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"By striving to do the impossible,
man has always achieved what is
possible. Those who have cautiously
done no more than they believed
possible have never taken a single
step forward."

Mikhail Bakunin
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Resumo

Baseado em novos dados de redes permanentes e temporarias, n0s apresentamos novas
imagens tomogra cas da América do Sul, construidas a partir da inversdo de velocidade
de grupo do modo fundamental de ondas Rayleigh. Uma combinacéo iterativa East
Marching Method para resolver o problema direto com um método de subespaco para re-
solver o problema inverso leva em consideracao a ndo-linearidade do problema tomogra co
e foi usada para construir mapas de velocidade de grupo dentro do intervalo de periodos
de 10 a 150 s. Um méaximo de 17000 medidas foram obtidas em 30 s de periodo e dados
de 282 estacdes foram empregados. A resolucédo lateral do nosso modelo foi avaliada por
meio de testes sintéticos de tabuleiro, onde o tamanho das anomalias foi variado de 2
a4 x4 em cada teste. Esses testes mostraram que as anomalias de velocidade sintéticas
foram em geral bem recuperadas, apesar de existir alguma perda de amplitude e efeitos de
alongamento de anomalias em algumas partes do modelo, provavelmente causadas pela
inclusdo de termos de regularizacdo durante a inversdo e pela auséncia de estacdes em
algumas areas, respectivamente. Nos nossos resultados, ha uma grande correlagdo en-
tre os mapas de periodo curto e a geologia de superficie, onde regides de embasamento
exposto estdo relacionadas a altas velocidades e bacias sedimentares apresentam baixas
velocidades. Periodos longos amostram profundidades litosféricas e revelaram que areas
cratbnicas antigas e estaveis da América do Sul, como os Cratons Amazénico e Sdo Fran-
cisco, se correlacionam bem com altas velocidades. Nés também propusemos limites para
0 Bloco Paleocontinental S&o Francisco e para o Bloco Paranapanema com base nos nos-
sos mapas de 100 e 150 s de periodo, que sé@o consistentes com anomalias gravimétricas
e com os limites recentemente propostos por Rocha et al., baseados em tomogra a de
ondas de corpo. Vérias anomalias de baixa velocidade sdo consistentes com regides de
concentracao de sismicidade intraplaca na Plataforma Sul-Americana, incluindo a Zona
Sismica Goias-Tocantins, a Bacia do Pantanal e a Provincia Borborema, o que sugere que
0 a namento litosférico pode ser uma causa importante da sismicidade intraplaca.

Palavras-chave: ondas Rayleigh, inversadrast Marching Method sismicidade intraplaca,
Bloco Paleocontinental Sado Francisco, Bloco Paranapanema



Abstract

Based on new data from permanent and temporary networks, we present new tomo-
graphic images of the South American continent, constructed from inversion of funda-
mental mode group velocities of Rayleigh waves. An iterative combination of the Fast
Marching Method to solve the direct step with a subspace method to solve the inverse
step takes into account the nonlinearity of the tomographic problem and is used to obtain
group velocity maps in the period range 10-150 s. A maximum of 17000 measurements
was achieved at 30 s period and data from 282 stations were employed. The lateral res-
olution of our model is assessed by synthetic checkerboard tests, where the size of the
anomalies is varied from 2x 2 to 4 x 4 in each test. Those tests showed that the
synthetic velocity anomalies were generally well recovered, despite the presence of some
amplitude loss and smearing e ects in some portions of the model, probably caused by the
inclusion of regularization terms and areas devoid of stations, respectively. In our results,
there is a great correlation between short period maps and surface geology, where regions
of exposed basement are related to high velocities, while sedimentary basins present low
velocities. Long period maps sample lithospheric depths, revealing that old and stable
cratonic areas of South America, such as the Amazonian and S&o Francisco Cratons,
correlate well with high velocities. Limits for the S&o Francisco Paleocontinental Block
and for the Paranapanema Block are also proposed based on our 100 and 150 s period
maps and are consistent with gravity anomalies and with the limits recently proposed by
Rocha et al., derived from body wave tomography. Several low-velocity anomalies are
consistent with regions of concentration of intraplate seismicity in the South American
Platform, including the Goias-Tocantins Seismic Zone, the Pantanal Basin and the Bor-
borema Province, which suggests that lithospheric thinning plays a key role on intraplate
seismicity.

Keywords: Rayleigh waves, inversion, Fast Marching Method, intraplate seismicity, S&o
Francisco Paleocontinental Block, Paranapanema Block
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Chapter 1

Introduction

Due to limitations in technology, it isn't possible to directly study the Earth's deep
interior yet. Therefore, we have to rely on indirect methods to do so. Amongst the
geophysical techniques that can provide subsurface information, seismology is one of the
most powerful and has a wide range of applications, such as hydrocarbon detection (e.qg.,
Khattri et al., 1979, Zouaghi et al., 2009); fault geometry (e.g., Braunmiller and Nab¥lek,
1996), crustal thickness and lithospheric discontinuities (e.g., Liu et al., 2003; Franca and
Assumpcao, 2004; Heit et al., 2007), and seismic imaging ranging from a scale of meters to
thousands of kilometers (e.g., Aki et al., 1977; Rawlinson et al., 2011; Fang et al., 2015).

Since the late 1970s, the branch of seismology known as seismic tomography has been
applied at several scales (local to global) to produce images of seismic velocities of the
subsurface. Even though the foundation of geophysical data inversion was established by
the beginning of the 1970s (e.g., Backus and Gilbert, 1967; Backus and Gilbert, 1970;
Wiggins, 1972), early publications concerning inverting travel time data of earthquakes
to obtain velocity structure were published only by 1977 (Aki et al., 1977). Since then,
seismic tomography gained worldwide popularity and has been applied to map wavespeeds
underneath North America (e.g., Van der Lee and Nolet, 1997; Yuan and Romanowicz,
2010; Sigloch, 2011), South America (e.g., VanDecar et al., 1995; Feng et al., 2007; Rocha
et al., 2011), Europe (e.g., Goes et al., 2000; Zhu et al., 2012), Asia (e.g., Feng and An,
2010, Matsubara et al., 2008) and Australia (e.g., Saygin and Kennett, 2010; Rawlinson
et al., 2011; Saygin and Kennett, 2012).

South America underwent a complex geological evolution, such that its present geo-
logical and geographical con guration is the result of a long series of Wilsonian orogenic
cycles. To better understand the tectonic evolution of a continent, it is necessary to grasp
its structure in the present, at both shallow and deep scales. In this context, seismolog-
ical methods, and especially seismic tomography provide the best means for indirectly
studying the Earth's deep interior.

When compared to other continents such as North America or Europe, seismic station
coverage in South America is rather scarce, especially in regions with low population den-
sity or hard to access, such as the Amazon rainforest. This scarceness leads to limitations
in seismological models representing the continent, where small scale structures may not
be retrieved. However, previous surface wave tomography studies in South America (e.g.,
Silveira et al., 1998; Vdovin et al., 1999; Van der Lee et al., 2001; Feng et al., 2004; Heintz
et al., 2005; Feng et al., 2007), relying on data from stations of the permanent global



network and/or stations of temporary networks, have successfully mapped most regional
large scale features and obtained the best possible models with the data available at the
time. Those studies tend to agree on the large scale structures, such as high seismic ve-
locities beneath cratons, but they di er in terms of resolution and consequently smaller
scale features tend to disagree due to distinct datasets and inversion schemes.

New data can improve previous seismic tomography results, reveal smaller-scale fea-
tures that haven't been imaged before, and increase model resolution. From 2011 to 2014
several new stations have been deployed in Brazil by the following institutions: Univer-
sity of Sdo Paulo (USP), University of Brasilia (UnB), University of Rio Grande do Norte
(UFRN) and National Observatory (ON). Those stations constitute the Brazilian Seis-
mographic Network (RSBR), which comprises four sub-networks: BL (USP), BR (UnB),
NB (UFRN), ON (ON) (Bianchi et al., 2018). Besides earthquake location in Brazil,
data from the RSBR can be used in studies concerning the Earth's subsurface beneath
South America, providing models with better resolution than previous works, especially
In regions with previous little monitoring, such as the Amazon rainforest. A new project
named 3-Basin project, funded by S&o Paulo State Research Foundation, also allowed the
deployment of several new temporary seismic stations in the region of the Parana, Chaco-
Parana and Pantanal basins. Those stations comprise the XC network and signi cantly
improve coverage in southwestern South American Platform.

Based on the new data and on an iterative inversion scheme of surface waves that allows
the nonlinearity of the tomographic problem to be taken into account, our objective is
to generate a better constrained model that represents the deep structure of the South
American continent. More speci cally, we use a denser path coverage (our maximum
number of group velocity measurements is nearly three times larger than the one of the
previous study by Feng et al. (2004, 2007)), allowed by the new data, to produce group
velocity lateral variation maps of Rayleigh waves in the period range 10-150 s. Those maps
are then interpreted in terms of the main aspects of the lithosphere of South America, such
as its cratonic blocks and intraplate seismicity. Chapter 2 presents a literature review,
which aims to provide the reader with the state of the art of the subject; it includes
a review of the geological setting of South America - a continent that can be roughly
divided into the South American Platform (a stable portion), the Andean orogeny and
the Patagonian block -, basic concepts of the seismological theory and the main previous
tomographic studies of the South American continent. Chapters 3 and 4 describe the
methodology applied to achieve Rayleigh wave group velocity maps: the former chapter is
focused on data processing while the latter chapter explains the inversion scheme adopted.
Chapter 5 presents an article with our results and discussion.



Chapter 2

Literature review

2.1 Introduction

In this chapter, a brief review of the state of the art knowledge concerning the South
American continent is provided. This continent has a complex structural framework
and geological history, which is discussed in Section 2.2. Section 2.3 describes some
of the foundations of seismological theory on which surface wave tomography is built
upon, except for the inversion theory, for which an entire chapter is dedicated (Chapter
4). Finally, in Section 2.4, we summarize studies from several researchers about seismic
tomography history and the main lithospheric structure results in South America derived
from seismic tomography.

2.2 Regional geology

In tectonic terms, the lithosphere of South America can be roughly divided into a
relatively stable portion the South American Platform, which occupies most of the
territory of the continent that is not a ected by the Andean and Caribbean orogeneses
and is surrounded by them; the Andean Phanerozoic Fold Belt on the west and north;
and the Patagonian block, a microcontinent with evolution independent from the rest of
South America, located on its southern portion and bounded by the Andes on the west
and by the Atlantic Ocean on the east.

2.2.1 South American Platform

Almeida et al. (2000) de ne the South American Platform as the stable portion of the
homonym plate that is relatively not a ected by the Andean and Caribbean orogeneses.
Besides relative stability compared to the surrounding mobile belts, a Platform is usually
characterized for antiquity - because its basement is mainly composed of Archean and
Proterozoic rocks and transitority because of its long tectonic evolution (Almeida
et al., 2000).

Throughout geological time the lithosphere of South America has been deformed and
rearranged several times by Global Plate Tectonics processes, and the basement of the
continent is the result of a long evolution. More speci cally, the basement of the continent
can be considered the product of three main orogenic events: (i) the Trans-Amazonian,
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during the Paleoproterozoic; (ii) the Late Mesoproterozoic and (iii) the Brasiliano/Pan
African, mainly in Neoproterozoic times. The lack of data makes it di cult to determine
cycles for the Archean yet (Almeida et al., 2000). Although of secondary importance to
the Amazonian Craton and surroundings (Brito Neves and Fuck, 2013), the Brasiliano
events resulted in the present con guration of the tectonic elements in the South America
Platform, and the youngest fold belts of the basement were formed during the Neoprotero-
zoic (Almeida et al., 2000). Those fold belts have stabilized during the Ordovician (440
Ma) and it can be said that the South American Platform is an entity of the Ordovician,
but only got individualized as such during the Cretaceous, with separation between Africa
and South America (Hasui, 2012). The basement of the South American Platform is ex-
posed in three shields (Figure 2.1): Guyana and Central Brazil shields, located north and
south to the Amazonian Basin, respectively, and the Atlantic shield, in central-eastern
Brazil. Figure 2.1 also shows areas of Phanerozoic cover across the Platform.

Figure 2.1: Map of exposed Precambrian basement regions and Phanerozoic sedimentary cover of the South American
Platform. The basement is exposed along three shields: Guyana and Central Brazil shields, located north and south to the
Amazonian Basin, respectively, and Atlantic shield, in central-eastern Brazil. Modi ed from Almeida et al. (1981).

Due to a distinct tectonic evolution, the basement of the South American Platform
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can be divided into two main domains: a pre-Brasiliano N-NW Amazonian Domain,
where large Archean nuclei are circumscribed by younger Paleo- and Mesoproterozoic
mobile belts; and a central-eastern "Brasiliano” Domain, whose structural framework was
intensely shaped by Neoproterozoic orogenic cycles, namely the Brasiliano/Pan African
events (Brito Neves and Fuck, 2014), that were diachronous and distributed over four
pulses: i) ca. 800 - 740 Ma, ii) ca. 660 - 610 Ma, iii) ca. 590 - 560 Ma and iv) 520-500 Ma
(Brito Neves et al., 2014). Another contribution by Brito Neves and Fuck (2014) is the
recognition that the crustal evolution of the Amazonian Domain share many similarities
with the ancient Laurentian continent, while the Brasiliano Domain presents a nities
with western Gondwana. Those domains are separated by a megashear zone named
Transbrasiliano Lineament (TBL), which extends even further to Africa (e.g, Santos et al.,
2008), to the south and by the Araguaia Fold Belt to the north (Brito Neves and Fuck,
2014). Figure 2.2 is a map of the main geotectonic features of South America.

Figure 2.2: Main geotectonic provinces of South America. The solid black contours represent. AmCr - Amazonian Craton,
SFCr - S@o Francisco Craton, BPr - Borborema Province, TPr - Tocantins Province, MPr - Mantiqueira Province, PnB -
Parnaiba Basin, PrB - Parana Basin, ChB - Chaco Basin, PtB - Pantanal Basin, PcB - Parecis Basin, MnB - Maranon Basin,
SmB - Solimdes Basin, AmB - Amazon Basin and MjB - Maraj6 Basin. TBL stands for the Transbrasiliano Lineament.

Almeida et al. (1977, 1981) made the rst proposal of division of the Brazilian terri-
tory in structural provinces. Ten provinces were recognized (see Figure 2.2 for a spatial
reference):



Rio Branco (included in the Guyana Shield), Tapajés (part of the Central Brazilian
Shield) and S&o Francisco provinces, corresponding to the cratonic areas;

Borborema, Mantiqueira and Tocantins provinces, corresponding to Neoproterozoic
orogens;

Amazon, Parana and Parnaiba provinces, corresponding to large Paleozoic sedimen-
tary basins. The Amazon province includes both Amazon and Solimdes Basins;

A province corresponding to small coastal sedimentary basins.

With new geochronological and geological data available, ner subdivisions have been
proposed. In particular, the Brazilian Geological Survey (CPRM) (Schobbenhaus and
Brito Neves, 2003; Santos, 2003) added a Parecis province to the previously mentioned
division, corresponding to the namesake basin, and divided the Amazonian Craton in
seven provinces: Transamazonas (2.25 - 2.0 Ga), Carajas (3.1 - 2.53 Ga), Amazonia
Central (2.6 - 1.7 Ga), Tapajos-Parima (2.1 - 1.87 Ga), Rondbénia-Juruena (1.81 - 1.52
Ga), Rio Negro (1.86 - 1.52 Ga) and Sunsas (1.45 - 0.99 Ga). Because new data are always
being produced, new interpretations are always being proposed and there is no absolute
consensus about those subdivisions.

2.2.2 Andes

Developed along the western margin of South America, the Andes are the largest
orogenic system resulting from a non-collisional environment in the world, extending more
than 8000 km. The Andean mountain range is a consequence of several processes related
to the subduction of Nazca plate beneath the South American plate. Gansser (1973)
provided the rst proposal of division for the Andes, under the plate tectonics concept, in
northern, central and southern Andes (see Figure 2.3). Northern and Southern Andes are
characterized by an expressive occurrence of ophiolitic rocks, together with metamorphic
rocks of the Jurassic and Cretaceous (Ramos, 1999; Ramos, 2009). Central Andes, on the
other hand, lack those rocks and represent the Andean-type orogen (Ramos, 1999) of the
classi cation of Dewey and Bird (1970).

An astonishing feature is the varying geometry of the Nazca slab beneath the Andes,
where there are segments with at-slab subduction (subhorizontal Wadati-Benio zone)
and segments with "normal” subduction, dipping around 3340 . From north to south,
these at-slab segments are:

Bucaramanga segmentlocated in northern Colombia, north of 5N, rst identi ed
by Pennington (1981);

Peruvian segment located between 5S and 14S;

Pampean segment located between 27S and 33S. Barazangi and Isacks (1976,
1979) rst identi ed the Peruvian and Pampean segments.



Figure 2.3: Schematic map of the Andes, showing the Bucaramanga, Peruvian and Pampean at-slab segments. Figure
extracted from Ramos (2009)



2.2.3 Patagonian block

Patagonia is a mass of land separated from the rest of the South American continent by
a major fault and can be de ned as the portion of the Terra Australis orogen (Cawood,
2005) in the continent that was not a ected by Andean orogeny (Hasui, 2012). The
basement of Patagonia can be divided into two massifs: Somun Cura and Deseado, with
granitoids ranging from Neoproterozoic to early Paleozoic ages (e.g., Pankhurst et al.,
2003). We won't discuss the Patagonian block any further due to its limited resolution in
our model.

2.3 Seismological theory

2.3.1 Elastic wave equation and body waves

A major eld in seismology deals with Earth's structure. The energy released by
an earthquake in the form of elastic waves propagates throughout the Earth, and the
ground motion caused by it can be recorded at seismic stations. Several quantities of
this recording (e.g., travel time, amplitude, attenuation, full-waveform) are used to infer
Earth's internal attributes such as velocity, dynamic processes, composition. Hence, the
elastic waves generated by an earthquake provide powerful means of retrieving information
of Earth structure, at depths that cannot be reached directly by man yet.

By combining the equation of motion and the expressions for stress and strain rela-
tionship in an isotropic elastic medium, one can derive the elastic wave equation, which
can be written in terms of displacement() as (Shearer, 2009):

a=( +2 )r (r u) rr u (2.1)

where is the density, and and are the Lamé parameters, which describe the
linear relationship between stress and strain within an isotropic solid. is known as the
shear modulus: small values of indicate that applied shear stress is small compared to
the shear strain caused by it, i.e. the object has low rigidity. Since uids don't support
shear stresses, = 0 for them. The Lamé parameter does not have a physical meaning.
Note that Equation 2.1 is a simpli ed version of the elastic wave equation in which the
gradient terms of the Lamé parameters were ignored.

There are two main types of solutions to the wave equation: P (primary) and S
(secondary) waves. They result from the stress imbalance occasioned by an earthquake
and are known as body waves because they propagate through the volume (or body) of
the medium. As a P wave travels through the medium, the particles are compressed and
dilated in a direction parallel to the wave propagation direction, in longitudinal motion.
The displacement caused by S waves is perpendicular to the propagation direction and is
commonly divided into a vertical (SV) and a horizontal (SH) component. SV waves are
contained in a plane through the propagation vector and SH waves are perpendicular to
it. Figure 2.4 shows, in an illustrative and exaggerated way, the displacement caused by
P and S waves.



Figure 2.4: Displacement of the ground caused by a) P-waves; b) S-waves. Figure from Shearer (2009).

Equation 2.1 is a complicated partial di erential equation for displacements in a media
(Lay and Wallace, 1995). Instead of directly solving it, we can use Helmholtz's theorem
to split the displacement into a scalar function (x;t) and a vector function ( x;t), in
order to obtain solutions for P and S waves. This theorem is expressed as:

u=r +r (2.2)

After some algebra (see Lay and Wallace, 1995; Stein and Wysession, 2003), substitu-
tion of Equation 2.2 into Equation 2.1 yields in one wave equation for each potential:

1
ré = —2% (2.3)
1
r 2 = —2% (24)
where:
S
- _*? (2.5)
and
r _
= - (2.6)

are P- and S-wave speeds, respectively. Although equations 2.5 and 2.6 are strictly
valid for isotropic elastic media, observations show that P-waves are always faster than



S-waves. Also, from Equation 2.6, S-waves cannot propagate through liqu{ds= 0), and
this behavior is the primary evidence for a liquid outer core.

2.3.2 Surface waves

Besides body waves, other solutions to the seismic wave equation are surface waves,
whose propagation is along the surface of the Earth and result from the interaction of
seismic waves with a free surface. There are two types of surface waves, named after their
discovers:

Rayleigh waves : Formed through a combination of P and SV waves, with all their
motion contained in a vertical plane parallel to the direction of propagation. They
are recorded in the vertical and radial components of a seismogram, out of phase by
=2, which causes an elliptical movement from retrograde at the surface to prograde
at depth.

Love waves: They are formed by constructive interference of SH waves and its
multiples. Unlike Rayleigh waves, Love waves cannot exist in a halfspace of constant
velocity, because they require a velocity gradient. The simplest model in which Love
waves can occur is a layer of thickness h and velocity over a halfspace of velocity

2, Where ; < , (Stein and Wysession, 2003). Figure 2.5 is a representation of
the motion of the ground particles caused by Love and Rayleigh waves.

Figure 2.5: Displacement of the ground caused by a) Love waves; b) Rayleigh waves. Figure from Shearer (2009).

Because of the geometric spreading in two dimensions, surface wave energy decays with
distance approximately asl=r, where r is the source-receiver distance, rather than asr?
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for body waves (Stein and Wysession, 2003), whose energy is spread in three dimensions.
Hence, at large source-receiver distances, surface waves will be the prominent recording
in broadband seismograms, as shown by Figure 2.6, where we can see that surface waves
have greater amplitudes than P- and S-wave phases. Note that the Rayleigh waves are
recorded in the vertical and radial components, and the Love waves are recorded in the
transverse component. Due to this slower rate of decay, it is possible that surface waves
generated by a large earthquake circle the Earth many times.

Figure 2.6: Record of an earthquake in the Vanuatu trench, with source-receiver distance of 110 . Note the high amplitude
of surface waves compared to body waves. Figure from Stein and Wysession (2003).

Surface waves must satisfy a boundary condition of free surface and are characterized
by slower speeds when compared to body waves, arriving after P- and S-waves and their
latter arrivals such as re ections, refractions, and scattering. Among surface waves, Love
waves are usually faster than Rayleigh waves. Another interesting feature of surface waves
is that their velocity is frequency dependent, a property named dispersion, which is one
the basis of surface wave tomography.

2.3.3 Dispersion, group and phase velocity

In Earth, there are velocity gradients with depth, because of changes in composition
and variations of pressure and temperature states. The inner structure can be roughly
divided into the following main layers: crust, mantle, outer core, and inner core. Each
layer presents its subdivisions and velocity gradients, which vary spatially around the
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world. For example, the discontinuity between upper crust and lower crust, named Conrad
discontinuity, is observed in some regions of continental crust but in others not. There
is a variation in depth of the discontinuity between crust and upper mantle (Mohorovi£i¢
discontinuity) around the world, and knowledge about crust thickness can provide useful
insights on geological history and processes.

Surface waves, especially Rayleigh, own their dispersive character to the velocity gra-
dient in real Earth. Since surface wave frequencies travel with di erent velocities, they
are sensitive to di erent ranges of depths, and a small change in S-wave velocity at depth
can lead to a great change in surface wave velocity. Longer periods generally travel faster
than shorter ones, because they are more sensitive to deeper materials with faster speeds
(Figure 2.7).

There are two main well-established approaches of surface wave tomography: full-
waveform inversion in the time Domain and travel time inversion in the frequency Domain
(Romanowicz, 2002). In the rst approach, rst-order perturbation theory (e.g., Wood-
house and Dahlen, 1978) is applied to compute and perturb synthetic seismograms. In this
work we apply the second approach, inversion of travel times of dispersion curves in the
frequency Domain to generate seismic wave velocity maps for several periods, which can
later be jointly inverted for 3D S-wave velocity. Developed by Nakanishi and Anderson
(1983), Nakanishi and Anderson (1984) and Nataf et al. (1986) to study global mantle
velocities, this technique gained worldwide popularity, with several researchers re ning
and applying it at local, regional and global scales.

Surface wave tomography using dispersion measurements can be performed either with
phase or group velocities. Phase velocitc) is the velocity at which peaks and troughs
travel, and is by de nition given by:

!

cC= E (27)

where! is the angular frequency and is the wavenumber. To work with single station
phase velocity measurements, focal mechanism data are required, because we need to know
the source phase in the moment of the rupture. This limits the dataset to relatively high
magnitude events, with well de ned focal mechanisms. A workaround to eliminate the
source phase is to use the two-station method for measuring phase velocities (e.g., Snoke
and James, 1997), but in this case, the source and the two receivers must lie approximately
within the same great circle. Since earthquakes tend to concentrate on plate boundaries,
this also limits the dataset.

On the other hand, single station group velocity calculations only require information
on the source and the receiver coordinates and event origin time. This allows measure-
ments of dispersion curves of earthquakes with smaller magnitudes and there is no need
for epicenters aligned with pairs of stations. In this work, we only measure Rayleigh wave
group velocity curves. Group velocity(U) is the velocity of a longer period envelope of
waves and is related to phase velocity by:

Uz — = — 2 =¢c+ Kk (2.8)

For Earth, the phase velocity of surface waves generally decreases with frequency
(dc=dk < 0), and hence group velocity is less than or equal to phase velocity (Shearer,
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2009). Sensitivity (S) is de ned as the derivative of group velocity with respect to S
velocity:
@U
S @ (2.9)

Variation of Rayleigh wave sensitivity according to depth and period is provided in
Figure 2.7, relative to the AK135 velocity model (Kennett et al., 1995). A general pattern
of longer period waves being sensitive to deeper S velocity variations can be grasped: 10
s period waves are sensitive to shallow upper crust structure while 150 s period waves are
sensitive to lithospheric structure.

Figure 2.7: Sensitivity kernels of Rayleigh waves relative to the AK135 velocity model. Sensitivity kernels for periods of 10,
15, 50, 100 and 150 s are shown. Dotted dark blue lines are representing sensitivity peaks, that is, depths that in uence
the respective wave period the most.

2.4 Previous geophysical studies

The lithospheric structure beneath South America has been imaged by some tomo-
graphic studies, with di erent datasets, inversion approaches, parameterizations, and res-
olutions. In this section results from studies of several researchers are brie y summarized.
Since our work is concerned with surface wave tomography, special attention will be given
to tomographic results, ranging from global to local scale.

Prior to the advent of tomographic techniques in seismology, early works (e.g., Toks6z
etal., 1967; Anderson, 1967) provided evidence for the existence of lateral inhomogeneities
in the Earth's mantle. Even though the rst well-accepted one dimensional model of the
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Earth, Preliminary Reference Model - PREM(Dziewonski and Anderson, 1981), was pub-
lished in 1981, the radial velocity and density structure of the Earth was relatively well
known by 1970 (Shearer, 2009). Therefore, the focus was shifted to resolve lateral dif-
ferences in velocity from inversion of seismic data to obtain three-dimensional structure.
Pioneering works in seismic tomography include Aki and Lee (1976), which inverted P-
wave travel time data for both velocity structure and hypocenter parameters (i.e. local
earthquake tomography), Aki et al. (1977), which produced the rst example of what is
now known as teleseismic tomography, and Dziewonski et al. (1977), which inverted over
700000 travel time residuals of P-wave for velocity structure. Since then, seismic tomog-
raphy has become a popular method within seismology, now performed with increasingly
larger datasets.

Early results of the velocity structure beneath the South American continent were
within the scope of global tomography. In this context, seismic tomography using surface
waves is particularly useful, because they allow the sampling of regions devoid of dense
seismic station coverage, such as South America, Africa, and oceans (Romanowicz, 2002).
Examples of global tomography studies include Trampert and Woodhouse (1995), Laske
and Masters (1996), Ekstrom et al. (1997), Ritzwoller et al. (2002), Zhou et al. (2006),
Haned et al. (2015). Although global tomography is a robust method for studying large
scale structures, it is not suitable for regional interpretation due to poor resolution (>10.

In South America, this kind of model is generally not capable of distinguishing the main
geological provinces.

Parana Basin, in Brazil, has been an object of study of several tomographic works.
The study of VanDecar et al. (1995) presented the rst local tomographic model in Brazil,
using P- and S-waves, and imaged parts of the Sdo Francisco Craton and the Parana Basin.
The most astonishing feature in their model is a low-velocity anomaly in a cylinder-like
shape, which was interpreted as a thermal conduit of the plume that supplied the Parana
plume head, responsible for the Paranda ood basalts. The dimensions of this low-velocity
anomaly were estimated as about 300 km across, between depths of 200 to 500-600 km.
Schimmel et al. (2003) inverted a larger dataset, con rmed the presence of the low-velocity
anomaly beneath the Paran& Basin, and suggested that it may be con ned to the upper
mantle. Liu et al. (2003), however, based on results of common conversion point receiver
functions (used to study deep discontinuities of the mantle, mainly the 410 and 660-km
second-order discontinuities), showed that there is no perturbation in the transition zone
thickness, indicating that either the low-velocity anomaly does not extend to the mantle
transition zone or it is rather compositional than thermal.

Still in the Paran& Basin, Snoke and James (1997), using group and phase interstation
velocities of Rayleigh and Love waves, obtained an average Moho depth of about 42 km
for the eastern part of the basin and a maximum S-velocity of the upper mantle lid equal
to 4.7 km/s, a quite high value. They also found a shallow Moho depth of 32 km for the
Chaco Basin, with upper mantle S-wave velocities of 4.2-4.3 km/s. By joint inversion of
receiver function and surface waves, An and Assumpcéao (2004) found low velocities (less
than 3.8 km/s) in the lower crust beneath Parana Basin and their results also pointed
that possible underplating processes in the basin, accompanying basalt extrusion, might
not be widespread.

Rocha et al. (2011) presented a model for central and SE Brazil from travel time
tomography of P- and S-waves. They included more stations and paths to their data set
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compared to previous studies, which allowed to image several new features of the S&o
Francisco Craton and the Parana Basin. Due to the increased resolution, the 150-km
depth velocity map of the basin can be roughly correlated with a suture zone model for
its basement, proposed by Milani and Ramos (1998). In the S&o Francisco Craton, a
high-velocity anomaly extends westward beyond the geological surface limit, supporting
a hypothesis that the craton was part of a larger plate from the Neoproterozoic (e.g.,
Alkmim et al., 1993). Some of the tomographic models beneath South America obtained
by a number of authors are presented in Figure 2.8.

In the regional surface wave tomography context, we can cite the studies of Silveira
et al. (1998) and Silveira and Stutzmann (2002) that produced phase velocity maps for
the Atlantic ocean using stations from the global permanent network. Vdovin et al.
(1999), also using global stations, obtained about 7000 Rayleigh wave and 4800 Love
wave dispersion curves from 765 events recorded at 48 stations. However, only 15 stations
and 213 events of their dataset were located on or near South America. The dispersion
curves were inverted to produce group velocity maps of the South American continent and
neighboring oceans. They claim that their model can resolve structures with scale length
of 6-8 across South America for periods below 100 s, but has a decreasing resolution for
longer periods and at the edges. Some of their results include:

The low velocity signature of some sedimentary basins could be identi ed in the 20s
Rayleigh map (Figure 2.8c), but the sediments of the Amazonian Basin could not
be distinguished;

Crustal thickness variations could be qualitatively interpreted across the South
American continent;

The Amazonian and S&o Francisco Cratons could not be distinguished in the high
velocity anomaly. This often occurs in global tomography models as well, due to
low resolution;

Low velocity anomaly corresponding to the Galapagos Ridge.

Deployment of portable temporary networks (e.g., BLSP experiment (James et al.,
1993; Assumpcao et al., 2002), BANJO experiment (Beck et al., 1996), VEN92 experi-
ment (Russo and Silver, 1996)) in the South American continent enabled deep structure
to be represented by better resolution models. Van der Lee et al. (2001, 2002) performed
a waveform inversion with aid of the partitioned waveform inversion (PWI) method de-
scribed by Van der Lee and Nolet (1997), to generate a model for central and western
South America upper mantle S velocity structure, named SA99. However, their data set
was restricted to about 500 waveforms, yielding in a heterogeneous coverage that was
re ected in good resolution only beneath certain parts of South America.

Feng et al. (2004) inverted approximately 6000 Rayleigh wave group velocity dispersion
curves to provide the rst S-wave velocity model with a reasonable resolution for the
whole South American continent. They measured Rayleigh and Love wave velocities of
stations from both the permanent network and the BLSP experiment and they claim
that their model has the best possible resolution of 300 km at crustal depths and 600 km
at lithospheric depths. However, that resolution seems to be achieved only beneath SE
Brazil, where most of the stations are concentrated, and is degraded toward northern and

15



northeast Brazil. Feng et al. (2007) complemented their previous study by adding about
1500 waveforms and jointly inverting them with the group velocity measurements. The
use of higher mode waveform data improves the maximum depth reached to about 300
km. Some of the results and implications of both studies are as follow:

Low velocities in the 20 s period Rayleigh wave map associated with the major
sedimentary basins in South America;

At 30 km depth, the lowest velocities are found beneath the highest topography
of the Andes; high velocities in the Guyana shield compatible with high Bouguer
anomalies; low velocity in the Parana Basin and relatively higher velocities in the
Pantanal Basin;

At 100 km depth, high velocities are found in the Amazonian and S&o Francisco
Cratons; at slab segments of the Andean cordillera present moderate to high ve-
locities;

The Amazonian Basin is underlain by high velocities like the Central Brazil and
Guyana shields;

The lithosphere of the Amazonian Craton is interpreted to be thicker (approximately
200 km) and faster in the eastern Archean part than in the western part;

From a low velocity trend at 100 km, the Transbrasiliano Lineament is suggested to
be a zone of thinner lithosphere rather than just a surface feature.

Heintz et al. (2005) built an SV-wave model for South America and the neighboring
oceans from inversion of 5850 Rayleigh waveforms (Figures 2.8a, 2.8b). Unlike Feng
et al. (2007), they found the upper mantle velocity of the Amazonian Basin to be slower
than that of its surrounding Central Brazil and Guyana shields. Their model shows low-
velocity anomalies related to the Carnegie and Chile ridges and they propose that slab
windows channels the sublithospheric mantle ow from the Pacic to the Atlantic. An
important observation is that their model is unable to separate the Sao Francisco from
the Amazonian Craton.

In the Borborema Province, NE Brazil, Dias et al. (2015) cross-correlated ambient
seismic noise in order to obtain Rayleigh wave dispersion curves between pairs of stations,
which were inverted to generate group velocity maps from 5 to 20 s, therefore modeling
shallow structure. Short period maps (5 and 10 s) correlate well with surface geology
and in the longer period maps (15 to 20 s) some structures, such as the Rio Grande do
Norte Domain, fades away, suggesting that they are rather supracrustal than lithospheric.
Goutorbe et al. (2015) also applied ambient noise tomography to the eastern part of Brazil
to produce Rayleigh wave maps in the period range 6-23 s. Their model is in general
agreement with the one of Feng et al. (2004), but there are some signi cant di erences
between the two 20 s maps, especially within the Tocantins province.

Russo et al. (2010) deployed 39 stations in southern Chile to study the region of the
Chile triple junction. P-wave tomography seems to show a slab window, that is, a gap
between the subducted Antartic and Nazca plates that appears to be lled with warm
asthenospheric material, which is slower than the surrounding asthenosphere. This is
the rst direct evidence of a forming slab window. Analysis of shear wave splitting also
indicates perturbations of upper mantle ow due to the slab window.
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Azevedo et al. (2015), based on P-wave tomography results in central Brazil, found low-
velocity anomalies, in general agreement with the Transbrasiliano Lineament, interpreted
as a zone separating the Sao Francisco and Amazonian paleoplates. This study also
con rmed a correlation between low-velocity anomalies in the Tocantins Province and a
high seismicity zone (Goias-Tocantins seismic zone), as pointed out by a previous study
by Assumpcéo et al. (2004). The latter study suggests that high seismicity is caused
by lithospheric thinning. Rocha et al. (2016) also provided more evidence that thinner
lithosphere between the S&o Francisco and Amazonian paleocontinents is related to this
high seismicity zone.

More recently, Rosa et al. (2016) added group velocity measurements from both earth-
guakes and interstation ambient noise cross-correlation to the database of Feng et al.
(2004) in order to improve path coverage in the Parana and Chaco Basins. Even though
they did not perform a second inversion step for S-wave velocity structure, they con-
structed group velocity period maps based on two di erent regularization approaches:
one minimizing the rst derivative (e.g., Feng et al., 2004) and other minimizing the
second derivative (e.g., Pasyanos et al., 2001).
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