroid (red line) pro les. The red dashed
line in 8(b,e) represents the pro les within 0.5 over the global minimum. Those pro les were used to calculate the
centroid model, following El-Sharkawy et al. 2020. Fig. 8(c,f) show the sampled model space. The proles are

sorted from worst (gray) to best (blue) global mists. The centroid model is shown as a coarse dashed line.

For the Amazon Craton node (Fig. 8 blue outline). According to the centroid model (red curve Fig. 8B),
we observe a pronounced increase in the shear wave velocities around 100 to 200 km, indicating a high lithospheric
thickness. Our results for the centroid model agree with the expected thicker lithosphere from Ciardelli et al.
(2022) and Priestley et al. (2018) of around 180 km from both studies. Based on the previous crustal thickness
map by Rivadeneyra-Vera et al. (2019), we expected 40 km Moho depth for this area that agrees with the

40 km moho found.

For the Pantanal Basin node (Fig. 8 red outline). The centroid model (red curve Fig. 8B) has a pronounced
decrease of shear wave velocities from 100 to 200 km, indicating a shallow lithosphere. This result agrees with the
results found by Ciardelli et al. (2022) and Priestley et al. (2018). The centroid model also shows a thinner crust
( 37 km) corresponding with the thin crustal thickness found in previous works (Rivadeneyra-Vera et al. 2019;

Cedraz et al. 2020).

We made aVsy velocity anomaly map for the whole available region using the centroid models for all
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nodes. We show results for depth slices at 15-, 60-, 100- and 300 km (Fig. 9). The anomalies are plotted in
relation to average velocities for each depth, reference values are shown in the top right of each gure. We present
a Moho thickness map in Fig. 10. We also did nine vertical cross-sections of the model across South America
(Fig. S9) with the more important for discussion in Fig. 11. To improve the visualization of the crustal structure,
we separated the crustal and mantle pro les along the inverted Moho depths and used di erent vertical scales
for both of them. To enhance the visualization of the lateral variations, we plotted ¥ag velocities relative to

an empirically de ned depth-dependent linear-gradient (Fig. 11) with di erent values for the crust and mantle,
following Timké et al. (2022). To identify the top of the Nazca slab, we plotted the ISC-EHB (ISC 2023; Engdahl

et al. 2020; Weston et al. 2018; Engdahl et al. 1998) seismicity on the prole. The ISC-EHB is a dataset of

teleseismically well-constrained events and is well-suited to visualize subduction zones.

5 Discussion

5.1 Phase-velocity maps

The isotropic phase velocity maps at periods of 15 and 30 s indicate around 8% high-velocity perturbations
in the regions of: (1) cratonic blocks of the SAP (BS, SFC and RC); and (2) under the Pantanal basin, possibly
related to a high-velocity lower crust. We also observed between -8 to -4% low-velocity perturbations in the
Andean Mountain range root below the Bolivian Altiplano (Central Andes). The PB, CPB and PrB intracratonic
basins also have lower velocities in relation to the neighboring cratonic areas. Those maps also show, in the
Central Andes, anisotropy fast directions parallel to the continent coast consistent with the known compression of

the South American Plate from the subduction of the Nazca slab (e.g. Assumpcéao et al. 2016).

The 60- and 100 s maps are mostly sensitive to the lithosphere. The high velociti&94) in the SAP's
eastern portion correlate well with the deep roots of the oldest region of the AC and the SFC. Lower velocities
( 2%) can be seen below the Pantanal basin area and are well correlated with the shallower depths of the LAB
from continental scale tomography (Ciardelli et al. 2022) and global model (Priestley et al. 2018). Overall, we
do not observe the anisotropy direction changes around the cratonic roots of the PC and AC (Melo et al. 2018;
Assumpcao et al. 2011; Assumpcédo et al. 2006). However, we observe roughly NE-SW fast direction below the

PtB that coincide with the area of low-velocity and thin LAB.

For 30-, 60- and 100 s, we observe that the GS has lower velocities than the BS. This result can be seen

similarly in the surface-wave group velocity tomographies of Rosa et al. (2016) and Nascimento et al. (2022).
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Fig. 10: Crustal thickness map for South America derived from g, inversion. Black lines are the main
tectonic units of South America, as in Fig. 1.
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At 100 km depth, we mostly observe lithospheric features and the distinction between the cratonic SAP
and the Andean and subandean regions. An important characteristic is the lower shear velocitié¥% Vs )
beneath the PtB and CPB. This low-velocity zone is well delineated in our model and correlates well with the
shallow LAB in Priestley et al. (2018) and Ciardelli et al. (2022) . It will be discussed in more detail below. We
observe high-velocity anomalies $% Vsy ) in the AC and SFC that are coherent with the areas of deepest LAB
(180 km) for those cratons (Priestley et al. 2018; Ciardelli et al. 2022). The lower velocitie2% Vsy ) in the
MP also correlate well with the shallow LAB (70 to 90 km) expected in this area (Priestley et al. 2018; Ciardelli
et al. 2022). We also see higher velocities2% Vsy ) under the PB that can be attributed to the PC underneath
the PB. Prole B-B' (Fig. 11) shows the transition between the 100 km LAB under the subandean region and
the PtB (distances between 550 to 1,750 km) to the200 km LAB to the east. Prole C-C' (Fig. 11) shows
the cratonic roots of the AC and PC cratons from 1,500 km onward. We also observe crustal and lithospheric
thinning near the TBL in the TP (around 3,500 km in Pro le C-C'). The thin crust was also observed in seismic
refraction pro les (Berrocal et al. 2004) and receiver functions (Assumpcéo et al. 2013b; Assumpcéo et al. 2013a;
Rivadeneyra-Vera et al. 2019). Assumpcao and Sacek (2013) proposed that crustal thinning could produce higher
stresses in the upper crust, which would explain the higher seismicity observed in the area. Lithospheric thinning
was also suggested as an additional contributor to the concentration of stresses in the upper crust. This result
is in agreement with the low-velocity anomalies observed in the upper mantle from P-wave tomography (Rocha

et al. 2016; Assumpcao et al. 2004).

At 300 km depth, the anomalies are generally well correlated with those found in the Adjunct Tomography
of Ciardelli et al. 2022. We resolve general high-velocity anomalies to the west, correlating well with the subduction
of the Nazca plate (Slab2 model in Fig. 9 by Hayes et al. 2018). We can observe the slab in the Central Andes
( 15°S 70°W in Fig. 9 at 300 km) where we see a pronounced high-velocity anom&Bs (Vsy ). East of the
slab ( 26°S 60°W) we observe a high-velocity anomaly386 Vsy ) similar to Ciardelli et al. 2022 model. To
the south of 35°S the slab is not seen clearly given the poor resolution at the longer periods, as shown in the
checkerboard tests in Fig. 5. In NE Brazil we observe a high-velocity anomaly in the BP, similar to Celli et al.
(2020), but di erent from the low velocities of Ciardelli et al. 2022. However, our model is on the edge of its

resolution in that region (Fig. 5) to resolve this di erence.

5.3 Crustal Thickness

We observe thick crust in the Andes 65 km) and the thin oceanic crust in the Caribbean 25 km) as
major features (Fig. 10). More importantly, we can resolve smaller-scale features, such as thinner crust east of

the PtB and thicker crust inside the PB. Those are examples of smaller-scale features that correlate well with
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the thickness map of Rivadeneyra-Vera et al. (2019). The thin crust in the PtB could have been caused by a
delamination near the TBL as hypothesized by Cedraz et al. (2020). The thicker crust beneath the PB is usually
associated with its very thick sedimentary layer (up to 7 km). Overall, our Moho map is consistent with the known
crust thickness in South America (derived mainly from receiver functions), indicating that the depth inversion

solutions should be useful in areas where no local data is available, such as the Amazon region.

5.4 Pantanal Basin and thin lithosphere

Low velocities ( -4% Vsy ) can be seen inside and to the SW of the PtB (around 19°S 59°W) at 100 km
(Fig. 9 and 11B-B"). This low-velocity anomaly has been observed in several tomographic models (e.g. Ciardelli
et al. 2022; Nascimento et al. 2022; Celli et al. 2020; Rocha et al. 2019; Lee et al. 2001; Feng et al. 2004) which
makes it a major feature of the upper mantle of the South American Lithosphere. We observe this anomaly from
around 70 to 200 km depth (Fig. S8). Both the global model of Priestley et al. (2018) and continental tomography
of Ciardelli et al. (2022) show a thin lithosphere (00 km) in this area. Those results favor the hypothesis that
these upper mantle low velocities are related to a shallow asthenosphere. In this area, the anisotropy fast direction
(Fig. 7 at 100 s) shows an E-W trend just east of the Andes, parallel to the motion of the Nazca Plate relative
to the South American Plate (Gripp and Gordon 2002). A change to NE-SW trend, following the low-velocity
anomaly under the PtB, is observed and it is consistent with mantle ow de ected by the PC cratonic root, as
suggested by Melo et al. (2018) and Assumpcao et al. (2011). However, we do not observe the NW-SE directions
south of the PC, as observed by Melo et al. (2018) and Assumpcao et al. (2011). This could be in part due to
low resolution south of 32°S or due to the mantle ow in this area being deeper and not a ecting our azimuthal

anisotrophy at 100 s.

5.5 Amazonian Craton

Geochronologically, the AC is thought to be formed by the crustal accretion during di erent orogenic cycles
(Santos et al. 2000; Santos et al. 2006). The oldest provinces (Santos et al. 2000) are in the eastern part of the
craton, such as the Carajas-Imataca (3.0 to 2.5 Ga). The eastern region of the Guyana Shield is mainly composed

of the younger Transamazonic province (2.25 to 2 Ga).

Both regional and global scale tomography models show high-velocity shear wave anomalies around 100 km
depth in the eastern regions of both shields (Ciardelli et al. 2022; Celli et al. 2020; Feng et al. 2004; Feng et
al. 2007; Lebedev and Hilst 2008) relating it to a thicker cratonic root of the oldest provinces. LAB models

derived from shear-wave velocities provide di erent accounts of the cratonic roots of each shield. Priestley et al.
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(2018) show a lithosphere 180 km thick for both shields. On the other hand, Ciardelli et al. (2022) show in the
eastern Guyana Shield a lithospherd 10 km thick while the eastern Central Brazil Shield has 460 to 180 km

lithosphere. Surface waves group velocities at 100 s tend to be lower in the north and higher in the south (e.g.
Nascimento et al. 2022; Rosa et al. 2016), which correspond roughly to a 100 km depth maximum sensitivity for

shear-wave velocity kernels.

At 100 km, we observe high-velocity anomalies5% Vsy ) in the eastern BS and no anomalies in the
eastern GS. It is possible that the lack of su cient azimuthal coverage in the area, due to a lack of stations, makes
it di cult to resolve this dispute. However, our checkerboard tests can reasonably recover anomalies this region
larger than 6° (Fig. 5). Therefore, even if small-scale anomalies can not be recovered due to poor coverage, it is
possible that the average seismic properties in the GS are preserved in our model, especially given that the lack
of a high-velocity anomaly is constant with depth (Fig. S8 and Fig. 11A-A"). The averageMew in our model
could indicate that a cratonic root never formed or it was reworked by volcanic activities during the formation of
the GS, such as the back-arc extension around 2.2 Ga in French Guyana (Santos et al. 2000) or by the CAMP
magmatism around 200 Ma (Deckart et al. 2005; Marzoli et al. 2018).

6 Conclusion

We presented Rayleigh-wave phase-velocity maps for periods between 5 and 200 s for isotropic and anisotropic
components (Fig. 7). We used an automatic implementation of the two-station method to automatically compute
and apply quality control to dispersion curves throughout South America (Soomro et al. 2016). This method al-
lowed measurements across a broader range of periods than previous works (Feng et al. 2004; Rosa et al. 2016; Lee
et al. 2001; Heintz et al. 2005; Feng et al. 2007; Nascimento et al. 2022). We also used the isotropic component
to invert a 3-D shear-wave velocity model between 15 and 300 km (Fig. 9) following a particle-swarm-optimization
technique by El-Sharkawy et al. (2020). We also derived a Moho map for South America from this last inversion
(Fig. 10) that showed good agreement with the crustal thickness map from Rivadeneyra-Vera et al. (2019) and

can help complement the Moho thickness data in areas of poor station coverage for Receiver Function studies.

The lithospheric anisotropy is mostly understood by SKS studies in the South American Platform (Melo
et al. 2018; Assumpcao et al. 2011; Assumpcédo et al. 2006). However, such studies have di culty observing
large-scale trends in the anisotropy, given the poor coverage of seismographic stations inside the South American
Platform. We were able to compute the anisotropies in areas of previously poor coverage, such as the Amazonian
Basin, Amazon Craton and Pantanal Basin. For the 15- and 30 s (Fig. 7) maps, we observed the azimuthal

anisotropy fast direction being parallel to the strike of the Andean Orogeny, which is consistent with the observed
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compression of the South American Plate from the subduction of the Nazca Slab (e.g. Assumpcéo et al. 2016).
For 100 s (Fig. 7), the anisotropy fast direction shows an E-W trend just east of the Andes, parallel to the motion
of the Nazca Plate relative to the South American Plate (Gripp and Gordon 2002). A change to NE-SW trend,
following the low-velocity anomaly under the Pantanal Basin (e.g4% Vsy in Fig. 9 at 100 km), is observed

and it is consistent with mantle ow de ected by the Paranapanema cratonic root. However, we do not observe
the NW-SE directions south of the Paranapanema block, as observed by Melo et al. (2018) and Assumpcao et al.

(2011).

We observed systematic di erences between the Guyana Shield and Central Brazil Shield (e.g. Fig. 9
at 100 km) that were constant across di erent depths (Fig. 11A-A' and Fig. S8). Our model indicates that, on
average, the Guyana Shield has lower shear-wave velocities than the Central Brazil Shield (di erer@®& &y ).

This di erence could be due to some rework of the lithospheric root of the Guyana Shield by some magmatic event,

such as the Central Atlantic Magmatic Province (CAMP).

We also observed a low crustal and LAB thickness (pro le C-C' in Fig. 11) in the Tocantins Province, an
area of known high seismicity in Brazil (e.g. Agurto-Detzel et al. 2017). The thin crust was observed previously
in seismic refraction pro les (Berrocal et al. 2004) and receiver functions (Assumpcao et al. 2013a; Assumpc¢éao
et al. 2013b; Rivadeneyra-Vera et al. 2019). Assumpc¢ao and Sacek (2013) proposed that crustal and lithospheric
thinning could contribute to the high seismicity observed in this area by producing higher stresses in the upper

crust.

7 Data Availability Statement

The downloaded earthquake data is publicly available on IRIS FDSNWS sé&rwigth exception of the
XC network from the Brazilian Seismographic Network (Bianchi et al. 2018) that is publicly available on the
Seismology Center of the University of Sdo Paulo FDSNWS setvice
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Tab. 1: Networks used in this work. The information was extracted from the FDSN website
(https://www.fdsn.org/networks/ ). Start and End years are the operation time of
the network. Networks with DOI available at the FDSN website are cited in the last

column.
FDSN Start | End
Network Name Operated by Citation
Code Year | Year
Solid Earth
response of the Douglas Wiens
Washington University in
Patagonia Andes and Maria
1P St. Louis (WUSTL), 2018| 2021
to post-Little Ice Beatrice Magnani
United States of America
Age glacial retreat (2018)
(Patagonia GIA)
Maule Aftershock |  University of Liverpool,
3A 2010| 2012 -
Deployment (UK) United Kingdom
IPY: Stability of
IRIS PASSCAL Instrument
Larsen C Ice Shelf Konrad Ste en
Center @ New Mexico
8A in a Warming 2008 | 2009 and Daniel
Tech, United States of
Climate (Larsen McGrath (2008)
America
Ice Shelf)
2016 Pedernales
Earthquake
Aftershock Lehigh University, United Anne Meltzer and
8G 2016| 2017
Deployment States of America Susan Beck (2016
Ecuador (Ecuador
RAMP)
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FDSN Start| End
Network Name Operated by Citation
Code Year | Year
Penn State University, Penn State
AF AfricaArray 2004 | -
United States of America University (2004)
Antarctic Istituto Nazionale
Seismographic Istituto Nazionale di di Oceanograa e
Al Argentinean Oceanogra a e di Geo sica| 1992| - di Geo sica
Italian Network - | Sperimentale (OGS), Italy Sperimentale
ASAIN (1992)
Albuquerque
Modi ed High
Albugquerque Seismological Seismological
Gain Long Period
AS Laboratory/USGS (ASL), | 1976| 1993 Laboratory
Observatory
United States of America (ASL)/USGS
(ASRO)
(1976)
Haitian Seismic Bureau of Mines and
AY 2010, - -
Network Energy, Haiti
Brazilian
Lithospheric Universidade de Sao Paulo,
BL 1988 - -
Seismic Project USP, Brazil
(BLSP)
University of
University of Brasilia,
BR Brasilia Seismic 1995| - -
Brazil
Network
Chilean National | Universidad de Chile, Dept
C 1991 - -
Seismic Network | de Geo sica (DGF), Chile
Red Sismologica Universidad de Chile Universidad de
C1 2012| -
Nacional (RSN) (UCH), Chile Chile (2012)
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FDSN Start| End
Network Name Operated by Citation
Code Year | Year
Red Sismolégica Servicio Geoldgico Servicio Geoldgico
CM Nacional de Colombiano (SGC), 1993| - Colombiano
Colombia (CM) Colombia (1993)
Canadian
National Natural Resources Canada Natural Resources
CN 1975 -
Seismograph (NRCAN), Canada Canada (1975)
Network (CNSN)
Albuquerque
Albugquerque Seismological Seismological
Caribbean
CuU Laboratory/USGS (ASL), | 2006| - Laboratory
Network
United States of America (ASL)/USGS
(2006)
National Centre
Servicio
National Centre for for Seismological
Sismologico
Cw Seismological Research | 1998| - Research
Nacional de Cuba
(CENAIS), Cuba (CENAIS Cuba)
(SSNC)
(1998)
Cayman Islands
CY Cayman Islands Government, Cayman 2006, - -
Islands
Centro Nacional National
National Seismological
DR de Sismologia 1998 - Seismological

(CNS-UASD)

Centre (NSC), Nepal

Centre (1998)
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FDSN Start| End
Network Name Operated by Citation
Code Year | Year
Digital
Albuquerque
World-Wide
Albuguerque Seismological Seismological
Standardized
DW Laboratory/USGS (ASL), | 1980| 1994 Laboratory
Seismograph
United States of America (ASL)/USGS
Network
(1980)
(DWWSSN)
Instituto Geo sico Escuela
Ecuador Seismic
EC Politecnica Nacional 2002, - -
Network
(IG-EPN), Ecuador
Institut de
Ecole et Observatoire des physique du globe
GEOSCOPE -
Sciences de la Terre de Paris (IPGP)
French Global i
(EOST), France, Institut and Ecole et
Network of
G de Physique du Globe de | 1982 - Observatoire des
Seismological
Paris (IPGP), France, Sciences de la
Broadband
Observatoire Geoscope, Terre de
Stations
France Strasbourg
(EOST) (1982)
GEOFON Program
GEOFON Data
GE GEOFON (GFZ-Potsdam, Germany), | 1991| -

Germany

Centre (1993)
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FDSN Start | End
Network Name Operated by Citation
Code Year | Year
Guadeloupe
Institut De
Seismic and Institut de Physique du
Physique Du
GL Volcano Globe de Paris (IPGP), | 1950| -
Globe De Paris
Observatory France
(IPGP) (2020a)
Network (OVSG)
Global
Albuquerque
Telemetered
Albuquerque Seismological Seismological
Seismograph
GT Laboratory/USGS (ASL), | 1993| - Laboratory
Network
United States of America (ASL)/USGS
(USAF/USGS)
(1993)
(GTSN)
Global Scripps
Scripps Institution of
Seismograph Institution of
[l Oceanography (SIO), 1986| -
Network - Oceanography
United States of America
IRIS/IDA (GSN) (1986)
Global Albuquerque
Albuquerque Seismological
Seismograph Seismological
U Laboratory/USGS (ASL), | 2014| 2014
Network (GSN - Labora-
United States of America
IRIS/USGS) tory/USGS (2014)
Jamaica
University of the West
M Seismograph 1985| - -
Indies - Mona, Jamaica
Network
Montserrat University of
MC CALIPSO Texas-Arlington, United | 2008| - -
Borehole Network States of America
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FDSN Start | End
Network Name Operated by Citation
Code Year | Year
Martinique
Institut De
Seismic and Institut de Physique du
Physique Du
MQ Volcano Globe de Paris (IPGP), | 1935| -
Globe De Paris
Observatory France
(IPGP) (2020b)
Network (OVSM)
Caribbean Royal Netherlands
NA Netherlands Meteorological Institute | 2006| - KNMI (2006)
Seismic Network (KNMI), Netherlands
Universidade Federal do
Northeastern
NB Rio Grande do Norte 2006| - -
Brazil UFRN
(UFRN), Brazil
Rede Sismogra ca Observatério
Observatério Nacional, Rio
ON do Sul e do 2011, - Nacional, Rio de
de Janeiro, RJ, Brazil
Sudeste (RSIS) Janeiro (2011)
Puerto Rico
Seismic Network
University of Puerto Rico University of
& Puerto Rico
PR (UPR), United States of | 1986 - Puerto Rico
Strong Motion
America (1986)
Program (PRSN
and PRSMP)
Tectonic
California Institute of
Observatory - MASE Caltech
TO Technology (CIT), United | 2004| -
MASE, VEOX , (2007)

PeruSE, CCSE

States of America
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FDSN Start| End
Network Name Operated by Citation
Code Year | Year
Eastern University of the West
Caribbean Indies, Seismic Research
TR 1965 - -
Seismograph Centre, Trinidad and
Network Tobago
Universidade de Sao Paulo, Universidade de
VL Vale SA Network 2017, -
USP, Brazil Sao Paulo (2017)
West Central Universidad Nacional de
WA Argentina San Juan (UNSJ), 1958| - -
Network Argentina
Curacao Seismic | Meteorologische Dienst
wC 2006| - -
Network Curacao, Curacao
Institut De
West Indies Institut de Physique du
Physique Du
Wi French Seismic Globe de Paris (IPGP), | 2008| -
Globe De Paris
Network France
(IPGP) (2008)
Aysen Chile
Aftershock University of Liverpool,
X1 2007| 2008 -
Deployment United Kingdom
(ACAD)
SLIP - Seismic
Lithospheric University of Missouri Eric Sandvol and
X6 Imaging of the (MU), United States of 2007 | 2009 Larry Brown

Puna Plateau

(SLIP/Missouri)

America

(2007)
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FDSN Start| End
Network Name Operated by Citation
Code Year | Year
Pantanal, Chaco Institute of Astronomy, Marcelo Sousa de
and Parana Geophysics & Atmospheric Assumpcao and
XC 2016 | 2024
structural studies Science, Univ. of Sao Marcelo Belentani
network (PCPB) Paulo (IAG-USP), Brazil de Bianchi (2016)
BBand Andean
Joint Exp. /
Seismic
XE IRIS/PASSCAL 1994 | 1995| Silver et al. (1994)
Exploration of
Deep Andes
(Banjo/SEDA)
Bolivar: Western
Rice University, United Alan Levander
XN Venezuela 2008 | 2009
States of America (2008)
(Bolivar West)
Investigating the
relationship
between pluton
Michael West and
growth and University of Alaska,
Douglas
XP volcanism at two | Fairbanks (UAF), United | 2010| 2013
Christensen
active intrusions States of America
(2010)
in the central
Andes
(PLUTONS)
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FDSN
Code

Network Name

Operated by

Start

Year

End

Year

Citation

XS

Maule Earthquake
(Chile)

Aftershock

Experiment

(MAULE)

Reseau sismologique et
géodésique francais

(RESIF), France

2010

2011

Vilotte and

RESIF (2011)

Y3

Studies of crust
and upper mantle
structure, mantle

ow and
geodynamics of
the Chile Ridge

subduction zone

University of Florida,

United States of America

2007

2007

Ray Russo (2007)

YC

Slab Geometry in
the Southern

Andes

IRIS/PASSCAL

2000

2002

Susan Beck et al.

(2000)

YJ

Studies of crust
and upper mantle
structure, mantle

ow and
geodynamics of

the Chile Ridge

subduction zone

IRIS/PASSCAL

2004

2006

Ray Russo (2004)
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FDSN Start| End
Network Name Operated by Citation
Code Year | Year
An Integrated
Analysis of
Michigan Technological
Low-Frequency Gregory Waite
YM University (MTU), United | 2010| 2012
Seismicity at (2010)
States of America
Villarrica
Volcano, Chile
Seismic
Experiment in Washington University in
YN Patagonia and St. Louis (WUSTL), 1999| 2004 -
Antarctica (SEPA | United States of America
)
The life cycle of
Andean volca-
noes:Combining | Cornell University, United Matt Pritchard
YS 2009| 2013
space-based and States of America (2009)
eld studies
(ANDIVOLC)
Caribbean-Merida
Andes Rice University, United Alan Levander
YU 2016| 2018
Experiment States of America (2016)
(CARMA)
Greater Antilles
Seismic Program | Baylor University, United Jay Pulliam
ZC 2013| 2032
(GrASP aka States of America (2013)
GASP)
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(LaMa)

America

FDSN Start | End
Network Name Operated by Citation
Code Year | Year
PerU Lithosphere
Carnegie Institution for
and Slab Lara Wagner
ZD Science (CIS), United 2010| 2013
Experiment et al. (2010)
States of America
(PULSE/UNC)
Central Andean
Uplift and the
Geodynamics of University of Arizona, Susan Beck et al.
ZG 2010| 2012
the High United States of America (2010)
Topography
(CAUGHT)
Lithospheric
Structure and
Deformation of Susan Beck and
University of Arizona,
ZL the Flat Slab 2007 | 2009| George Zandt
United States of America
Region of (2007)
Argentina
(SIEMBRA)
Meteo
ZN - 2008 | 2009 -
Aruba/Rice Univ
Laguna del Maule| University of Wisconsin,
Cli Thurber
ZR seismic imaging | Madison, United States of | 2015| 2018
(2015)
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