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Abstract

Upper mantle anisotropy was studied with SKS phases
in Central and SE Brazil. Although the fast polarization
directions vary across the region, consistent
orientations are observed over hundreds of kilometers.
The average fast polarization directions is close to the
absolute (HS3-NUVEL1A) plate motion but significant
deviations are observed in some areas. The fast
polarization directions show a fan-shaped pattern
strongly suggesting asthenosperic flow around a thick
and stiff keel in the southern part of the Sdo Francisco
craton, consistent with the high-velocity anomaly
revealed by surface-wave tomography. The observed
NW-SE directions in the southern part of the Brasilia
belt may also indicate asthenospheric flow channeled
between the S&o Francisco craton and a cratonic block
beneath the Parana basin.

Introduction

The study of seismic anisotropy yields
information on the strain-induced fabric within the Earth
and allows an understanding of the deformation or the
structure of the mantle. A shear wave propagating
through an anisotropic medium is split into a fast and a
slow shear waves polarized in mutually perpendicular
directions. Seismological and petrophysical studies
(e.g., Savage, 1999) suggest that the main source of
anisotropy that causes splitting of SKS waves is located
within the first 400 km of the upper mantle and is
related to the crystal preferred orientation of olivine
(CPO), the most abundant and deformable mineral in
the upper mantle.

The development of olivine CPO in the upper
mantle may result from past or present deformation.
Past tectonic deformation processes imprint the
lithospheric upper mantle with a crystallographic fabric
which remains stable after thermal relaxation, referred
to as “frozen anisotropy” (e.g., Vauchez and Nicolas,
1991; Savage, 1999). Olivine CPO also develops with
present deformation and flow of the asthenospheric
mantle related to plate motion, which is the main cause
of upper mantle anisotropy beneath oceanic basins
(Hess, 1964; Tommasi, 1998; Wolfe and Silver, 1998).

Savage (1999) reviewed the debate regarding
the dominant cause of the anisotropy in stable
continental areas, lithospheric (frozen) versus

asthenospheric (plate motion), and recognized that no
single hypothesis can explain all observations, and both
lithospheric and asthenospheric anisotropy can
contribute to the shear-wave splitting beneath
continents, with asthenospheric flow perhaps being
channelled along topography at the base of the
lithosphere (e.g., Bormann et al., 1996; Barruol et al.,
1997). Few seismic anisotropy measurements have
been made in South America, east of the Andes, and
lithospheric (James & Assumpgao, 1996) as well as
asthenospheric sources (Helffrich et al.,2002) have
been invoked. Analysis of SKS splitting in the Riberia
belt by Heintz et al.(2003) suggests that both
lithospheric and asthenospheric fabrics may contribute.

Seismic anisotropy below a seismic station
can be inferred with core-refracted S waves such as
SKS. These waves arrive at the station at nearly
vertical incidence and should be polarized along the
radial direction. Quite often, however, SKS waves
exhibit energy on the transverse component, which is
best explained as the result of shear-wave splitting due
to propagation within an anisotropic medium.

Two parameters are measured at the station:
1) FPD, the fast polarization direction of the S-wave,
regarded as a proxy for the orientation of the [100] axis
of olivine in the upper mantle, and 2) dt, the delay
between the arrival time of the fast and slow split
waves. dt is proportional to the thickness and the
intrinsic anisotropy of the anisotropic layer. The
average delay time measured in continental areas is 1 s
(Silver, 1996), although delays > 2 s have been
measured above large strike-slip fault systems (e.g.,
station IGAB on the Ribeira transcurrent fault system,
Heintz et al., 2003). This study presents data collected
at 48 stations in SE and Central Brazil.

Data processing

S- wave splitting was measured using Silver
and Chan’s (1991) algorithm: the FPD and the lag time
between fast and slow components (df) are determined
through a grid search by correcting the observed
components from the anisotropy effect to minimize the
energy on the transverse component (Fig. 1). This
method assumes anisotropy to in a single layer.

Results

Fig. 1 shows the anisotropy measurements for
station canb in the central part of the Parana Basin. Fig.
2 shows all measurements carried out at three stations
(BDFB, corb, and canb) with respect to the event back-
azimuth. If the initial polarization of the incoming wave
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is parallel or orthogonal to the fast anisotropic direction,
or if there is no anisotropy beneath the station, this will
result in a lack of energy on the transverse component.
Those measurements (‘nulls’) arise when the event
back-azimuth is parallel to the fast or slow direction.
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Fig. 1. SKS splitting for station canb in the Parana
Basin. Top: first two traces are the original radial and
transverse records showing a large signal on the
transverse component; bottom two traces are the
anisotropy corrected signals; the vertical lines are the
analysis window. Middle diagrams: original and
corrected particle motions. Bottom diagram: energy
contour of the transverse energy as a function of the dt
("lag") and the fast polarization Azimuth (FPD); star is
the best solution. Note that the correction calculated for
the SKS phase also reduces the transverse component
of the SKKS phase.
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Fig. 2. Time delay dt (top) and FPD (bottom) with
respect to event backazimuth. Large and small circles
are good and fair measurements. The inclined lines in
each bottom diagram are locii of backazimuth parallel to
the fast or slow directions, near which one should
expect null results (square). (a) station BDFB, (b)
station corb, (c) station canb
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Fig. 2 also shows that the fast polarization
direction measured at the station does not vary with the
back-azimuth of the event. The average direction for a
station was then taken as the mean direction of all
measurements. The average time delay at a station
was computed as the mean of all individual
measurements.
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Fig. 3. Fast polarization directions. Thick and thin bars
are good and fair average direction for each station.
Squares indicate stations with no reliable fast direction.
Thin lines show main geological faults (Schobbenhaus
and Billizzia, 2000). The two arrows indicate the
absolute plate motion according to the fixed hot-spot
model HS3-NUVEL1A (Gripp and Gordon, 2002) and
the GPS/ITRF model (Prawirodirdjo and Bock, 2004).

Fig. 3 compares the fast S-wave polarization
directions (this study and data from James and
Assumpcao (1996) and Heintz et al. (2003)) with the
structural trend in Central and SE Brazil. Although the
fast polarization directions are not uniform in the whole
study area, consistent patterns within ranges up to 500
km can be observed. In the Tocantins Province, FPD is
close to N60°E from station pp7b to cv1b. Within the
Parana basin, above the cratonic nucleus, small
splitting delays and EW fast S-wave polarizations were
retrieved. In the southern Brasilia belt and northeastern
Parana basin, FPD trends NW-SE roughly parallel to
the Goiania suture. In the central part of the Ribeira
belt, FPD is ENE oriented. Interestingly, the anisotropy
of electrical resistivity determined by long-period
magnetotelluric surveys (Padilha et al., 2006) is
generally consistent with the seismic anisotropy:
observed directions of maximum conductivity are ENE
across the Ribeira belt, and WNW in the southern
Brasilia belt, SW of the Sao Francisco craton.

Fig. 4 compares all measured FPD with the
absolute plate motion (APM) given by the HS3-
NUVEL1A model (Gripp and Gordon, 2002). For this
model, SE Brazil moves towards WSW (Fig. 3). Despite
the large scatter in Fig. 4, the peak of the distribution is
very close to that predicted by HS3-NUVEL1A model.
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Given the wide distribution of our stations across
different tectonic provinces, this coincidence seems to
indicate that an asthenospheric contribution to the
observed anisotropy is very likely and that the absolute
motion of the South American plate is probably close to
that predicted by the HS3-NUVEL1A model.
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Fig. 4. Comparison of the fast polarization direction
(FPD) with the absolute plate direction (APM, HS3-
NUVEL1A). Gray and open bars indicate good and fair
data, respectively.

Discussion
Ribeira belt

In the Ribeira belt, the fast shear waves
display polarization directions close to the WSW-ENE
trend of the fold belt, especially in its central part,
where transcurrent shear zones predominate. Heintz
et al.(2003) proposed that both frozen fabric in the
lithosphere and APM related fabric in the
asthenosphere contribute to the observed SKS
splitting.

Parana basin

In the Parana basin, two groups of fast
polarization directions are present. In the NE part, the
fast polarization direction tends to be NW-SE oriented,
parallel to the general trend in the metamorphic core of
the Brasilia belt and consistent with its presence
beneath the edge of the sedimentary basin. In the
central part of the basin, where a possible cratonic
nucleus has been proposed (Cordani et al., 1984; Zalan
et al. 1990; Mantovani et al., 2005) the anisotropy is
small (delays less than 1.0 sec) but consistently EW
oriented. This may indicate a different origin for the
deformation induced anisotropy beneath the central
part of the basin.

Tocantins Province

In the southern part of the Brasilia fold belt,
SW of the Sdo Francisco craton, the fast split waves
are polarized NW-SE, parallel to the Goiania flexure
(thick gray line in Fig. 3) and the general structural
trend of the belt. This area is also characterized by
prominent aero-magnetic anomalies oriented NW-SE.
This orientation is consistent with a collision between
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the Paranapanema cratonic block beneath the Parana
basin and the Sdo Francisco craton, as previously
shown by James and Assumpgédo (1996). In the
northern Tocantins province the fast polarization
directions trend WSW-ENE, significantly oblique with
respect to the main geological units and the
Transbrasiliano Lineament (TBL, Fig. 3). Therefore, the
observed anisotropy is probably not directly related to
the TBL, but rather to an asthenospheric source.

Fan-shaped pattern and asthenospheric flow

The E-W fast S-wave polarizations in the central
part of the Brasilia belt and Sao Francisco Craton is
intermediate between ENE polarizations further North in
the Tocantins province and the NW-SE polarizations
observed in the southern part of the Brasilia belt.
Similarly, the EW directions observed in the central
core of the Parana basin are also intermediate between
ENE directions observed at two stations just SW of the
central core and the NW-SE orientations along the
Goiania flexure. This fan-shaped pattern of FPD
suggests an asthenospheric fabric caused by flow
around the S&o Francisco Craton.

Fig. 5 shows the S-wave velocity anomalies
obtained from a continental scale Rayleigh-wave
tomography by Feng et al.(2006) using a joint inversion
of waveforms and group velocities. The seismic velocity
model at 150 km depth (Fig. 5a) suggests that the Séo
Francisco Craton lithospheric thickness is larger in the
southern part than in the central and northern parts.
The fast polarization directions tend to wrap around the
cratonic root strongly suggesting asthenospheric flow
around the craton’s keel. The anomalies around 250km
depth (Fig. 5b) show a NW-SE low-velocity channel
between the craton and the high velocity lithospheric
block beneath the Parana basin. The parallelism
between FPD and this low-velocity channel supports an
asthenospheric flow controlled by topography of the
lithosphere/asthenosphere boundary.

Our preferred model to explain the observed
patterns of SKS splitting consists of a main contribution
from APM-related asthenospheric flow deflected by the
Sao Francisco keel. Additional lithospheric anisotropy is
also evidenced in two areas: the southern Brasilia belt
and in the central part of the coastal Ribeira belt. In
these two areas the large splitting delays and the
correlation between FPD and geological trends indicate
lithospheric frozen anisotropy from the Brasiliano
orogen with lineations roughly parallel to those caused
by the present APM-related asthenospheric flow.

Conclusions

The distribution of all observed fast polarization
directions, over different geological provinces, has a
peak near the HS3-NUVEL1A absolute plate motion.
A clear fan shaped pattern is observed around high
upper mantle S-wave velocities (in the southern Sao
Francisco craton and in a lithospheric block beneath
the Parana basin). These observations strongly
suggest that the observed anisotropies have an
important contribution from APM-related
asthenospheric flow modified by topography of the
lithosphere/asthenosphere boundary. A constructive
interference of asthenospheric and lithospheric
anisotropies is proposed for the southern Brasilia and

the Ribeira belts where the degree of splitting is larger
and the FPD is parallel to the structural grain.
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Fig. 5.

Fast polarization directions
(black bars) from shear-
wave splitting and S-wave
velocity anomalies from
surface-wave tomography
of Feng et al.(2006). Colour
scale is % anomaly with
respect to the IASP91
model.

(a) anomalies at 150 km
depth. Note the thicker
lithospheric root of the
southern part of the Sdo
Francisco craton. The fast
polarization directions
display a fan-shaped
pattern suggesting a
deflection around the
craton keel.

(b) velocity anomalies at
250 km depth. Note the
low-velocity “channel”
between the S&o Francisco
craton and a high-velocity
block beneath the Parana
basin suggesting flow-
induced anisotropy related
to topography of the
lithosphere/ asthenosphere
boundary.
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