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Abstract

Seismic azimuthal anisotropy within the crust and upper mantle offers important information of
past and present tectonic deformation. We used ambient seismic noise to map azimuthal anisot-
ropy in the lithosphere beneath W and SE Brazil, providing new insights into the amalgamation
history of the various cratonic blocks in SW Gondwana, which are now partly buried by Phaner-
ozoic basins. We used 72 stations from January 2016 to September 2018. To correct the non-
uniform distribution of the energy flow around each inter-station path, the weighted rms
(WRMS) stacking method was applied. The inter-station empirical Green’s functions provided
Rayleigh-wave group and phase velocity dispersion curves, which were used in a tomographic
inversion to obtain the fast anisotropy directions, and the isotropic (mean) group and phase ve-
locities in the period range of 4-70 s. At the shortest period, both group and phase low-velocity
anomalies are observed in the sedimentary basins, while the fast direction is parallel to the de-
formation in the surrounding fold belts (e.g., beneath the shallow Pantanal basin). At 40 s period,
group and phase velocities are affected by crustal thickness variations. During the longest period
of the 70s, the fast anisotropy directions are mostly N-S, in general agreement with the azimuthal
anisotropy of the global model of Debayle et al.(2016, updated to 2022), which is interpreted as
due to compressional deformation in the lithospheric lid. This deformation-induced anisotropy
suggests that the final Neoproterozoic collision occurred between the two groups of cratonic
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blocks: (I) the Amazon craton, the Rio Apa, and the Rio Tebicuary cratonic blocks in the Ama-
zon domain, and (I1) the Paranapanema block on the Atlantic domain. The isotropic Vs model
generally agrees with the proposed West Parana Suture zone (inferred from gravity and magne-
totelluric data). In the lower crust (20 to 35 km), predominantly low velocities are seen in the
central and southern part of the Parana basin, and higher velocities are observed around the Pan-
tanal basin, in general agreement with Cedraz et al. (2020) proposal of underplating in that re-

gion.

Keywords

Chaco-Parané basin, Pantanal basin, lithospheric thinning, underplating, SW Gondwa-

na assemblage.

1. Introduction

Global azimuthal anisotropy can explain the deformation and convective flow within the Earth’s
interior (e.g., Zhu et al. 2022). These patterns exhibit a broad-scale alignment with plate tectonic
motion while revealing significant regional variations (e.g., Mazzullo et al. 2017). Regional
seismic azimuthal anisotropy within the crust and upper mantle may reflect the preferred fault
orientation (at the macroscopic scale) and lattice preferred orientation (at the microscopic scale)
caused by their past and ongoing tectonic evolution (e.g., Adam and Lebedev 2012). Therefore,

mapping the seismic anisotropy of the lithosphere can add valuable information to understand



better the history of tectonic deformations that shaped the crust (Hao et al. 2021). In SE Brazil,
both P- and S-wave seismic tomography studies have mapped the largest continental blocks and
are helping to better understand the amalgamation of Western Gondwana, especially beneath
large intracratonic basins such as the Parana and Chaco basins (Fig. 1). Previous regional studies
based on teleseismic P-waves (e.g., Rocha et al., 2019; Affonso et al., 2021), continental Ray-
leigh wave tomography (e.g., Rosa et al. 2016; Nascimento et al., 2022; 2024), and long-period S
and surface waves modeling (e.g., Celli et al. 2020; Ciardelli et al. 2022), have mapped litho-
spheric and asthenospheric properties in SE Brazil, such as: (I) larger westwards extension at
depth of the S&o Francisco craton, (1) a cratonic block hidden beneath the Parana Basin (Para-
napanema Block, Fig. 1), (I11) a belt of thinned crust and lithospheric thinning along the fold
belts between the major cratonic domains of the Amazon and Atlantic (Fig. 1, inset). However,
none of these previous studies analyzed crustal and upper mantle anisotropy, which could add
significant information about the Gondwana assemblage in this part of South America. Here, we
updated the previous ambient noise tomography of Shirzad et al. (2020, 2022b) with a more ef-

fective processing and inverted for azimuthal anisotropy.

The South American continent is composed of the active Andean orogeny in the west, and the
stable Precambrian platform in the center and east, as shown in the inset of Fig. 1 (e.g., Ramos
1988; Almeida et al. 2000). Archean and Proterozoic cratonic blocks are the main basement
components of the platform. The large Amazon craton and the Rio Apa cratonic block (now
largely buried beneath the Chaco basin) form the so called “Amazonian Domain”. The Sao Fran-

cisco Craton, and several other smaller cratonic blocks, such as the Paranapanema block beneath



the Parana Basin, form the “Atlantic domain™ (Fig. 1, inset). The final amalgamation of these
two domains by mobile belts occurred in the Neoproterozoic and Paleozoic (Almeida et al.,
2000). Different models for the Paranapanema cratonic block, buried beneath the Parana basin,
have been proposed: Cordani et al. (1984) mapped a small block in the northern part of the basin
using mainly geochronological data of basement samples; Mantovani et al. (2005) proposed a
larger block using gravity anomalies (red dashed line in Fig. 1); slight modifications of the pre-
vious gravity-derived block was made in the tectonic map of South America (Cordani et al.,
2016; dot-dashed line in Fig. 1); and Affonso et al.(2021) enlarged the block westwards based on
teleseismic P-wave anomalies (pink shaded area in Fig. 1). In our study region, the large Chaco
and Parand basins are the oldest sedimentary deposits (up to 6 km thick), with subsidence start-
ing in the Paleozoic, soon after the amalgamation of the Paranapanema block and S&o Francisco
craton with the Amazon craton and Rio Apa block (e.g., Trindade et al., 2004). On the other
hand, the origin of the recent, shallow Quaternary Pantanal Basin (only about 0.5 km deep) is
debated: it could be related to the flexural effects of the Andean orogeny (e.g., Ussami et al.,

1999) or to lower crust delamination processes (Cedraz et al., 2020).

Seismic anisotropy within the Earth’s uppermost mantle is often attributed to the preferred orien-
tation of minerals like olivine. Olivine’s lattice-preferred orientation primarily contributes to the
observed azimuthal anisotropy (e.g., Hansen et al., 2021). In contrast, seismic anisotropy within
the crust can result from various factors. Aligned cracks (e.g., Crampin and Peacock, 2005; Ad-
am and Lebedev, 2012), textures in metamorphic rocks (e.g., Warner et al., 2013), the presence

of crystallized magma (e.g., Wu et al., 2021), deformation (e.g., Pilia et al., 2021), and sedimen-



tary layering (Shirzad et al., 2023), all of which contribute to the observed azimuthal anisotropy.
Montagner and Nataf (1986) show that the two important contributions to long-period Rayleigh
wave anisotropy originate from the B and G parameters. The B has a shallow influence whereas
the G has a deeper influence. Most surface wave studies consider long period surface waves (>30
s) which are less sensitive to the shallow structure. This usually causes a restriction of the aniso-
tropic inversion at depth to 3 parameters, Vs, Gc, and Gs. In a short period range of analysis,
where Rayleigh waves are more sensitive to the crustal structure, the azimuthal terms cannot be
simply related to the Gc, and Gs terms, an approximation done in most studies implementing this
kind of inversion. Hence, the shallow influence of the B parameters cannot be neglected and this
would require inverting at depth for 5 parameters (Vsv, Bc, Bs, Gc, Gs). Thus, Mazullo et al.
(2017) studies, while comprehensive in their approach, may have limitations in addressing very
short periods (below 15s) where consideration of additional azimuthal terms (e.g., Bc and Bs)

becomes crucial.

Previous studies (e.g., Assumpcdo et al., 2013; Rivadeneyra et al., 2019; Shirzad et al., 2020)
showed that the crustal thickness in the Chaco and Parana basins varies between 40-45 km, while
in the Pantanal basin, it is only 30-35 km. Different geophysical methods such as gravity, magne-
totellurics, and passive seismology (e.g., Chaves et al., 2016; Dragone et al. 2017, 2021; Rivad-
eneyra-Vera et al., 2019; Shirzad et al., 2020; Affonso et al., 2021), have been used to delineate
several crustal/lithospheric blocks in our study region, but crustal seismic anisotropy has not
been studied yet. Here, we used ambient seismic noise to map the Rayleigh wave azimuthal ani-

sotropy. Our observed dispersion dataset has insufficient information to obtain simultaneously



Gc, Gs, Bc, Bs, and Vgy parameters. We thus restricted the local dispersion curve inversion at
depth to the well resolved parameter Vsy, which presently lacks the capability for an in-depth
inversion of azimuthal terms at shorter periods. Moreover, the calculated fast direction and iso-
tropic term (phase and group velocity) results can provide additional information that helps to
map of the lithospheric deformation properties and contributes to a better understanding of re-

gional geodynamic evolution.

2. Data and Ambient Noise Processing

We used continuous data in central and eastern South America collected from January 2016 to
September 2018 (more than 30 months; Shirzad et al. 2022b). The data was recorded by 72
broad-band seismic stations, including 35 temporary stations (XC network), 36 Brazilian RSBR
network permanent stations, and one international GT station (CPUP). These stations provided a
maximum of 2556 possible station pairs for the cross-correlation and retrieval of Empirical
Greens Functions (EGF). After quality control, more than ~30% were rejected, and the total
number of EGFs was about ~1900 for the group and ~1700 for phase velocities at 25 s period
(maps of ray coverage and number of paths are shown in Figs. S1 and S2 of the Supplementary
Material). We divided the continuous waveforms into an 8-hour long times series with 70%
overlap, following Seats et al. (2012). All windows were normalized in time (one-bit) and fre-

quency (whitening) domains.



2.1. Retrieving inter-station EGFs

Considering the varying azimuthal energy flow in different period bands within our study area
(Shirzad et al., 2022a, 2022b), employing a single broadband period does not produce the most
reliable Empirical Green’s Function (EGFs). In addition, because one-bit normalization prioritiz-
es the largest amplitudes typically associated with longer periods, standard correlations favor
large periods over shorter ones.For these reasons, we applied the cross-coherency operator (Prie-
to et al., 2009) in three different period ranges: 4-25 s, 25-50 s, and 50-70 s. We then used the
Weighted Root-Mean-Square (WRMS) stacking procedure (Shirzad et al., 2022a, 2022b). The
WRMS stacking method analyzes the cross-correlation functions (CCFs) of ambient seismic
noise to reduce the effect of non-uniform noise sources. This method extracts more reliable
EGFs favoring () stationary noise sources, (II) normalized energy sources and (I11) coherent
CCF selection. Unlike classical linear stacking methods, WRMS produces EGFs that closely
resemble earthquake Rayleigh waves, especially when noise sources are non-uniformly distribut-
ed. Unlike Shirzad et al. (2020), we applied a smaller period band to improve the extracted EGF
signals here. We used the WRMS stacking method with the CCFs bandpass filtered with a nar-
row bandwidth of 2 s. For example, the CCFs were filtered in the bands 4-6s, 6-8s, 8-10s, etc.
The WRMS stacking was applied to each period band. All the resulting narrow-band EGFs were
then summed to get the final EGF for the 4-70s band. This approach resulted in a more than 20%
increase in ray paths compared to the previous WRMS method used in Shirzad et al. (2020;

2022D).



Fig. 2 shows examples of selected EGFs at inter-station interval distances of 25, 35, and 45 km
for 4-25 s, 25-50 s, and 50- 70 s, respectively. Given the high number of traces within each inter-
station distance interval (up to 50 in some inter-station distance intervals), we displayed the
EGFs with the highest SNR for each distance interval. This makes it easier to visualize the quali-
ty of the extracted signals within the expected signal window. Using the average of the causal
and anti-causal EGFs is a standard procedure, we utilized only the direction where the EGF has
higher energy (see Shirzad et al., 2020). According to Bensen et al. (2008), the azimuthal distri-
bution of the incoming energy flow can be defined by the fraction of EGFs (ratio of the number
of EGFs in each 15° azimuthal bin to the total number of EGFs). The result for each period (rose
diagrams in Fig. 2) shows that the distribution of the energy flow is relatively uniform for all
period ranges. The EGF energy (amplitude) in the expected signal window is between 50%-75%
(the rose diagrams are normalized to 100%), implying a relatively uniform energy flow distribu-

tion despite the N-S predominance of station distributions.

2.2. Extracting dispersion curves

The observed group velocity dispersion curves, U, were obtained by the standard multiple filter
analysis (Dziewonski, et al., 1969) with the phase-matched filter technique (Herrin and Goforth
1977). Multiple Gaussian filters were applied with variable widths according to the inter-station
distance (Shapiro and Singh, 1999). We measured the group velocity dispersion using codes by
Herrmann & Ammon (2013) and the far-field approximation of the Image Transformation Tech-

nigue introduced and developed by Yao et al. (2006) to obtain the phase velocities, C. Figs. 3a
9



and 3b show the phase and group velocity dispersion curves of all stations connecting to the
RPRD station (at the eastern edge of the Pantanal Basin). The number of dispersion measure-
ments reached 1850 for the group and 1600 for phase velocities at 26 s period. More details are
shown in Fig. S2. Dispersion velocity errors vary from 0.1 km/s for short periods to ~0.6 km/s

for the longest period (Fig. S2a).

3. Tomography Inversion

We first inverted all group and phase dispersion curves in a 2D tomography to produce maps, for
every period, of the average velocities (V,) and the fast directions of the azimuthal anisotropy.
Subsequently, we used the isotropic component of the local group and phase velocity dispersion
curves, at each geographical grid point, to invert for 1D Vsmodels. A 3D Vsmodel, composed of

all 1D models, is then analyzed.

3.1. Azimuthal anisotropy
The azimuthal variation of the Rayleigh wave group and phase velocities can be expressed as

(Smith and Dahlen, 1973; Montagner and Nataf, 1986):

isotropic—term anisotropic—term
V(T) = Vo (T) + A;(T)cos(20) + A,(T)sin(260) + A5(T)cos(40) + A,(T)sin(40) (1)

where T, and V, are the period, and the isotropic group or phase velocity. A;, Ay, As, and A, are

azimuthal anisotropic coefficients, and @ is the azimuth of the path with respect to the north. As
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explained by Debayle and Sambridge (2004), the 26 terms contain the largest partial derivatives
for the anisotropic terms of the Rayleigh waves with the 40 terms being usually much smaller.
Thus, the 460 terms can be neglected for Rayleigh waves, and our inversion is set to calculate
three unknowns Vo(T), A1(T), and Ax(T), at each period and each grid point. The amplitude, A,

and the azimuth, @, of the fast direction are calculated as
Azg = [AF + A3]*

Oz = tan‘lj—2 2
1

To invert the Rayleigh wave group and phase velocity dispersion curves, we followed Debayle
and Sambridge (2004). In this algorithm, the inversion regularization parameters are set by a
priori model of standard deviation, o(r) (damping parameter), and a priori spatial correlation
length lcorr (SMoothing parameter). The function o(7) controls the amplitude of the model pertur-
bation allowed at a given point r. At the same time, l.or is the standard deviation of a Gaussian
filter controlling horizontal smoothing of the inverted model. Fig. S3 shows the initial (back-
ground) velocity model (Coy, Up), standard error o(r), regularization parameters, and number of
ray paths. We used a cell size of 0.75° for periods between 4 and 50 s and 1.0° for periods longer
than 50 s. The amount of smoothing is controlled by the parameter Iy, Shown in Fig. S2b,
which varies from 60 km for short periods to 90 km for long periods. Debayle et al. (2016)
pointed out that the inverted tomographic model is smoothed over a wavelength of about 3lcorr,

corresponding to the distance between 2 grid points. Fig. 4 shows the isotropic group and phase
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velocity maps at periods of 8, 40, and 60 s. Fig. 5 shows the anisotropy amplitude and azimuth

of the fast direction. Ray path coverages are shown in Fig. S1.

3.2. Checkerboard test

Using checkerboard resolution tests, we estimate our ability to recover the model parameters (Vo,
A1, Ay) from our dataset, ray coverage, and a priori information. Synthetic data were calculated
using velocity perturbations of £10%. The regularization parameters were the same as used with
the observed data (Fig. S2). Fig. 6 shows the result of checkerboard tests for 8 s, 40 s, and 70 s.
The synthetic velocity anomalies are well recovered in most of the study region, except the NE
region at shorter periods due to the lower path coverage (Fig. S1). The retrieval of isotropic ve-
locities depends on the quantity of rays crossing a cell and is not too dependent on the range of
azimuths. On the other hand, the recovery of the azimuthal anisotropy requires a dense azimuthal
distribution of rays within a checker cell. Therefore, using larger cells for the anisotropy test is
more appropriate, especially when small-scale azimuthal results are not our focal point. Accord-
ing to the checkerboard test of Fig. 6, poorly resolved areas were masked in the 2D maps of Figs.

4 and 5.

3.3. 3D Vsmodel

The isotropic components of the group and phase velocity maps (Vo) in Fig. 4 form the disper-

sion curves at each grid point. Fig. 7a shows an example of a dispersion curve at grid point Py,
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depicted by the open white circle in Fig. 4 (55.5°W 18.5°S). For each grid point, 1D Vs profiles
were obtained by inverting the phase and group dispersion curves. We used the iterative damped
least-square inversion code surf96 (Herrmann and Ammon 2013). The model was parametrized
with multiple 1 km thick layers, using the initial Vs profile model of Shirzad et al. (2020), as
shown by the black line in Fig.7b. In the inversion, the Moho depth was fixed from Rivadeneyra
et al. (2019). The regularization parameter, based on the standard L-curve, was constant for all
grid points. This parameter is a constant for the inversion procedure in all geographic grid points.
The calculated 1D Vs model for grid point P, is depicted by the green line in Fig. 7b. The 3D Vs
model was obtained by joining all 1D profiles. Horizontal slices of Vs at depths 4, 20, 35, and 60
km are shown in Fig. 8. To enhance resolution at greater depths, we added to our inversion the
Rayleigh wave group velocity dispersion curves (in the period range 50s-120s) from the conti-
nental scale tomography of Nascimento et al. (2022, 2024). For the common period range, 50 -
70s, we used the average of the two datasets with an additional smoothing of the final dispersion
curve to reduce abrupt transitions in the combined curves near the 50 and 70s period. Fig. S3

shows an example of the merging of the two datasets.

3.4. Sensitivity kernel

Different periods of the Rayleigh wave sample different depth ranges. Short periods (e.g., 4 - 8 5)
are generally sensitive to the upper crust, while long periods (e.g., 70 s) are more affected by
structures below the crust. Sensitivity kernel functions of the fundamental mode Rayleigh group

and phase velocities were calculated using the single-scattering (Born) approximations of Zhou
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et al. (2004). Fig. 3c shows the phase (left panel) and group (right panel) sensitivity kernels as a
function of depth at the periods of 8, 40, and 70s. For each period, the depth of the maximum of
the sensitivity kernel function is shown in Fig. 3d. At 8 s period, the group and phase velocities
depend mainly on the Vs structure between 5 and 15 km depth. At 70 s period, the phase velocity
is affected by structure in a wide depth range, mainly from 50 to 200 km with a peak sensitivity
at 120 km (Fig. 3d); the group velocity, on the other hand, depends on the Vs structure within a

narrower depth range of 40 - 85 km, with a peak sensitivity at 55 km.

4. Results and Discussion
4.1. Rayleigh wave 2D tomographic maps and azimuthal anisotropy

Figs. 4 and 5 show the isotropic phase and group velocities for periods 8, 40, and 70s, together
with the fast directions from the azimuthal inversion. The difference between phase and group
velocity maps is probably due to their different sensitivity kernels (Fig. 3c). At short periods (8 s,
Fig. 4a,b), the phase and group velocities are consistent with the thicknesses of the sedimentary
basins: lowest velocities are observed in the Parand and Chaco-Parana basins where total sedi-
ment thicknesses (brown contours in Figs. 4a,b) reaches 7 km (e.g., Julia et al., 2008; Dragone et
al., 2017). High velocities are found beneath the Pantanal basin, where sedimentary thickness is
less than about ~0.5 km, and also along the Asuncion and Rio Grande arches (AA and RA in Fig.
4), which separate the Chaco and Parana basins. The Chaco-Tarija basin with low velocity

anomaly is separated from the Chaco basin in the South by the partly buried Rio Apa Block. The
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Parecis basin has lower upper crustal velocities in its eastern part, where sediments are younger,

consistent with studies by Nascimento et al. (2022).

At this short period, the orientations of the fast group and phase velocities are similar and have a
general N-S mean direction (Fig. 5a,b). Beneath the Pantanal Basin, the fast direction is roughly
parallel to the deformation in the fold belt underneath, as shown by the faults. The fast directions
trend roughly NW-SE just south of the Pantanal basin and show a tendency towards SW-NE just
north of the basin, following the structural trend of the Paraguay fold belt beneath the basin. This
pattern could be explained by the collision between the Paranapanema block in the east, with the
Rio Apa block (RAB) and Amazon Craton in the west during the Neoproterozoic assemblage of

west Gondwana.

In the central and northern parts of the Parana basin, the crustal anisotropy is weaker but seems
to show a slight trend towards the E-W direction. Beneath the Ponta Grossa Arch (PGA, around
24°S and 51°W), the fast direction seems to change to NW-SE, parallel to the swarm of Mesozo-
ic magmatic dykes indicated by the thin red lines (emplaced during the South Atlantic rifting).
However, the anisotropy parameters in the Ponta Grossa arch are not well resolved (Fig. 6), and

a better ray path coverage will be necessary in the future to confirm this apparent trend.

At 40 s period (Fig. 5), the isotropic velocity is affected by the lower crust and the upper mantle.
The largest amplitudes of the sensitivity kernels range from ~25 to 60 km (Figure 3c), which
limits tectonic interpretation. Beneath the northern part of the Parana basin, the lower velocities
(Figs. 4c,d) are probably due to the thicker crust (> 40 km). In areas where the crust is thinner

(35 km or less), the velocities are higher as they are influenced by the mantle.
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At 60s period, the most striking feature is the low velocity trend beneath the Pantanal and Chaco
basin, to the west of the Western Parana Suture. This is probably due to the thin lithosphere in
that region as mapped by Ciardelli et al. (2022) and Nascimento et al. (2024). Long period (60 s,
Fig. 4) group velocity samples the uppermost mantle mainly around 58 km depth, while phase
velocity is sensitive to a wider depth range below the crust (Figs. 3c and 3d). Several features

observed in the 40 s isotropic velocities are still present at 60s.

At 70s (Fig. 5c,d) the degree of anisotropy is about half that of the crustal layers. The general
mean N-S trend of the fast group-velocity direction agrees with the fast Sy direction (green bars,
Fig. 5e) of the recent 3D global model 3DLGL-TPESv.v2022-11 by Debayle et al. (2016, updat-
ed in 2022/11, here after abbreviated as “3D2022Sv”) for 70 km depth, and could be interpreted
as anisotropy in the shallow part of the continental lid. Because of its broader sensitivity kernel,
phase velocity directions (Fig. 5¢) likely reflect anisotropy both in the deep crust and uppermost
mantle. This may explain the poorer agreement with the N-S anisotropy directions of the model
3D2022Sv. Group velocities at 70 s, on the other hand, are mainly sensitive to depths of 40-85
km (Fig. 3c), and so are more consistent with upper mantle anisotropy mapped by 3D2022Sv

(Debayle et al., 2016) at 70 km depth (Fig. 5e).

Our predominantly N-S group-velocity fast directions, however, are not in agreement with the
generally ~E-W SKS fast direction (Melo and Assumpcdo, 2018), as shown in Fig. 5f. In fact,
the SKS fast directions agree very well with Debayle’s fast direction at ~200 km depth. This
could confirm that the observed SKS fast directions are mainly due to mantle flow near the litho-
sphere/asthenosphere boundary, as Melo and Assumpgéo (2018) inferred. Our mainly N-S fast
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direction for group velocities at the 70s period, consistent with Debayle’s fast direction at 70 km,
could then be interpreted as due to frozen anisotropy in the shallow part of the lithospheric lid.
(also called “vertically coherent deformation” by Silver, 1966). This N-S fast direction could be
explained by the E-W convergence between the two groups of cratonic blocks: (1) Paranapanema
Block and Rio de La Plata craton on the Atlantic domain, and (I1) Amazon craton, Rio Apa block
and also the “Rio Tebicuary craton” on the Amazonian domain. Interestingly, Dragone et
al.(2017, 2021) used gravity and MT data to propose that the buried Rio Tebicuary craton would
be a separated unit from the Rio de La Plata craton, which is usually considered to encompass
most part of the Chaco basin basement (e.g., Rapela et al., 2007). Our anisotropy results suggest

that the proposed Rio Tebicuary cratonic block should be part of the Amazon domain.

4.2 3D Model and Crustal Properties

4.2.1. Upper crust

Horizontal slices of our 3D model, composed of all 1D inverted Vs profiles, are shown in Fig. 8
at shallow crust (4 km depth), middle and lower crust (20 and 35 km), and upper mantle (60 km).
Fig. 9 shows three E-W vertical profiles across our study area. At 4 km depth (Fig. 8b), Vs as
low as 3.3 km/s are seen in the basins, especially in the deep northern part of the Parana basin,
Chaco-Tarija and Chaco basins, probably due to smearing effects between sediments and crystal-
line upper crust. Areas of average to high Vs in the upper crust are seen beneath the thin (~0.5

km deep) Pantanal basin and along the Asuncion and Rio Grande arches.
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Woldemichael (2003) interpreted low gravity anomalies and low resistivity data as a basement
composed of metasedimentary rocks beneath the western part of the Pantanal basin (stippled area
in Fig. 9a). At 4 km depth (Fig. 8b), Vs is lower in the NW part of the basin compared with the
SE part, consistent with Woldemichael’s (2003) interpretation. In addition, an East dipping fault
zone was also proposed beneath the Pantanal basin (black wedge in profile AA’ of Fig.9), which
is roughly consistent with the Vs contrasts at mid crustal depths that could indicate upward mo-

tion of the eastern block.

4.2.2 Middle Crust

Dragone et al.(2017) proposed a suture between the Parana block on the East and the Rio Apa
Craton + Pantanal basement on the West, based on high/low crustal density contrast between
West/East. This Western Parana Suture (“WPS” depicted by the dark green lines in Figs. 8c,d,e)
IS consistent with the contrast between mid crustal Vs in the northern part of our study region.
Using high resistivities in the crust and upper mantle (Bologna et al., 2019; Dragone et al., 2021)
and a new interpretation of gravity anomalies, Dragone et al.(2021) revised the location of the
WPS extending it southwards (red line in Figs. 8c,d,e). The revised WPS now separates high
mantle Vs beneath the Parana basin from average to low Vs beneath the Chaco basin (Fig. 8e),

which is more consistent with the resistivity models.

4.2.3 Lower Crust and Underplating

Joint inversion of receiver functions and group-velocity dispersion by Cedraz et al. (2020) re-
vealed distinct types of crustal structure in our study region. Beneath the Pantanal basin, thin
crust (about 35 km thick, with normal Vs in the lower crust) was found mainly in the Eastern
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part of the basin (white tringles in Fig. 8d). This is generally in agreement with our Vs contours
in the vertical profile of Fig. 9a. High velocity layers in the lower crust (labeled “HVL”) were
also found beneath several stations around the Pantanal basin, as shown by the blue triangles in
Fig. 8d (35 km depth slice). Normal velocities in the lower crust were found for all stations in the
Parand basin (red triangles in Fig. 8d). This pattern is generally consistent with our Vs anomalies
in the lower crust: HVL stations are predominantly in areas of high Vs, and the lower crust in the

Parana basin has generally low velocities.

4.2.3. Lithospheric thinning

The uppermost mantle beneath the Pantanal, Chaco-Tarija, and Chaco basins, west of WPS, is
characterized by low Vs, as indicated by the horizontal slice at 60 km depth (Fig. 8e). This low
velocity region has been mapped before as a lithospheric thin belt, both by global and continental
scale tomography models (e.g., Priestley et al., 2018; Ciardelli et al., 2022). This lithospheric

thinning (“LT”’) shows up as low velocities in the three E-W profiles of Fig. 9.

This lithospheric thinning can be traced from central Brazil, roughly along the Transbrasiliano
belt, through the Pantanal basin (e.g., Rocha et al., 2011; 2019), and seems to be a characteristic
of the limit between the Amazonian and Atlantic cratonic domains. The southward extension of
this lithospheric thinning, together with the N-S fast velocities of the azimuthal anisotropy cast
some doubt on the extension of the LTB to the SW (seen in Fig. 1, inset), as inferred in the last
South America tectonic map (Cordani et al., 2016), and used to separate the Amazonian from the

Atlantic cratonic domains.
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5. Conclusions

A combination of the global (GT), permanent (BL, BR, ON), and temporary (XC) seismic net-
works allowed us to study the crustal and upper mantle azimuthal anisotropy. Improved pro-
cessing of the ambient noise data allowed retrieval of a larger number of Rayleigh-wave EGFs.
2D inversion showed good resolution of the isotropic component and the fast direction of the
azimuthal anisotropy in the center part of our study region. Anisotropy patterns in the crust and
lithospheric lid are studied for the first time in the region of the Chaco-Parané and Pantanal re-

gions.

In the upper crust, both the dispersion and the inverted Sv velocities reflect the deep Chaco-
Tarija, Chaco, and Parand sedimentary basins. The two major basins (Chaco and Parand) are
separated by areas of normal to high velocities in the upper crust along the Rio Grande and
Asuncion arches. In the upper crust, the trend of NW-SE and N-S fast azimuthal directions is
interpreted as due to crustal deformation in the fold belt beneath the Pantanal basin (Paraguay
fold belt) as well as between the Paranapanema block on the East and the Rio Apa and Rio
Tebicuary cratonic blocks on the west. This fold belt, surrounding the southern border of the
Amazon craton, marks the last episode of amalgamation in SW Gondwana in the Neoproterozo-
iC.

In the middle and lower crust (20 - 35 km), two regions are seen with different patterns: normal
to low Vs (<= 4 km/s at ~35 km depth) beneath the Parana basin, and high Vs beneath and
around the Pantanal basin in the NW. This confirms the results of Cedraz et al. (2020). Generally

low Vs in the lower crust of the Parana basin also reinforces the hypothesis that underplating
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(possibly related to the Mesozoic magmatism and continental rifting) is not widespread in the
basin, but restricted to a few locations, as suggested by Julia et al. (2088) and An et al. (2024).
The location of the Western Parana Suture, proposed by Dragone et al. (2021) based on gravity
and resistivity anomalies, is in rough agreement with our model: E-W density/velocity contrast at
crustal levels across the border between the Parand and Pantanal basins, and high resistivi-

ty/velocity contrast in the lithospheric lid in the southern part of the Parana basin.

In the lithospheric lid, a belt of low Vs was found extending from the Pantanal basin, in the
north, towards the south beneath the Chaco basin. This is consistent with a belt of thin litho-
sphere seen in previous global and continental surface-wave tomography. The general N-S di-
rection of the fast velocities, observed at 70 s, is consistent with the regional pattern of the 3D
global model of Debayle et al. (2016, version 2022.11) at 70 km depth. This is best interpreted as
due to compressional deformation arising from the E-W convergence of cratonic blocks in the
last amalgamation of SW Gondwana, which implies that the Rio Tebicuary cratonic block is best
placed in the Amazon domain, casting doubt on the inferred continuation of the Transbrasiliano

Lineament in the Chaco basin as separating those two domains.

6. Data and Resources

The XC data (temporary deployment) was supported by FAPESP project 2013/24215-6. Data
from the permanent Brazilian networks (BR, BL, and ON) are open at www.rsbr.gov.br. XC data
can be shared upon request to the Seismology Center (http://www.sismo.iag.usp.br) of the Uni-

versity of S&o Paulo. Data from seismic station CPUP is available at
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http://ds.iris.edu/mda/GT/CPUP. The updated version of the “3D2022Sv” global model
(3DLGL-TPESv.v2022-11 by Debayle et al., 2016) is available at IRIS

https://ds.iris.edu/ds/products/emc-3dlgl-tpesv.
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Fig. 1. Simplified geology of the study region. The 72 broadband stations (triangles)include
permanent stations of the Brazilian network (sub-nets BL, BR and ON), one interna-
tional station (US), and temporary deployments (XC). Pink areas are exposed cratons or
buried cratonic blocks (dashed contours). Three models of the Paranapanema Block,
beneath the Parana basin, are shown: thick dashed line = based on gravity data (Manto-
vani et al., 2005), dot-dashed = slight modification by Cordani et al.(2016), and pink ar-
ea = from P-wave tomography (Affonso et al., 2021). Gray areas are Neoproterozoic
fold belts, and yellow are intracratonic basins; PtB = Pantanal Quaternary basin. AA
and RGA are the Asuncion and Rio Grande arches separating the Chaco from the Para-
né basins. PGA is the Ponta Grossa arch. Dark gray lines are faults from the CPRM
(2016) database. Green lines are country borders. INSET: Red lines indicate the major
cratons; blue line separates the Andean orogeny from the stable platform; brown line is
the Transbrasiliano Lineament (TBL) separating the two cratonic domains: Amazonian

and Atlantic.

Fig. 2 Selected inter-station EGF signals as function of inter-station distances at period bands of
4-25s (a) every 25 km, 25-50s (b) every 35 km, and 50-80s (c) every 45 km. The ex-
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pected signal window is shown by dashed black lines, corresponding to velocity range
between 2.5-5.0 km/s. The rose-diagrams show the normalized distribution of energy
flow as a function of azimuth of the inter-station path with 15° azimuthal bins (only

EGFs with SNR> 10 were used).

Fig. 3. All phase (a) and group (b) velocity dispersion curves connected with RPRD station. (c)
normalized sensitivity kernel functions of phase (left panel) and group (right panel) ve-
locities for 8s period (solid gray line), 40s (dashed gray line), and 70s (solid black line).
(d) The depth (as a function of period) corresponding to the maximum of the sensitivity

kernel.

Fig. 4. Rayleigh wave phase, C, (left) and group, U, (right) isotropic velocities for 8s. Ray path
coverages are in Fig. S1. Areas with poor resolution (Fig.6) are not shown. The white
circle is the grid point P; (55.5°W 18.5°S). a, b) T = 08s: brown contours are sedi-
mentthickness (Milani et al. 1998). ¢, d) T = 40s: brown contours are crustal thickness

(updated from Assumpcéo et al., 2013, and Rivadeneyra et al., 2019) at 35 and 40 km.

34



The dark green line is the Western Parana Suture of Dragone et al. (2017). Other sym-

bols as in Fig. 1.

Fig. 5. Rayleigh wave fast azimuthal directions (blue bars) from the 2D inversion of phase (a, ¢)
and group (b, d, e, f) velocities. At T=8 s (a, b), sampling the upper crust, the fast di-
rections seem to follow the structural grain of the fold belt beneath the Pantanal basin;
towards the Ponta Grossa Arch (PGA) the fast directions seem to align with Mesozoic
dykes (redlines). At T=70s (c to f), sampling the upper mantle, our observed fast direc-
tions trend mainly N-S west of the Parana suture (green lines). (e) This general N-S di-
rection (blue bars) is consistent with the global model 3D2022Sv of Debayle et al.
(2016, updated to 2022), shown by green bars. (f) The SKS fast average polarization di-
rections (red bars, Melo et al., 2018) trend WSW-ENE beneath the Pantanal region, and
WNW-ESE south of the Paranapanema block, consistent with fast direction of model

3D2022Sv at 200km, but different from our observed azimuthal directions (blue bars).

Fig. 6. Recovered phase (left), C, and group (right), U, velocities and fast directions from check-
erboard resolution test for periods 8, 40 and 60 s. The forward problem had velocities
Uo+10% and alternating N-S and E-W fast directions. The red plus symbols (+) are the
limits of the synthetic fast direction anomalies (changes from NS to EW). Light gray
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lines are country borders. The black lines are the limits of well resolved areas for the

isotropic Vs.

Figure 7

Fig. 7 (a) Isotropic local group, U, and phase, C, dispersion curves at grid point P; (55.5°W
18.5°S). (b) calculated 1D isotropic Vs model (green line) at grid point P;. The initial
1D Vs model (black) at this grid was taken from Shirzad et al. (2020). Solid lines in (a)

are the inverted dispersion curves of the output model (green) in b).

Figure 8

Fig. 8 Geological map and horizontal depth slices of Vs anomaly. The black solid and dashed
lines show the basins and cratonic blocks, respectively. White lines in the 4 km depth are thick-
ness contours of the Parana sedimentary basin. The green and red lines in the 20 - 60 km depth
are the two versions of the Western Parana Suture (WPS, Dragone et al., 2017; 2021). In the 35
km slice, the colored triangles denote lower crust type from Cedraz et al.(2020): blue = high ve-
locity lower crust, red = normal lower crust (Vs<= 3.8 km/s), white = thin crust ~35 km. White
lines in the 60 km slice locate the vertical profiles of Fig. 9. Other symbols as in Fig. 1.
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Fig. 9 Isotropic Vs model for three profiles A-A’ (at 18.0° S), B-B’ (at 22.6° S), and C-C’ (at
27.2° S) shown in Fig. 8. The thick dashed line is the Moho depth (updated from As-
sumpgao et al. 2013 and Rivanedeyra et al., 2019). In profile AA’, the stippled zone are
meta-sediments (between 57.5°-55.5°W, and depth up to ~8 km) and the black “wedge”
is a suture zone modeled byWoldemichael (2003). AC = Amazon Craton, Pt = Pantanal
basin, Pb = Parana basin, and WPS = Western Parana Suture. “Underplating” and HVL
in profile AA’ denotes high Vs lower crust interpreted as underplating by Cedraz et al.
(2019). In profile CC’ lower Vs in the lithospheric mantle is due to lithospheric thinning
(“LT”) extending from the Pantanal Basin in the north to the Rio de La Plata region in
the south, as seen in the tomography models such as Ciardelli et al.(2022) and Nasci-

mento et al.(2024).
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Highlights
e In the upper crust, azimuthal anisotropy is aligned with fold belts; at the lithospheric

mantle, it is due to orogenic compressional deformation.
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Crustal Vs anomalies support the proposed N-S suture zone between the Paranapanema

block and the southern part of the Amazonian craton.

High Vs in the lower crust confirms probable underplating in the southern part of the

Amazon craton.
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