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SUMMARY

Based on new data from permanent and temporary networks, we present fundamental mode
Rayleigh wave group velocity maps at periods of 10150 s related to the lithosphere beneath
South America. We analyse waveform data from 1043 earthquakes, from 2002 to 2019, which
were recorded by 282 stations. To isolate fundamental mode Rayleigh waves, a phase-matched
filter is applied, and the measurements of group velocity are obtained from multiple filter
analysis techniques. Thus, we obtain 17 838 paths, covering most of the South American
continent, which reach their maximum at the period of 30 s and decrease for both shorter and
longer periods. We calculate average dispersion curves and probability density distribution
of all measured curves to check the consistency of our data set. Then, regionalized group
velocity maps are obtained by iteratively combining the fast marching method and the subspace
inversion method. The resolution of our models is assessed by checkerboard tests, which show
that the synthetic group velocities are well recovered, despite some amplitude and smearing
effects in some portions of the model, probably owing to regularization and uneven ray path
coverage. Compared to previous group velocity studies for South America, our models present
better resolution, mainly for shorter periods. Our maps of 10 and 20 s, for example, show an
excellent correlation with the sedimentary thickness (CRUST1.0) and topography density
(UNB_TopoDens). Regions of exposed basement and high-density are related to fast group
velocities, while sedimentary basins and low-densities are observed as areas of slow group
velocities. We identify small-scale fast group velocity heterogeneities that may be linked
to the Rio Apa and Rio Tebicuary cratons as well as to the geochronological provinces of
the Amazonian Craton. The most striking feature of our map at 40 s is a fast group velocity
structure with the same NE trend of the Transbrasiliano lineament, a Neoproterozoic megashear
fault that crosses a large part of the South American continent. Our long-period maps sample
lithospheric depths, revealing that cratonic areas of South America, such as the Amazonian and
Sao Francisco cratons, correlate well with fast group velocities. Another interesting feature is
the presence of a strong group velocity gradient between the Parana and Chaco-Parana basins,
which nearly coincides with the location of the Western Parana Suture, a continental-scale
gravity discontinuity. From our group velocity maps, we estimate 1-D S-wave velocity depth
profiles at 10 locations in South America: Chaco-Tarija Basin, Borborema Province (BP),
Amazonian Craton, Parana Basin, Tocantins Province, Acre Basin (AcB), Altiplano-Puna
Volcanic Complex, Mantiqueira Province (MP), Parnaiba Basin and S3o Francisco Craton.
Most of our inverted S-wave velocity profiles show good agreement with the SL2013sv model
at lithospheric depths, except the BP, AcB and MP profiles. Particularly for the BP, a low shear
wave velocity, from about 75 to 150 km depth, is a feature that is not present in the SL2013sv
model and was probably resolved in our model because of our denser ray path coverage. This
decreased S-wave velocity may be due to a lithospheric thinning beneath the BP, as already
pointed out by previous studies.
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1 INTRODUCTION

The lithosphere of South America can be roughly divided into a
relatively stable portion—the South American Platform, which oc-
cupies most of the continent—that is not affected by the Andean
and Caribbean orogenesis 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 the continent, on its southern portion, bounded by the Andes
to the west and by the Atlantic Ocean to the east (Almeida et al.
2000). Throughout geological time, the lithosphere of South Amer-
ica has been deformed and rearranged several times by Global
Plate Tectonics processes. Thus, the basement of the continent is
the result of a long evolution and may be considered the product
of three main orogenic events: (i) the Trans-Amazonian, during
the Palaeoproterozoic; (ii) the Late Mesoproterozoic and (iii) the
Brasiliano/Pan-African, mainly in Neoproterozoic times (Almeida
et al. 2000).

Due to a distinct tectonic evolution, the basement of the South
American Platform can be divided into two main domains: a pre-
Brasiliano N-NW Amazonian Domain, where large Archean nuclei
are circumscribed by younger Palaeo- and Mesoproterozoic mobile
belts, and a central-eastern ‘Brasiliano’ Domain, whose structural
framework was intensely shaped by Neoproterozoic orogenic cy-
cles, namely the Brasiliano/Pan African events (Brito Neves & Fuck
2014), which 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). Brito Neves & Fuck
(2014) also recognized that the crustal evolution of the Amazonian
Domain shares many similarities with the ancient Laurentian conti-
nent, while the Brasiliano Domain presents affinities with Western
Gondwana. Those domains seem to be separated by a megashear
zone named Transbrasiliano Lineament (TBL), which extends even
further to Africa (e.g. Santos et al. 2008). Although of secondary im-
portance to the Amazonian Craton (AmC) and surroundings (Brito
Neves & Fuck 2013), the Brasiliano events resulted in the current
configuration of the tectonic provinces in the South American Plat-
form and the youngest fold belts of the basement were formed dur-
ing the Neoproterozoic (Almeida et al. 2000). The Neoproterozoic
orogenic systems include the Mantiqueira Province (MP), along the
Brazilian coast, the Tocantins Province (TP), in central Brazil, and
the Borborema Province (BP), in NE Brazil. Three large phanero-
zoic intracratonic basins are present in the South American Plat-
form: Parana Basin (PB), to the southeast, Parnaiba Basin (PaB),
to the northeast and Amazon Basin (AmB), to the north. The base-
ment is exposed through two main cratonic blocks in the South
American Platform: the AmC, to the north and the Sdo Francisco
Craton (SFC), to the east. The AmC is further divided into two
main shields: the Guyana shield, to the north of the AmB and the
Guapor¢ shield, to the south. Fig. 1 summarizes the main current
tectonic provinces of South America.

Seismic tomography models are essential to our understanding
of tectonics, allowing us to link the reworking of surface geological
features with the dynamic evolution of the Earth’s deep interior (e.g.
Gurnis et al. 2000; Torsvik et al. 2006; Van der Meer et al. 2018).
Most seismic tomography experiments are designed to invert a large
data set of the traveltimes of a variety of seismic waves, which prop-
agate inside the Earth from the energy released by earthquakes and
are recorded as seismograms by seismic stations placed at Earth’s
surface. From the analysis of seismograms, it is possible to identify a
multitude of seismic phases, which probe different parts of the Earth,
carrying crucial information on its heterogeneous velocity structure.
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A better view of the lithospheric velocity structure beneath South
America has been tried by several body wave (compressional and
shear wave) and surface wave tomography studies over the years.
Seismic tomography models derived from body wave data to con-
strain the upper mantle velocity heterogeneities underneath the
South American Platform are usually more restricted to specific
regions. Studied areas, for example, include the PB (e.g. VanDecar
et al. 1995; Schimmel ef al. 2003; Rocha ef al. 2011, 2019a; Af-
fonso et al. 2021), the TP (e.g. Azevedo et al. 2015), the BP (e.g.
Simdes Neto et al. 2019), the SFC (e.g. Rocha ef al. 2019b) and
the Guaporé shield, in the AmC (e.g. Costa et al. 2020). However,
the cited body-wave tomography experiments have only provided
a faint view of the velocity structure within the lithosphere under
the studied areas, which overall is still poorly constrained in South
America.

The strong dispersive character of surface waves combined with
the fact that they travel along the Earth’s surface may provide a
good sampling of Earth’s shallow velocity structure. Thus, surface
wave group velocity maps are an important tool to investigate lat-
eral variations of crustal and upper mantle velocity structure, at both
regional and global scales, and may provide useful information re-
lated to the evolution of continents. Regional surface wave models
that comprise the whole continent (e.g. Silveira ef al. 1998; Vdovin
et al. 1999; Van der Lee et al. 2001; Feng et al. 2004, 2007; Heintz
et al. 2005) have successfully mapped long-wavelength structures
as low-velocity anomalies beneath the Andean chain, and as well as
high-velocity anomalies under cratonic areas. Those studies show
agreement on the large-scale structures to a certain extent, but due
to the distinct data set and inversion schemes, they differ in terms
of resolution, anomaly amplitude and geometry. Furthermore, im-
portant small-scale structures are absent or not well constrained due
to poor path coverage and scarce station distribution. Compared to
other continents, such as North America or Europe, seismic station
coverage in South America has always been quite sparse, especially
in regions with low population density and/or hard to access, like
the Amazon rainforest. Nevertheless, this situation has been im-
proving since 2011, with the deployment of several new stations in
Brazil by the following institutions: University of Sdo Paulo (USP),
University of Brasilia (UnB), University of Rio Grande do Norte
(UFRN) and National Observatory (ON). Those stations constitute
the Brazilian Seismographic Network (RSBR, Bianchi et al. 2018).
A new project named 3-Basins project, funded by Sao Paulo State
Research Foundation (FAPESP), also has recently deployed several
new temporary seismic stations in the region of the PB, Chaco-
Parana (CB) and Pantanal (PtB) Basins, improving significantly the
coverage in the southwestern South American Platform. Therefore,
relative to previous regional studies in South America using surface
wave tomography (e.g. Vdovin et al. 1999; Feng et al. 2004, 2007;
Heintz et al. 2005), the recently deployed RSBR and temporary
networks have provided a more homogeneous station distribution,
especially in northern (i.e. the Amazon) and northeastern Brazil.

Taking advantage of the newly deployed permanent and tempo-
rary stations, mainly in Brazil, to provide new constraints on the
lithosphere velocity structure underneath South America, in this
study we derive higher resolution Rayleigh wave group velocity
maps at periods of 10—150 s. Our group velocity maps are obtained
from the analysis of fundamental mode Rayleigh waves, which are
used to measure group velocity dispersion curves. We discuss in
detail data and measurements in Section 2. Based on a new data set,
which is three times larger than the number of dispersion curves
derived by Feng et al. (2007), we use the fast marching method
combined with the subspace inversion method to iteratively solve
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Figure 1. Main tectonic provinces of South America. The study area encompasses the Chaco-Parana Basin (CB), Parana Basin (PB), Pantanal Basin (PtB),
Parnaiba Basin (PaB), Amazon Basin (AmB), Solimdes Basin (SmB), Parecis Basin (PcB), Alto Tapajos Basin (ATB) Chaco-Tarija Basin (CTB), Acre
Basin (AcB), Tocantins Province (TP), Borborema Province (BP), Mantiqueira Province (MP), Sdo Francisco Craton (SFC), Amazonian Craton (AmC) and

Transbrasiliano Lineament (TBL).

the forward and inverse steps in order to account for the non-linearity
between traveltime and velocity. Our strategy to obtain 2-D region-
alized group velocity maps and the checkerboard resolution tests
is presented in Section 3 of this manuscript along with the derived
group velocity maps. Despite some amplitude and smearing effects
in some portions, the group velocity models are well recovered in
our tests, with alternating anomaly patterns of 2° x 2°, 3° x 3°,
4° x 4° and 5° x 5°, respectively. We present 2-D Rayleigh wave
group velocity maps for periods of 10, 20, 40, 50, 70, 100, 120
and 150 s, masking the oceanic areas since they are poorly sam-
pled in this study. To inspect our tomographic images at different
depths, we plot the sensitivity kernels of Rayleigh wave group ve-
locities to shear wave velocities at different periods. In Section 4,
we discuss the group velocity contribution to the imaging of the
heterogeneous structure beneath the onshore area of South Amer-
ica. We show that our group velocity maps of 10 and 20 s present an
excellent agreement with the sedimentary thickness (CRUST1.0,

Laske et al. 2013) and topography density (UNB_TopoDens, Sheng
et al. 2019) models, with fast group velocities related to the ex-
posed basement and high-density topography, and slow group ve-
locities related to the sedimentary basins and low-density topogra-
phy. The AmC geochronological provinces are observed as areas of
fast group velocities. Our map of 40 s shows a remarkable corre-
lation between a fast group velocity structure with a NE trend and
the Transbrasiliano Lineament, a Neoproterozoic megashear fault
crossing Brazil. A strong velocity gradient between the PB and CB,
which roughly coincides with the location of the Western Parana
Suture (WPS) is present on our maps of 100 and 150 s. Prelimi-
nary inversions of our 2-D regionalized maps for 1-D shear-wave
velocity depth profiles are also provided at ten locations. In gen-
eral, our inverted S-profiles are consistent with the SL2013sv model
(Schaeffer & Lebedev 2013), except the BP, AcB and MP profiles.
For the BP, for example, a lower S-wave velocity than the AK135
model (Kennett ef al. 1995) at a depth from about 75 to 150 km is
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observed and is not detected by the SL2013sv model. This result
can support the hypothesis of lithospheric thinning beneath the BP,
as evidenced by previous studies. Finally, in Section 5 we present
our conclusions.

2 DATA AND GROUP VELOCITY
MEASUREMENT

We analyse vertical component seismograms of 282 seismic stations
across South America (Fig. 2). The seismograms were recorded
by stations from permanent networks: RSBR (Rede Sismografica
Brasileira); OS (Observatorio Sismologico - UnB); C1 (Red Sis-
moldgica Nacional); EC (Ecuador Seismic Network); IU (Global
Seismograph Network); GT (Global Telemetered Seismograph Net-
work); CU (Caribbean USGS Network); G (GEOSCOP); CM (Red
Sismoldgica Nacional de Colombia); II (IRIS/IDA Seismic Net-
work); WC (Curacao Seismic Network) and WA (West Central
Argentina Network), and from temporary networks: XC (Pantanal,
Chaco and Parana structural studies, 2016—present); XT (Caribbean
Passive Experiment, 2003-2005) and ZG (Central Andean Uplift
and the Geodynamics of the High Topography, 2010-2012). We
measure Rayleigh wave group velocities using the single station
method, selecting 1043 earthquakes from the United States Geo-
logical Survey (USGS) bulletin for the period from 2002 to 2019,
with a magnitude M,, > 5 and a focal depth z < 100 km, for
source—receiver distances between 15° and 65°, to avoid complica-
tions from near-source effects and interference from higher modes,
and to achieve a better signal-to-noise ratio. Most of the selected
events are distributed along the Andean Orogenic Belt (Fig. 3a) and
have magnitudes between 5.0 and 6.0 M,, (Fig. 3¢c). Thus, our data
set tends to have paths of a relatively small length, with most of
the source—receiver distances between 25° and 35° (Fig. 3b). The
period range of each dispersion curve varies according to the path,
depending on earthquake magnitude and source—receiver distance.
As a consequence, periods are unevenly sampled (Fig. 3d).

All seismograms were visually examined to discard waveforms
with excessive noise and instrument artefacts. Prior to group ve-
locity measurement, we apply pre-processing steps to each seismo-
gram. We remove the mean and linear trend, apply a time-domain
cosine taper, deconvolve the instrument response from the seismo-
gram, and bandpass the signal. Also, a phase-matched filter (Her-
rin & Goforth 1977) is applied to isolate the fundamental mode
Rayleigh wave, removing higher modes. To measure group ve-
locity, we use the multiple filter analysis technique (Dziewonski
et al. 1969) using the Computer Programs in Seismology routines
of Herrmann (2013). The approach implemented in this package
minimizes a systematic error in group velocity measurement of in-
dividual recordings (Shapiro & Singh 1999). After the described
procedure, we obtain a total of 17 838 paths, covering most of the
South American continent. The number of dispersion measurements
reaches its maximum at the period of 30 s and decreases for both
shorter and longer periods (Fig. 3d). This decrease at shorter peri-
ods is related to shallow velocity heterogeneity, which makes the
signal more complex, and at longer periods is associated with the
energy released by low magnitude earthquakes, which are not able
to excite Rayleigh waves to generate high signal-to-noise ratios for
appropriate measurements. We only retain measurements in the pe-
riod range of 10-150 s to produce our 2-D Rayleigh wave group
velocity maps.

Fig. 4 shows vertical component waveforms sorted by epicentral
distances of five stations from the RSBR network (RCLB, PTET,
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ALFO01, JANB and NBLA), which recorded the 7.6 M,, magnitude
southern Chile event 122516A (2016 December 25, 14:22:27) from
the Global CMT catalogue. The grey waveforms are pre-processed
seismograms as described above, and the blue ones are the isolated
fundamental mode seismograms after the application of the phase-
matched filter. Although the seismograms are records of the same
event, they present a quite different pattern among them, revealing
a heterogeneous S-wave velocity structure beneath the South Amer-
ican continent. Fig. 5 presents group velocity dispersion curves in
blue measured from the waveforms in Fig. 4. For comparison, we
plotted each curve with standard deviation dispersion curves in grey
dashed lines, calculated from the average dispersion of all 17 838
measured curves in this study, which are shown in Fig. 5(f) as a
probability density distribution of all Rayleigh wave group velocity
dispersion curves. The five dispersion curves lie within the range
of one standard deviation from the mean curve, in black, plotted in
Fig. 5(f). The dispersion curve obtained at the station PTET (red
triangle in Fig. 6a) only presents measurements for periods above
~25 s most likely due to noise amplification caused by soft quater-
nary sediments of the Pantanal basin (Assine ef al. 2015) on shorter
periods. Fig. 6 illustrates all dispersion curves measured at each
of the five stations shown in Figs 4 and 5. In Fig. 6(a), we have
the location of these stations on the topography/bathymetry map of
South America, along with the epicentre of all events recorded by
them. Figs 6(b)—(f) present the probability density distribution of
Rayleigh wave group velocity dispersion curves for each station.
Among these five stations, JANB was the one that provided the
most dispersion curves to the experiment, with 359 measurements.
Then, RCLB contributed with 288 curves, ALFO1 with 281, NBLA
with 257 and PTET with 67. The average dispersion curves in black
show group velocities varying from 2.9 kms™,at 10s,t0o 3.8 kms™,
at 150 s, with a peak of about 3.9 kms™, at 80 s. The standard devi-
ation curves in grey dashed lines are closer to the average ones on
shorter periods, yet overall they are not far from the mean curves
by more than 5 per cent.

3 GROUP VELOCITY MAPS

3.1 Tomography method

We use the Fast Marching Surface Tomography (FMST) package
(Rawlinson 2005) to estimate the group velocity maps. In the first
step, the velocity structure beneath South America is represented
by a grid of velocity nodes, with a bi-cubic B-spline interpolation
function associated. An optimum balance between recovery, res-
olution, and computational processing time was found for a grid
spacing of 1° x 1°. FMST iteratively solves the forward and in-
verse steps in order to account for the non-linearity between trav-
eltime and velocity (Rawlinson & Sambridge 2005). Rather than
using a conventional ray-tracing method, the forward problem is
solved by tracking the entire wave front through the Fast Marching
Method (FMM, Sethian 1996; Sethian & Popovici 1999; Rawlin-
son & Sambridge 2004b). FMM is a grid-based numerical method
that solves the eikonal equation via finite differences. The main
advantages of FMM over traditional ray tracing methods include
avoiding great circle assumptions, finding diffractions in shadow
zones and solving wave propagation, even in highly heterogeneous
media (see Sethian & Popovici 1999; Rawlinson & Sambridge
2004a).

The inverse step is cast as an optimization problem, where
the following objective function S(m) is to be minimized (e.g.
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Figure 2. Topography and bathymetry map from ETOPO1 model (Amante & Eakins 2009) with the distribution of stations (red triangles) and earthquakes
(yellow circles) across South America. The total number of stations used in this work is 282. We select a total of 1043 earthquakes with magnitude My, > 5
and focal depth z < 100 km from the United States Geological Survey (USGS) bulletin for the period from 2002 to 2019. Black contour represents the main
tectonic provinces of South America, as shown in Fig. 1. The green line represents plate boundaries.

Rawlinson et al. 2006):

S(m) = (g(m) — d,ps)" C; ' (g(m) — dopy) n

+ e(m — my)" C,'(m — my) + ym” D’ Dm,
where m is the model parameters vector, d,;, are the observed trav-
eltime data, g(m) is the forward operator, which provides predicted
data for the forward step, C;l is the inverse data covariance matrix,
m, is the reference model, C,! is the inverse model covariance
matrix, D is a smoothing matrix operator, € and 7 are the damp-
ing and smoothing coefficients, respectively. The first term on the
right-hand side of eq. (1) measures the misfit between observed and
theoretical traveltimes. As the solution may not be well constrained
by the data alone, regularization terms are added to the objective
function. The second term on the right-hand side favours solution

models m that are close to a reference model my, and the third one
favours smooth models over rough ones. Group velocity values for
each period are taken from the 1-D wave speed model for Earth
AK135 (Kennett et al. 1995) and used as the reference model for
the inversion. We assume that the errors in the dispersion measure-
ments are statistically independent and that diagonal elements of
the data covariance matrix, C,, have a constant value of 100 s, and
the diagonal elements of the model covariance matrix, C,,, have a
constant value of 0.09 km? s2.

To find the minimum of eq. (1), we apply the subspace method
(e.g. Kennett et al. 1988; Sambridge 1990), which is a gradient-
based inversion scheme that assumes a local quadratic approxima-
tion on the current model. To reduce the computational expense of
the inversion, the subspace method projects and minimizes, at each
iteration, the quadratic approximation in an n-dimensional subspace
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Figure 3. (a) Histogram showing the azimuthal distribution of events recorded by 282 stations in South America (see Fig. 2). (b) Histogram showing the
epicentral distance distribution of events recorded by seismic stations within the study area. (c) Histogram exhibiting the earthquake magnitude range of events
selected in this study. (d) Number of dispersion measurements as a function of period.

of the model space. For the penalty function of eq. (1), the model
perturbation is given by (e.g. Rawlinson ef al. 2006):
sm=—-AAT(G'C;'G +¢C,' + nD'D)A)'AT P, ()
where A is a projection matrix, G is the Fréchet derivatives matrix,
and p is the gradient vector. We do not include event relocation
during our inversion procedure, but we expect that data redundancy
may average and consequently reduce errors from the dispersion
curves.

We analyse the trade-off between satisfying the data and model
complexity by inverting the observed data with different sets of

damping and smoothing coefficients. To select appropriate values
for € and n, we use the L-curve analyses (e.g. Rawlinson et al.
2006; Aster et al. 2018). First, we set 1) to zero and perform several
inversions, varying e from 1073 to 103, and we plot the residual data
misfit against the variance of the solution model. Then, the same
procedure is applied to pick an optimal value for n, by plotting the
residual data misfit against the model roughness. Fig. 7 shows L-
curves used to select an optimal value for € and n for the following
periods: 10, 20, 40, 50, 70, 100, 120 and 150 s. The best values are
circulated in black in Fig. 7. We find that = 10 and € = 10 are
optimal parameters for these periods, except for the period of 150 s,
where n = 1 and € = 1 are the most appropriate values.
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Figure 4. Example of waveforms (in grey) at five RSBR stations (RCLB, PTET, JANB, ALFO1 and NBLA), which recorded the southern Chile single event
122516A (2016 December 25 14:22:27) of magnitude 7.6 M,, from the global CMT catalogue. Blue waveforms are the isolated fundamental mode ones.
Fig. 6(a) shows the locations of these five stations.

Fig. 8 presents histograms with the traveltime residuals before 58, 71, 62, 55, 43, 25, 26 and 20 per cent, respectively. As lat-
(blue bins) and after (green bins) inversion at periods of 10, 20, 40, eral variations of group velocity amplitudes are smaller at longer
50, 70, 100, 120 and 150 s. After 10 iterations, for the previously periods, then less signal needs to be fitted and traveltime residual

mentioned periods, we observe a traveltime residual reduction of reduction is decreased when compared to those obtained at shorter
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Figure 5. (a)—(e) Blue curves with dots represent group velocity dispersion measurements obtained from the seismograms of Fig. 4, and grey dashed lines are
standard deviation dispersion curves calculated from the average dispersion of all 17 838 measured curves in this study. (f) Probability density distribution of
all Rayleigh wave group velocity dispersion curves. The black and grey dashed lines are the average and standard deviation curves of all measured dispersion,
respectively. The location of stations RCLB, PTET, ALFO1, JANB and NBLA can be seen in Fig. 6(a).

periods. Also, traveltime residuals are better adjusted for shorter
periods due to larger errors and uncertainties associated with longer
periods. The initial traveltime residuals can be as large as 150 s for
shorter periods, but they are smaller for longer ones. For the period
of20 s, for example, the initial traveltime residual average is -2.51 s,
with a standard deviation of 37.94 s. After the inversion, the final
traveltime residual average is reduced to 0.25 s, with a standard
deviation of 10.89 s. For the period of 100 s, the initial traveltime

residual average is 0.13 s, with a standard deviation of 21.81s. The
final traveltime residual average is 0.25 s, with a reduced standard
deviation of 16.42 s.

3.2 Checkerboard resolution tests

To qualitatively assess the lateral resolution of our tomography
maps, we perform several variants of the checkerboard test in
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Figure 6. (a) Topography and bathymetry map with the location of the following RSBR network stations: RCLB (black triangle), PTET (red triangle), ALFO1
(cyan triangle), JANB (green triangle) and NBLA (orange triangle). The yellow circles depict the epicentre of recorded earthquakes across South America by
these five stations. (b)—(f) Probability density distribution of Rayleigh wave group velocity dispersion curves measured for each station. The black line and
grey dashed lines are the average and standard deviation curves of measured dispersion, respectively. N stands for the number of measured dispersion curves.

which there is a space between alternating high and low-velocity
anomalies. This procedure can be thought of as a combination of
checkerboard and spike tests. As pointed out by Lévéque et al.
(1993) and Rawlinson & Spakman (2016), checkerboard results
can be misleading and should be interpreted with caution, because
small-scale structures may be well retrieved by the test, while long-
wavelength structures may be poorly resolved. However, this prob-
lem is mitigated by performing several tests varying the anomaly
size, and checkerboard tests are still widely used (e.g. Rawlinson
et al. 2011; Fang et al. 2016), providing useful insights on model
resolution. Thus, we generate a synthetic data set through an alter-
nating pattern of high and low-velocity anomalies, using the same
source—receiver distribution of our observed data set. Group ve-
locity perturbations of —0.8 and 0.8 km s are chosen for all tests
we perform and they are added to group velocity values from the
AK135 model at the period of interest. To simulate sources of error
(e.g. mislocation of events, noise, etc.) present in the observed data,
a Gaussian noise component is added to each path, with a standard
deviation of 6 s. The inversion of this synthetic data set with the
subspace method is then carried out, using the same parameters
(i.e. grid spacing, damping and smoothing parameters, etc.) as the
ones used for the inversion of the observed data. Fig. 9 presents
the results of the checkerboard tests for periods of 10, 20, 40, 50,

70, 100, 120 and 150 s, with alternating anomaly patterns of 2°
x 2°,3° x 3°,4° x 4° and 5° x 5°, respectively. In general, the
velocity anomalies are well recovered in the tests, but decreased
amplitude is observed in all retrieved models, most likely because
of the smoothing and damping regularization parameters used in the
inversion. Thus, it is likely that the amplitude of our Rayleigh group
velocity maps is also underestimated. Smearing effects are also
present, chiefly in regions of uneven azimuthal coverage (see Figs 2
and 3a), such as southern Argentina, especially in the Patagonian
block.

3.3 Group velocity maps at periods of 10-150s

In this subsection, we present 2-D Rayleigh wave group veloc-
ity maps for periods of 10, 20, 40, 50, 70, 100, 120 and 150 s
(Figs 10a—h). Fast group velocities are represented by blue colours
and slow group velocities are represented by red colours. As the
oceanic areas are poorly sampled in this study, we decide to mask
them in our group velocity maps to avoid misinterpretation, dis-
cussing only the group velocity contribution to the imaging of the
heterogeneous structure beneath the onshore area of South Amer-
ica. Figs 10(a)—(h) show that the slowest group velocity values are
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Figure 8. Histograms showing traveltime residuals before (blue bins) and after (green bins) inversion at periods of 10, 20, 40, 50, 70, 100, 120 and 150 s.

mainly concentrated along the Andean Orogenic Belt and can reach
group velocity perturbations as low as —20 per cent, as in Fig. 10(a),
compared to the reference model AK135 (Uaki3s). High group ve-
locity perturbations are observed along the Brazilian continental

margin and beneath continental roots as the SFC and AmC cratons,
with values that can reach up to 8 per cent.

Since the depth of the velocity structure imaged by surface waves
depends on the wave period, each group velocity map is able to
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Figure 9. Checkerboard resolution tests of our Rayleigh wave group velocity maps. All maps present group velocity perturbations of 0.8 and 0.8 kms™' added
to group velocity values from the AK135 model at the period of interest. Panels (a) and (b) input models with perturbed cell sizes of 2° x 2° and recovered
models at periods of 10 and 20 s. Panels (c), (d) and (e) input models with perturbed cell sizes of 3° x 3° and recovered models at periods of 40, 50, and 70 s.
Panels (f) and (g) input models with perturbed cell sizes of 4° x 4° and recovered models at periods of 100 s and 120 s. Panel (h) input model with perturbed
cell sizes of 5° x 5° and the recovered model at the period of 150 s.

constrain crustal and upper mantle heterogeneities caused by com- velocities at different periods, as illustrated in Fig. 10(i). The sensi-
position and temperature variations at different depths. Therefore, tivity kernels are calculated using the AK135 model. As Fig. 10(i)
to inspect our tomographic images at different depths, we plot the shows, for Rayleigh wave group velocities, there is approximately

sensitivity kernels of Rayleigh wave group velocities to shear-wave a one-to-one relationship between period and depth, that is, the
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Figure 10. South America Rayleigh wave group velocity maps at periods of (a) 10 s, (b) 20 s, (c) 40 s, (d) 50 s, (e) 70 s, (f) 100 s, (g) 120 s and (h) 150 s.
The ray path coverage of each map is represented in the right-hand bottom corner of each panel. Blue colours represent fast group velocities and red colours
indicate slow group velocities. Purple contours are the tectonic provinces illustrated in Fig. 1. On each map, Upin and Upax stand for minimum and maximum
group velocities, respectively, and Uaxk 35 represents the reference velocity from the AK135 model at the period of interest. (i) Sensitivity kernels of Rayleigh
waves to shear-velocity derived from the AK135 velocity model for the periods in (a)—(h).

sensitivity peak for the period of 10 s is at a depth of about 10 km, to shallow structure, such as basins, exposed basement and upper
while the sensitivity peak for the period of 150 s is at a depth of and middle crust. As the period increases, surface waves are more
about 150 km. From the sensitivity kernel, we can infer that Rayleigh affected by deeper S-wave velocity variations. Thus, group veloc-

wave group velocities at periods of 10 and 20 s are mostly sensitive ity maps of 40 and 50 s are mainly sensitive to the shear-velocity

€20z Asenuer g} uo Jasn v N3O VO3L0OIT8I9/dHIN Ad L£299€9/856/2/8Z¢/aIP1E/I[B/WO0d dno"dlWwapede//:sdjy woly papeojumoq



970 A.VS. Nascimento et al.

structure in the lower crust and uppermost mantle. At the periods
of 70, 100, 120 and 150 s, the group velocity maps are influenced
by lithospheric heterogeneities from about 70 to 150 km depth.

4 DISCUSSION

4.1 Comparison with previous Rayleigh wave group
velocity studies

Compared to previous group velocity studies for South America
(e.g. Vdovin et al. 1999; Feng et al. 2004; Rosa et al. 2016b), our
models present better resolution, mainly for the maps at shorter
periods. The imaged long-wavelength heterogeneities exhibit a rea-
sonable agreement among all maps. For example, a prominent elon-
gated slow group velocity feature, found along nearly the entire
western edge of South America, following the Andes on our maps
of 40 and 50 s, is also observed in the models derived by Vdovin
etal. (1999), Feng et al. (2004) and Rosa ez al. (2016b). This feature
is probably related to the thick crust in the Andean region, which
may reach values of 70 km (e.g. Rivadeneyra-Vera et al. 2019), and
clearly separates the South American Platform from the Andean
fold belt. The image of large cratonic areas as the SFC and AmC
is also present in our study and in the previous ones, although the
division of the AmC into the Guyana and Guaporé shields is not
resolved by the model of Vdovin et al. (1999).

Small-scale structures, as the Pantanal, Tucano-Jatoba, Alto-
Tapajos sedimentary basins and the S3o Luis, Rio Apa, Rio
Tebicuary and Rio de la Plata cratons, are illuminated in our models,
yet they are absent or not well constrained in the previous veloc-
ity group maps derived for South America. Interestingly, although
the AmC is a structure present in all previously cited group veloc-
ity maps, only in our model we identify small-scale heterogeneities
that may be linked to the geochronological provinces of this cratonic
area (Tassinari & Macambira 1999).

4.2 Short period group velocity maps

Fig. 11(a) presents the sediment thickness map of the South Ameri-
can continent from the CRUST1.0 model (Laske ef al. 2013), which
is a compilation of local and regional basement information, and
Fig. 11(b) shows the topography density model (UNB_TopoDens) of
Sheng ef al. (2019), which is based on a global lithology map from
geological data. Sediment thickness across South American basins
is highly variable, ranging from thin sedimentary layer basins, such
as Pantanal and Parecis, where the depth to the basement reaches a
few hundred meters (e.g. Ussami ef al. 1999b; Barros & Assumpgao
2011), to thick basins, such as Marajo, where sediment thickness
may reach up to 11 km (e.g. Costa et al. 2002). Although our 2-D
group velocity maps have been derived with no a priori geological
information constraints, Figs 11(c) and (d) show that they present
an excellent agreement with the maps of Figs 11(a) and (b).

Slow group velocities on the maps of 10 and 20 s are bet-
ter correlated with sedimentary basin thicknesses of Fig. 11(a)
(e.g. Parana, Chaco-Parand, Parnaiba, Amazon, Solimdes, Pare-
cis, Marajo, Madre de Dios, Llanos, Oriente-Marafion, Ucayali,
Acre and Chaco-Tarija), and with low topography density values of
Fig. 11(b). Our short period maps of Figs 11(c) and (d) also show
slow group velocities related to small-scale sedimentary basins such
as the Tucano-Jatoba Basin (10°S, 37°W, e.g. Ussami et al. 1986;
Magnavita et al. 1994), Pantanal Basin (18°S, 57°W, e.g. Ussami
et al. 1999b; Assine et al. 2015), Alto-Tapajos Basin (8°S, 58°W,

e.g. Toczeck ef al. 2019) and the Llanos Basin (5°N, 72°W, e.g.
Mora et al. 2019), in northeastern Colombia. Another interesting
small-scale feature present on our map of 10 s is a slow group-
velocity coincident with the sedimentary cenozoic cover in the axis
of the Parana River, in the PB (see Rosa ef al. 2016a). On the other
hand, fast group velocities are related to regions of exposed base-
ment and high surface densities, as for some portions of the AmC,
SFC, Sdo Luis, Rio de La Plata cratons, and the BP, MP and TP
provinces. This is probably caused by a more stable and consoli-
dated character of the crystalline basement rocks compared to the
sedimentary ones.

The slowest group velocities from the maps of 10 and 20 s are
observed underneath the Oriente-Marafion Basin, Ucayali Basin,
Chaco-Tarija Basin (CTB) and Altiplano-Puna Volcanic Complex
(APVC). The Oriente-Marafion Basin is a Late Permian-Early Tri-
assic sub-Andean foreland basin between Ecuador and Peru, in
western South America (Baby ef al. 2013; Zamora & Gil 2018),
which has a sedimentary thickness as large as 4 km, while the Or-
dovician Ucayali Basin is located in Peru, with sedimentary fills
of up to 5 km (Roddaz et al. 2005). The Late-Cenozoic CTB,
between Bolivia and Argentina, in the central Andes (Uba et al.
2006), has a sedimentary thickness of about 5 km. The APVC is
an 11-1 Ma silicic volcanic field, located in the central Andes,
which lies above a thick crust of about 70 km (De Silva 1989). Be-
neath the APVC, using a joint inversion scheme of surface waves
dispersion curves and receiver functions, Ward et al. (2014) im-
aged a ~11-km-thick low-velocity zone (extending from ~4 to
25 km), which was interpreted as a plutonic complex, sourcing
this volcanic system. Such a structure coincides with the loca-
tion of the slow group velocity of about ~2.3-2.4 kms™ on our
maps.

The fastest group velocities of the map of 10 s are related to the
MP, across the Brazilian continental margin, and to the AmC and
SFC cratons. The MP is a geological orogenic province formed by a
mosaic of distinct Archean, Palacoproterozoic and Mesoproterozoic
terranes, which were deformed during the Neoproterozoic/Early
Palaeozoic Brasiliano Orogeny (Silva et al. 2005). The AmC is a
large cratonic area divided into two Precambrian shields, the Gua-
poré and Guyana Shields, separated by the Palacozoic AmB, circum-
scribed by Palacoproterozoic and Mesoproterozoic fold belts (Tassi-
nari & Macambira 1999; Cordani ez al. 2009). The SFC consists of
Archean and Palaeoproterozoic cratonic nuclei, in general smaller
than the ones found in the AmC, part of the much larger Congo
Craton, and bounded by the Neoproterozoic Brasilia, Araguai, Ri-
acho do Pontal and Sergipano orogenic belts (Almeida ef al. 1981;
Brito Neves & Fuck 2014). Therefore, the increased group velocity
values are consistent with these older and relatively stable basement
rocks. Also, fast group velocities on the map of 10 s are observed
in the upper crust structure beneath Fitzcarrald arch. Located in
northern South America, the Fitzcarrald arch is a 4 Ma broad uplift,
most likely caused by a ~5 km crustal thickening in response to
the Nazca Ridge flat subduction (Espurt et al. 2007; Bishop et al.
2018).

On the map of 20 s, the AmC geochronological provinces as
the Central Amazonian (>2.6 Ga), Maroni-Itacaitinas (2.45-1.93
Ga), Ventuari-Tapajos (2.05-1.80 Ga), Rio Negro-Juruena (1.82—
1.60 Ga), Sunsas (1.20-0.95 Ga) and the Sdo Luis, Rio Apa, Rio
Tebicuary and Rio de la Plata cratons are observed as regions of fast
group velocities. The AmC geochronological provinces are made
up of Archean, Palacoproterozoic and Mesoproterozoic crustal seg-
ments, which were formed through collision/accretion events (Cor-
dani et al. 2009). Located in northern Brazil, the Sdo Luis Craton is
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Figure 11. (a) Sedimentary thickness map for South America, obtained from the CRUST1.0 model (Laske ef al. 2013). (b) Topography density model
(UNB_TopoDens) of Sheng et al. (2019). Rayleigh wave group velocity maps for periods of (¢) 10 s and (d) 20 s. AcB: Acre Basin, APVC: Altiplano-Puna
volcanic complex, AmB: Amazon Basin, AmC: Amazonian Craton, APAP: Alto Paranaiba Alkaline Province, ATB: Alto-Tapajos Basin, BP: Borborema
Province, CA: Central Amazonian, CB: Chaco-Parana Basin, CTB: Chaco-Tarija Basin, GAP: Goias Alkaline Province, MDB: Madre de Dios Basin, MP:
Mantiqueira Province, MI: Maroni-Itacaiunas, OMB: Oriente-Marafion Basin, PB: Parana Basin, PcB: Parecis Basin, PaB: Parnaiba Basin, RAC: Rio Apa
Craton, RPC: Rio de La Plata Craton, RNJ: Rio Negro-Juruena, RTC: Rio Tebicuary Craton, SFC: Sdo Francisco Craton, SLC: Sdo Luis Craton, SmB: Solimdes
Basin, TJB: Tucano-Jatoba Basin and VT: Ventuari-Tapajos.
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composed of Archean and Palaeoproterozoic cratonic fragments of
the much larger West African Craton (Klein ez al. 2005), while the
Rio Apa Craton is a Palacoproterozoic cratonic fragment, formed
by accretionary events and encompassed within the Paraguay belt,
located between Brazil and Paraguay (e.g. Cordani et al. 2010;
Teixeira et al. 2020). Although dated by Cordani et al. (2001), from
U-Pb geochronology analysis, with an age of about 2.0 Ga, the base-
ment rocks of the Rio Tebicuary complex were only interpreted as
a thin cratonic crust after the gravity data modelling performed by
Dragone et al. (2017). Our results show the presence of a small
fast velocity structure that coincides with the location of the Rio
Tebicuary Craton, possibly corroborating its existence. Along the
northern border of the PB, our map at a period of 20 s shows two
fast velocity structures that coincide with the location of the Goias
(GAP) and Alto Paranaiba (APAP) Alkaline Provinces. The GAP
(Brod et al. 2005) and APAP (Gomes & Comin-Chiaramonti 2005)
are two large kamafugite provinces associated with an extensive
Late Cretaceous alkaline magmatism, which took place along the
125AZ lineament. Gravity and magnetic studies in these provinces
(e.g. Dutra et al. 2012; Mantovani et al. 2016) show that alkaline in-
trusions canreach up to 18 km in depth, as in the GAP, and are denser
(>2900 kgm™) than the surrounding upper crust. Thus, denser
rocks at shallower depths could explain the faster group velocity
underneath the GAP and APAP. The Archean—Palacoproterozoic
Rio de la Plata Craton (RPC) is almost entirely covered by a pile of
younger sediments, hampering its borders detection, with the main
outcrop areas including the crystalline basement in the central to
southwestern Uruguay, the Buenos Aires Complex of the Tandilia
Belt, in Argentina and the Taquarembo block, in Brazil (Rapela
et al. 2007; Oyhantcabal et al. 2011). Despite the presence of a
fast group velocity structure near the Sierra de la Ventana, within
the RPC delimitation proposed by Oyhantcabal ef al. (2011), our
ray path coverage is insufficient to properly determine the size and
extension of this cratonic segment in southwestern South America,
as shown in Figs 9(a) and (b).

4.3 Intermediate period group velocity maps

Because the group velocity maps at 40 and 50 s are sensitive to
crustal velocity and thickness, for comparison with our results, in
Fig. 12(a) we plot the crustal thickness South American map of
Rivadeneyra-Vera et al. (2019), which presents a compilation of
previous estimated crustal thickness values along with new mea-
surements obtained from receiver functions. The crustal thickness
map of South America shows that the thickest crustal values are
beneath the central Andres, ranging from 55 to 70 km. Cratonic ar-
eas, as an example the AmC and SFC, also present thick crust, with
values as large as 42 km. Thin crust is observed along part of the
Brazilian continental margin, as for the MP, and underneath the BP,
CTB, PtB, AcB and PcB. A receiver function study by Albuquerque
et al. (2017) found that crustal thickness is highly variable in the
AmC, ranging from 27.4 to 48.6 km. This variation is reflected on
our group velocity maps of 40 and 50 s as an alternating pattern of
fast and slow group velocities along the AmB and SmB, culminat-
ing in a transition between fast and slow group velocities in the AcB
(see Figs 12c and d), where the reported crustal thickness is around
27 km (Albuquerque et al. 2017). For the Ribeira fold belt, within
the MP, Franga & Assumpgao (2004) estimated, from receiver func-
tions, a crustal thickness ranging from 34 to 42 km, with a thinning
trend towards the coast. The same trend is observed in Fig. 12(a)
along the whole MP. This observed crustal thinning can be due to

the extensional process related to the break-up of West Gondwana-
land. Then, denser mantle material at a shallower depth may explain
the fast group velocities on our maps. Previous crustal thickness es-
timates for the BP (e.g. Pavao ef al. 2013; Lima et al. 2015; Luz
et al. 2015; Fianco et al. 2019) reveal a thin crust, with Moho depth
varying from 30 to 40 km, which could be associated with crustal
delamination or stretching. This thin crust is imaged on our 40 and
50 s maps as a fast group velocity, thus corroborating previous re-
sults. For the PcB, the study by Albuquerque ez al. (2017) indicates
a thin crust of about 30 km, located in the central-northern portion
of the basin, neighboured by a thick crust (>47 km) towards the
AmC. In this region, we observe a slow group velocity in contrast
to the fast velocity found in other regions of crustal thinning.

Beneath the PB and CB, the slow group velocities on the map of
40 s are in agreement with those derived by Shirzad et al. (2019),
from ambient seismic noise tomography at the same period, and
they still correlate with the map of the sedimentary thickness of
Fig. 11(a), albeit we expected this period to be mainly influenced by
the velocity structure of the lower crust, as shown by the sensitivity
kernels of Rayleigh waves to shear-velocity in Fig. 10(i). A normal
to thick crust varying from 40 to 45 km (e.g. Julia et al. 2008;
Rivadeneyra-Vera et al. 2019) is observed beneath the PB and a
thin to normal one, ranging from 35 to 40 km (e.g. Rosa et al.
2016b; Rivadeneyra-Vera et al. 2019), is detected beneath the CB.
Thus, the observed slow group velocity underneath these two basins
may not necessarily be due to the effect of the sediment structure
above the basement, yet due to the flexural load imposed by the
sedimentary package that bends the slower shallow crustal material
to greater depths. Slow group velocities correlating with normal
to thick crust are also observed beneath the AmB, SmB and PaB.
Albuquerque et al. (2017) found values of around 39 km for the crust
beneath the AmB and SmB. From a deep crustal seismic profile,
Daly et al. (2014) estimated an average value of 40 km for the PaB
crustal thickness.

The most striking feature of our map at 40 s is a fast group velocity
structure with the same NE trend of the Transbrasiliano lineament
(TBL), a Neoproterozoic megashear fault that crosses a large part
of the South American continent and extends to Africa (Fairhead &
Maus 2003; Santos et al. 2008; Cordani et al. 2013). To compute
a precise model for the Earth’s magnetic field, Fairhead & Maus
(2003) combined the data set from two-satellite mission, Qersted
and CHAMP, respectively. The model derived by them detected the
TBL as a zone of low analytic signal of the magnetic field, most
likely due to low susceptibility crust, separating the SFC, to the
SE, from the AmC, to the NW. In Fig. 12(b), we can also observe
the TBL as positive amplitude magnetic anomaly, in the magnetic
anomaly map EMAG2v3 (Earth Magnetic Anomaly Grid) of Meyer
et al. (2017), which combines data from satellite, ship, and airborne
magnetic measurements and has a resolution of 2 arc-minute. The
fast group velocity NE trend observed on our map may be because
of a crustal thinning along the TBL. However, the receiver functions
by Rivadeneyra-Vera et al. (2019) do not show a clear crustal change
through the TBL as we can see in Fig. 12(a), albeit there are several
points of shallower Moho depth and a huge gap of points in the PaB
that does not allow us to preclude that the TBL overlies a crustal
thinning zone.

4.4 Long period group velocity maps

For comparison with our group velocity maps of 100 and 150 s,
we plot in Figs 13(a) and (b) the version 2 of the isotropic global
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Figure 12. (a) Crustal thickness estimates of the South American continent, obtained from Rivadeneyra-Vera et al. (2019). (b) Magnetic anomaly map
EMAG2v3 (Earth Magnetic Anomaly Grid) of Meyer et al. (2017). Group velocity maps of (c) 40 s and (d) 50 s. The Transbrasiliano Lineament (TBL) is
indicated in each figure by a grey line. AmB: Amazon Basin, AmC: Amazonian Craton, BP: Borborema Province, CB: Chaco Parana Basin, MI: Maroni-
Itacaitnas, PB: Parana Basin, PcB: Parecis Basin, PaB: Parnaiba Basin, RAC: Rio Apa Craton, RNJ: Rio Negro-Juruena, SFC: Sdo Francisco Craton, SLC:

Séo Luis Craton, SmB: Solimdes Basin and VT: Ventuari-Tapajos.
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Figure 13. Horizontal slices of the isotropic global S-wave velocity model SL2013sv of Schaeffer & Lebedev (2013) at the depths of (a) 100 km and (b)
150 km. Group velocity maps of (c) 100 s and (d) 150 s derived in this study. The Transbrasiliano Lineament (TBL) is indicated in each figure by a grey line.
AcB: Acre Basin, AmC: Amazonian Craton, APVC: Altiplano-Puna volcanic complex, BP: Borborema Province, CTB: Chaco-Tarija Basin, MP: Mantiqueira
Province Province, PB: Parana Basin, PaB: Parnaiba Basin, SFC: Sdo Francisco Craton and TP: Tocantins Province. The Western Parana Suture (WPS) is
indicated by a grey contour. The black—white dots indicate the location where 1-D S-wave velocity depth profiles were estimated.
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S-wave velocity model SL2013sv of Schaeffer & Lebedev (2013)
at the depths of 100 and 150 km. These depths approximately
coincide with the peak of the highest sensitivity of group ve-
locity to shear-velocity, corresponding to the maps of Figs 13(c)
and (d). The SL2013sv is a model derived from a large collec-
tion of vertical-component broad-band seismograms using an auto-
mated multimode waveform inversion procedure of surface and
S waves. For a period range from 11 to 450 s, the algorithm
extracted a set of linear equations, which were posteriorly in-
verted for a 3-D model of shear and compressional speeds and
azimuthal anisotropy within the crust, upper mantle and transition
zone.

Our group velocity maps in Figs 13(c) and (d) present a good cor-
relation with the S-wave velocity perturbation model in Figs 13(a)
and (b). Fast group velocities are observed beneath the AmC, SFC,
PB, PaB, and they match the high S-wave velocity perturbations in
the SL2013sv model in the same regions. From S receiver func-
tion analysis, Heit et al. (2007) estimated punctual lithosphere—
asthenosphere boundary (LAB) depths larger than 120 km for the
AmC, SFC and PB, which are most likely related to their deep
cratonic roots. The global tomography model of Priestley et al.
(2018) indicates a thick lithosphere for the PaB, ranging from 150
to 180 km. The major discrepancy between our group velocity
model and the SL2013sv one is in the central Andean region. The
SL2013sv model exhibits a long-wavelength positive S-wave veloc-
ity perturbation starting at a depth of 100 km that becomes stronger
at a depth of 150 km. This could be indicative of the imaging of
the central Andean lithosphere bottom. Our maps, however, do not
present any structure that correlates with this positive S-velocity
anomaly feature. The Rayleigh group velocity estimates of Rosa
et al. (2016b) and the S-velocity model of Feng ef al. (2004) also do
not support the existence of such structure at these depths, suggest-
ing that vertical smearing may have caused the subducting Nazca
lithosphere to be shallower on the SL2013sv maps. The model of
Priestley et al. (2018) shows a lithosphere thickness ranging from
170 to 220 km, for the central Andean region, which could be the
sum of a thickened Andean lithosphere due to flexural topographic
load (e.g. Pérez-Gussinyé et al. 2008) with the subducting Nazca
lithosphere.

Slow group velocities may be identified in the uppermost mantle
underneath the BP, MP, PtB and also along the CTB and CB and are
in agreement with the low S-velocity anomalies from the SL2013sv
model. These slow group velocities and S-velocity anomalies are
probably related to lithospheric thinning in these regions. Heit ez al.
(2007) estimate values of 80 km for the BP and MP lithospheres,
while the model of Priestley e al. (2018) shows estimates of 90,
70 and 80 km for the PtB, CTB and CB lithospheres, respectively.
Our group velocity maps, however, do show a more prominent
slow velocity anomaly underneath the BP than that observed in the
SL2013sv model.

Another interesting feature observed on the maps in Fig. 13 is
the presence of a strong velocity gradient between the PB and CB,
which roughly coincides with the location of the Western Parana
Suture (WPS) (Dragone et al. 2017), a continental-scale gravity
discontinuity. From the analysis of a newly derived gravity map and
crustal gravity modelling, integrated with other geophysical and
geological information, Dragone et al. (2017) proposed the exis-
tence of a Neoproterozoic-Cambrian suture/shear zone separating
the PB, to the east, from the PcB, RAC, CTB, RTC, CB, to the
west and from RPC to the south. A composite shear wave model
of Shirzad et al. (2019) shows a strong velocity contrast between
the lower crust of the PB and CB, which are consistent with the

Group velocity maps beneath South America 975

proposed location of the WPS. A magnetotelluric transect experi-
ment perpendicular to the WPS along the RPC and PB was used by
Bologna et al. (2019) to derive a geoelectrical lithospheric model
for this region. At depths of 50-60 km, a large electrical conductor
was imaged exactly beneath the WPS, separating a more resistive
and thick RPC lithosphere from a more conductive one underneath
the PB. As indicated by our group velocity models, this suture may
extend to lithospheric depths.

4.5 Inversion for 1-D S-velocity depth profiles

As Rayleigh waves are primarily sensitive to shear-velocity vari-
ations, we estimate 1-D S-velocity depth profiles at ten locations
from our 2-D group velocity maps. As an initial model for the lin-
earized inversion method of Herrmann & Ammon (2002), we use
the 1-D velocity and density structure from the AK135 model. The
model was parameterized with two crustal layers and an upper man-
tle half-space, for the first 200 km. The thickness of each layer and
the Poisson ratio are fixed and we assume an isotropic structure. In
Fig. 14, we present 1-D S-velocity models for the CTB, BP, AmC,
PB, TP, AcB, APVC, MP, PaB and SFC, after a good adjustment
of the dispersion curves was achieved, along with their respective
regionalized dispersion (in green) and predicted dispersion (in blue)
curves from the best S-velocity model estimated during the inver-
sion process. In Fig. 14(a), the S-velocity profile for the CTB shows
a slower shear wave velocity within the crust and the upper mantle
compared to the S-velocity structure from the AK135, plotted in
red. This result closely agrees with the S-velocity profile taken from
the SL2013sv model.

The estimated S-velocity structure profile for the crust beneath
BP (Fig. 14b) presents values close to the AK135 model, but an
increase is observed at a depth of about 35 to 75 km when an
abrupt decrease is then detected, going up to a depth of 150 km. The
shear wave velocity estimated for this interval is lower than those
from the AK135 and SL2013sv models. The discrepancy between
our S-velocity profile and the SL2013sv is most likely due to the
increased ray path coverage of our study, which could have been
able to better resolve the velocity structure beneath this region.
It is worth mentioning that the S-velocity depth profile from the
SL2013sv is practically the same as that from the AK135 model,
possibly indicating a poorer adjustment for the BP. This decreased
S-velocity in our model may be due to a lithosphere thinning be-
neath the BP. Heit ef al. (2007) determined that the LAB would be
at a depth of 80 km beneath the RCBR station, close to the De-
pression Sertaneja. More recently, Priestley ef al. (2018) in a global
study show values less than 100 km for the lithosphere thickness
under the BP. The P-wave seismic tomography model of Simdes
Neto et al. (2019) for the BP exhibits negative velocity anomalies
within the lithosphere and in the sublithospheric mantle, which, if
interpreted in terms of temperature, could indicate the presence of
hotter material at shallower depths. Garcia ef al. (2019) derived a
3-D geoelectrical model from a long-term magnetotelluric profile,
almost north—south, in the western part of the BP, and found a strong
electrical conductor beneath the Araripe Basin. This electrical con-
ductor was interpreted as indicative of asthenospheric material at
shallower depths, favouring the hypothesis of lithospheric thinning.
Another evidence that would support this idea is the compiled heat
flow measurements map of Hamza & Muiloz (1996). The values
of heat flow in the region are high, with an average value of 80
mW m™2, compatible with a lithosphere—asthenosphere limit at ap-
proximately 80 km in depth. The BP has been in the epeirogenesis
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Figure 14. 1-D S-velocity depth profiles for ten different locations shown as black-white dots in Fig. 13 in the first and third columns, along with group velocity
dispersion curves, in the second and fourth columns. The 1-D profiles and the dispersion curves are for the following regions: (a) CTB: Chaco-Tarija Basin,
(b) BP: Borborema Province, (¢) AmC: Amazonian Craton, (d) PB: Parana Basin, (¢) TP: Tocantins Province, (f) AcB: Acre Basin, (g) APVC: Altiplano-Puna
volcanic complex, (h) MP: Mantiqueira Province, (i) PaB: Parnaiba Basin and (j) SFC: Sdo Francisco Craton. In the first and third columns, the inverted 1-D
S-velocity depth profiles are in blue, the S-velocity structure of the reference model AK135 is plotted in red, and the S-velocity profiles taken from the model
SL2013sv are in purple. The second and fourth columns present regionalized dispersion (in green) and predicted dispersion (in blue) curves from the best
S-velocity model estimated during the inversion process.

process since the Cretaceous, with the main topographic signatures
being the Borborema Plateau, the Depression Sertaneja, the Cha-
pada do Araripe and some other residual plateaus. Studies of apatite
fission-track suggest the existence of two palaecothermal events in

the BP: the first, a cooling event between 100 and 90 Ma and the
second, in the Neogene, between 0 and 20 Ma (Morais Neto e al.
2009). According to Morais Neto et al. (2009), if these events are
related to uplifts, they represent the main epeirogenic events in the
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BP. Among the mechanisms postulated to explain the epeirogenesis
and the Cenozoic structure of the BP, the following stand out: the
passage of the BP over a deep mantle plume that would be located
under the Fernando de Noronha archipelago (Jardim de Sa et al.
1999), thermal uplift caused by a thermal anomaly in the upper
mantle (Ussami ef al. 1999a; Chaves & Ussami 2010), lithospheric
delamination (Silveira 2006; Lima et al. 2015), erosion of the litho-
sphere generated by an edge convection cell (Hollanda et al. 2006;
Knesel et al. 2011), magmatic underplating (Magnavita et al. 1994;
Oliveira & de Medeiros 2012) and, finally, adjacent lithospheric
thickening and thermal rebalancing triggered by the lithospheric
flow during the Mesozoic extension (Morais Neto ef al. 2009). Us-
ing a numerical model that combines weathering, erosion, sedimen-
tation, sea level changes, flexural isostasy and thermal effects due
to the lithospheric stretch to simulate the tectonosedimentary evolu-
tion of the BP from the Lower Cretaceous, Sacek et al. (2019) show
that approximately 70 per cent of the regional elevation observed
in the BP post-rift can be explained by differential denunciation of
the continent and flexural rebound of the lithosphere. The remain-
ing elevation, according to Sacek et al. (2019), could be explained
by a thermal component in the mantle induced by partial erosion
of the continental lithosphere base under the BP due to the edge-
driven convection mechanism (King & Anderson 1998). Such a
mechanism, therefore, requires the lithosphere beneath the BP to be
thinned.

In Fig. 14(c), the estimated S-velocity structure beneath AmC
shows a faster lithospheric lid when compared to the AK135 S-
velocity structure, as expected for a thick cratonic lithosphere, and
in good agreement with the profile from SL2013sv model up to
a depth of 100 km. Below this depth, our inverted 1-D S-velocity
shows a decrease in shear wave velocity in relation to the SL2013sv
model. A slow shear-velocity is estimated within the crust of the PB
compared to the AK135 model, while a faster shear wave velocity is
estimated for the PB lithosphere, going to at least a depth of 150 km,
which indicates a thick lithosphere under this basin (Fig. 14d).
Our 1-D S-velocity profile matches very well the S-velocity profile
from the SL2013sv. A thick lithosphere along with high shear wave
velocity are results used to argue in favour of a cratonic character to
the PB lithosphere, but recently published studies have challenged
this view (e.g. Padilha ez al. 2015; Chaves et al. 2016; Bologna et al.
2019).

For the 1-D S-velocity structure under the TP, Fig. 14(e) exhibits
an increase of shear wave velocity in relation to the AK135 model,
from 50 km depth to about 90 km depth. Below this depth inter-
val, the S-velocity starts to decrease and becomes slower than that
from the AK135 model. This change from fast to slow shear wave
velocity may be associated with the LAB. The S-velocity depth pro-
file from the SL2013sv model presents the same tendency as our
model.

In comparison to the AK135 model, the AcB profile in Fig. 14(f)
presents slower S-velocity for the crust and upper mantle, which in-
creases down to ~75 km depth, agreeing with the profile from
SL2013sv model. Then, suddenly, the shear-velocity decreases
again from 90 to 140 km depth. The global thickness model of
Priestley et al. (2018) estimates that the LAB in this region is at
a depth of around 140 km. We think that the modelled decreased
S-velocity at a depth of 75 km is due to the presence of a mid-
lithosphere discontinuity (MLD), a portion of the lithosphere that
presents significant drops (2—6 per cent) in seismic velocity (Karato
et al. 2015). Nonetheless, further S-receiver function studies are re-
quired in this area to properly determine the nature of upper mantle
discontinuities.

Group velocity maps beneath South America 977

The slowest group velocities of the South American continent
shown in Figs 11(c) and (d), related to the APVC, are also re-
flected on the profile of Fig. 14(g), with S-velocity values as low
as ~2.8 kms! for the shallow velocity structure, progressively in-
creasing with depth until a convergence with the AK135 velocities
isreached. Our 1-D S-velocity profile for the APVC presents a good
match with the S-velocity profile from the SL2013sv model.

The 1-D S-velocity model under the MP (Fig. 14h) presents a
crustal velocity structure similar to the AK135 one, followed by an
increased velocity in the upper mantle down to about 90 km depth.
Below this depth, the model reveals a decreased S-velocity value that
isnot observed in the SL2013sv model and it is most likely related to
the LAB. A thinner lithosphere may be expected for the transition
from continental to oceanic lithosphere such as the MP, due to
the stretching caused by the Atlantic Ocean opening. However,
it is worth mentioning that surface wave tomography has limited
vertical resolution (e.g. Rychert & Shearer 2009) and therefore it is
not possible to quantitatively determine a depth at which the LAB
occurs, that is, we observe a smooth velocity decrease in this case
from 90 to about 150 km depth, but our profile does not show any
sharp velocity discontinuity. The SL2013sv profile does not exhibit
a velocity inversion and is actually very close to the AK135 profile,
which may indicate a poorer adjustment for the MP, similar to that
of the BP.

For the PaB (Fig. 14i), our profile shows slower velocities for the
upper crust than those from the AK135 model, while the discrep-
ancy between both profiles for the lower crust is less prominent.
Note that the sharp velocity discontinuities at 20 and 35 km depth
are in fact inherited from the initial model and that the PaB crust is
more likely thicker, with the Moho discontinuity at a depth of about
40 km (Daly et al. 2014). An increase of S-velocity from about
45 to 100 km depth is observed in our profile, but it is not con-
sistent with the S-velocity profile taken from the SL2013sv model.
Priestley et al. (2018) estimate lithospheric thicknesses from 150 to
180 km for the PaB, which seems to be overall correlated with a
strong velocity drop from 100 to 180 km revealed by our model.
In this case, the SL2013sv model also presents a decrease in veloc-
ity for lithospheric depths, but it is less pronounced than the one
shown by our model. The fact that the velocity starts to invert at
100 km may be due to the presence of a MLD, but more evidence
is required to support the presence of this discontinuity beneath
the PaB.

Finally, in Fig. 14(j), the shallow velocity structure for the SFC
down to ~85 km depth is very similar between our S-velocity profile
and the AK135 model, while a decreased velocity is noted in the
SL2013sv model. Below the depth of 85 km, an increased velocity is
perceived both in our model and the SL2013sv model, in comparison
to the AK135. From 140 km depth onwards, the velocity in our
model starts to decrease, coherent with a deep LAB beneath a
thick and stable cratonic area. This behaviour is also notable in the
SL2013sv profile.

5 CONCLUSIONS

Deployment of new seismic stations by the RSBR (Rede Sis-
mografica Brasileira) and other temporary networks such as XC
(Pantanal, Chaco and Parana structural studies) has greatly im-
proved the coverage in the South American Platform, allowing
higher resolution tomography models to be constructed. From 282
receivers and 1043 earthquakes, we obtain 17 838 Rayleigh wave
dispersion curves distributed over South America, which are used to
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produce 2-D regionalized group velocity maps in the period range
of 10-150 s. Inversion of group velocity data using a combination
of FMM, to solve the forward problem with a subspace method to
solve the inverse step, provides a stable and robust way to estimate
regional group velocity variation maps, in which the non-linearity
of the problem is taken into account iteratively.

Long-wavelength features of South America detected by previous
surface wave tomography studies are also present in our model,
as the AmC and SFC, imaged as fast group velocities, the PB,
CB, AmB, CTB, Madre de Dios, Llanos, Oriente-Marafiéon, Ucayali
basins, imaged as slow group velocities on short period maps, and
a notable elongated anomaly along the western border of the South
American continent following the Andes, imaged as a strong slow
group velocity, particularly at intermediate periods.

Due to our more dense and homogeneous source-receiver path
distribution, small-scale structures that were absent or not well con-
strained in previous models, as the Tucano-Jatoba, Pantanal and
Llanos basins, and the Sdo Luis, Rio Apa and Rio Tebicuary cra-
tons, could be illuminated, especially at periods of 10 and 20 s.
Comparison of our short period maps with the CRUST1.0 and
UNB_TopoDens models indicates an excellent correlation between
sedimentary basins, including thin ones, such as Parecis Basin,
and slow group velocity, as well as areas of exposed basement
and fast group velocity. Fast group velocity heterogeneities in the
AmC, at the period of 20 s, correlate well with the location of
the following geochronological provinces (Tassinari & Macambira
1999): Central-Amazonian, Maroni-Itacaiinas, Ventuari-Tapajos,
Rio Negro-Juruena and Sunsas.

At the intermediate periods of 40 and 50 s, group velocities are
sensitive to crustal velocity and thickness. Regions with thick crust
as the central Andes, for example, tend to present decreased group
velocity because slower crustal rocks are being sampled at deeper
depths while areas with thin crust tend to present fast velocity due
to mantle rocks placed at shallower depths. Fast group velocities
are observed beneath the BP and MP, where crustal thickness varies
from thin to normal. In the PB and CB, slow group velocities at the
period of 40 s are consistent with those of the ambient tomography
of Shirzad et al. (2019), and may be caused by the sedimentary
package load, which bends the crust to greater depths. A highly
variable crustal thickness in the AmC, detected by the receiver
function study of Albuquerque et al. (2017), is reflected on our
intermediate period maps as an alternating pattern of fast and slow
group velocities, chiefly along the AmB and SmB. The most striking
feature of our map of 40 s is a fast group velocity structure with
the same NE trend of the Transbrasiliano lineament (TBL) that
correlates with a zone of low analytic signal of the magnetic field
from the model of Fairhead & Maus (2003) and is also present on
the magnetic anomaly map EMAG2v3 of Meyer ef al. (2017), as a
positive amplitude magnetic anomaly.

The lithospheric structure retrieved by the long period maps of
100 and 150 s presents a good agreement with the SL2013sv model
of Schaeffer & Lebedev (2013), except in the central Andean region,
where the SL2013sv slices at 100 and 150 km depth show a fast
S-velocity anomaly that is not present on our maps, nor in previous
models of Rosa ef al. (2016b) and Feng et al. (2004). A strong
velocity discontinuity between the PB and CB on our maps of 100
and 150 s might indicate that the Western Parana Suture Dragone
et al. (2017) extends further to lithospheric depths.

As a step towards generating a 3-D shear velocity model for the
upper mantle beneath South America, which we intend to provide
in another study, we present 1-D S-velocity depth profiles at ten
locations: CTB, BP, AmC, PB, TP, AcB, APVC, MP, PaB and SFC.

In general, our inverted profiles are consistent with the SL2013sv
model. Nonetheless, for the BP, AcB and MP profiles, our estimates
are in disagreement with predictions from the SL2013sv model.
Beneath the BP, for example, a decrease in shear-wave velocity,
compared to the S-velocity structure from the AK135 model, at a
depth from about 75 to 150 km, is a feature that is not present in
the SL2013sv model, and it was possibly detected because of our
denser ray path coverage. This decreased S-velocity is in agreement
with the hypothesis of lithospheric thinning beneath the BP, which
is also supported by S receiver function estimates for the depth of
the LAB (Heit et al. 2007), negative P-wave velocity anomalies
(Simodes Neto et al. 2019) and high heat flow with an average of
80 mW m~ (Hamza & Muifioz 1996). According to Sacek et al.
(2019), approximately 30 per cent of the elevation of the BP post-
rift can be explained by a thermal component in the mantle that
requires the lithosphere to be thinned. Although the AcB profile
shows slower S-velocity for the crust and upper mantle down to
~60 km depth, as we observe for the profile from the SL2013sv
model, below this depth the profiles no longer match. From 60 to
75 km depth, the S-velocity increases and it is faster than the AK135
model, while the S-velocity from the SL2013sv model remains very
close to the S-velocity structure from the AK135 model. From 75 to
140 km depth, the S-velocity from our model decreases, leading us
to suggest the presence of a mid-lithosphere discontinuity beneath
the AcB. The S-velocity profile under the MP presents a crustal and
uppermost mantle velocity structure similar to the AK135 model.
However, down to about 90 km depth, the S-velocity decreases and
remains lower than the values provided by the AK135 model. For
this same depth interval, the SL2013sv profile is very close to the
AK135 profile. The S-velocity inversion at the depth of 90 km in
our profile may be related to the LAB because a thinner lithosphere
is expected for the MP due to the stretching caused by the Atlantic
Ocean opening.
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