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S U M M A R Y
We present models for the upper-mantle velocity structure beneath SE and Central Brazil
using independent tomographic inversions of P- and S-wave relative arrival-time residuals
(including core phases) from teleseismic earthquakes. The events were recorded by a total
of 92 stations deployed through different projects, institutions and time periods during the
years 1992–2004. Our results show correlations with the main tectonic structures and reveal
new anomalies not yet observed in previous works. All interpretations are based on robust
anomalies, which appear in the different inversions for P- and S-waves. The resolution is
variable through our study volume and has been analyzed through different theoretical test
inversions. High-velocity anomalies are observed in the western portion of the São Francisco
Craton, supporting the hypothesis that this Craton was part of a major Neoproterozoic plate
(San Franciscan Plate). Low-velocity anomalies beneath the Tocantins Province (mainly fold
belts between the Amazon and São Francisco Cratons) are interpreted as due to lithospheric
thinning, which is consistent with the good correlation between intraplate seismicity and low-
velocity anomalies in this region. Our results show that the basement of the Paraná Basin is
formed by several blocks, separated by suture zones, according to model of Milani & Ramos.
The slab of the Nazca Plate can be observed as a high-velocity anomaly beneath the Paraná
Basin, between the depths of 700 and 1200 km. Further, we confirm the low-velocity anomaly
in the NE area of the Paraná Basin which has been interpreted by VanDecar et al. as a fossil
conduct of the Tristan da Cunha Plume related to the Paraná flood basalt eruptions during the
opening of the South Atlantic.

Key words: Inverse theory; Mantle processes; Body waves; Seismic tomography; Dynamics
of lithosphere and mantle; South America.

1 I N T RO D U C T I O N

1.1 Motivation

The South American continent is tectonically formed by the Andean
orogeny in the west, the Precambrian South American Platform in
the centre and east and the Late Paleozoic Patagonian Platform in
the south (Ramos 1999; Almeida et al. 2000). The South American
Platform occupies most of South America and is defined as the sta-
ble continental portion of the South American Plate, which has not
been affected by the Phanerozoic (Andean and Caribbean) orogenic
zones. The basement of the platform consists basically of Archean
and Proterozoic lithospheric fragments (cratonic blocks) formed
during the main Proterozoic orogenic events (Trans-Amazonian and
Late Mesoproterozoic), which were finally linked by several Neo-
proterozoic mobile belts (Brasiliano/Pan African; Almeida et al.
2000). A schematic map of the main geological units is shown in
Fig. 1.

Regional traveltime tomography is a powerful tool to obtain in-
formation about the upper mantle and uppermost lower mantle of
the Earth. In Brazil, several tectonic domains have been imaged
in previous tomographic studies (VanDecar et al. 1995; Schimmel
et al. 2003; Assumpção et al. 2004a,b; Feng et al. 2004; Feng
et al. 2007). However, due to the sparse and irregular distribution of
earthquakes and seismic stations, the resolution is highly variable
and some of the heterogeneities have been poorly resolved. In the
mean time, the area covered by new stations has been increased
and some stations have also been deployed in some of the poorly
resolved areas. The main goal of this work is to study the main
tectonic structures of the upper mantle under SE and Central Brazil
(Fig. 1) using regional traveltime tomography for P- and S-waves.
Main emphasis is given to the large-scale structures like the To-
cantins Province, the São Francisco Craton (SFC), the Nazca Plate
and the Paranapanema Cratonic Block. In this work, we want to shed
light on some questions that still remain about the tectonic struc-
ture of the South America, such as the western limit of the SFC,
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Figure 02
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Figure 1. Tectonic map of the South America. Dashed square shows our study area. TBL stands for Trans-Brasiliano Lineament (thinner dashed line). ‘A’,
‘B’ and ‘C’ are the Alto do Paranaı́ba Igneous Province (APIP), the Iporá Igneous Province (IP) and the Poxoréu Igneous Province.

the layout of the cratonic basement of the Parana Basin, among
others.

1.2 Tectonic settings

Our study area (thick dashed square in Figs 1 and 2) is completely
contained in the South American Platform and comprises the fol-
lowing structural provinces: The SFC, the Tocantins and the Man-
tiqueira Provinces (mainly Brasiliano fold belts) and the Intracra-
tonic Paraná Basin. Part of the uaporé Shield is included in the study
area (Figs 1 and 2) but has not been sampled by our data.

The SFC is the best-exposed unit of the Precambrian Brazilian
Shield (Teixeira et al. 2000). It is composed of an Archean and
Paleoproterozoic crust and surrounded by Neoproterozoic Brasil-
iano/Pan African orogenic belts: Brasilia, Ribeira and Araçuaı́
(Alkmin & Cruz 2005).

The Tocantins Tectonic Province represents a large Brasil-
iano/Pan African orogen formed between three major continental
blocks: the Amazonian, the São Francisco/Congo and the Paraná
Cratons. This province contains three important supracrustal fold

belts known as the Araguaia, the Paraguay and the Brası́lia Belts.
The Araguaia and Paraguay Belts occupy the western part of this
province, bordering the eastern and southern margins of the Amazo-
nian Craton, respectively. The Brası́lia Belt forms the eastern part
of the Tocantins Province, flanking the western edge of the SFC
(Pimentel et al. 2000). The collision process that formed the To-
cantins Province occurred in the Neoproterozoic, when the entire
province was affected by the Brasiliano Orogenic Cycle. The main
mega suture related to this event is the TransBrasiliano Lineament—
TBL (thin dashed-line in Fig. 1) that crosses the entire region (Cor-
dani et al. 2000). The TBL defines the boundaries of several different
crustal domains to the NW, including the Amazonian Craton and to
the SE, including mainly the SFC (Cordani & Sato 1999).

The Mantiqueira Province is an orogenic system comprising
the Araçuaı́, the Ribeira and the southern Brası́lia Fold Belts
(among others), developed during the Neoproterozoic Brasil-
iano/Pan African Orogeny that resulted in the amalgamation of
the Western Gondwana Paleocontinent (Heilbron et al. 2004; Silva
et al. 2005).

The Paraná Basin, one of the three major intracratonic basins
in eastern South America (e.g. Zalán et al. 1990; Milani &
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IPT Stations

Figure 2. Study area with the stations used in this work. Different symbols represent stations of different projects or institutions. Black symbols are station
used only for P-wave measurements (short period stations) and white symbols are stations used for both P- and S-wave measurements (broad-band stations).

Ramos 1998), is surrounded by late Proterozoic and Paleozoic
Fold Belts (Brası́lia, Paraguay–Araguaia Belt and Ribeira) of the
Brasiliano/Pan-African orogen (Almeida et al. 2000). On the ba-
sis of radiometric dates from two basement samples, a Protero-
zoic ‘cratonic’ nucleus was inferred beneath the Paraná Basin
(Fyfe & Leonardos 1974; Cordani et al. 1984; Brito Neves &
Cordani 1991). Cordani et al. (1984) named this unit as the Paraná
Block.

Our study area includes several igneous provinces of alkaline
intrusions with Late Cretaceous ages. The Late Cretaceous is rec-
ognized as the most important period for emplacement of alkaline
complexes in South America (Montes-Lauar et al. 1995). The alka-
line rocks are distributed around the Paraná Basin and comprise the
Poxoréu, the Iporá, the Alto Paranaı́ba, the Serra do Mar and the
Ponta Grossa Igneous Provinces (Gibson et al. 1995, 1997, 2005;
Thompson et al. 1998; Siebel et al. 2000). Basically two age groups
are found in our study area. The youngest group (85-60 Myr) tends
to be located closer to the Atlantic Ocean and its spatial distribution
suggests hotspot tracks. These younger igneous provinces may be
related to a proposed Trindade Plume (Gibson et al. 1995, 1997).
The oldest group (140-120 Myr) is located in the continental interior
and is probably related to the impact of the Tristan da Cunha Su-
per Plume during the South Atlantic rifting (e.g. Assumpção et al.
2004b).

1.3 Previous studies

The SFC has been observed as a high-velocity anomaly (mainly its
southern part) in previous body-wave and surface-wave tomogra-
phies. Regional P- and S-wave traveltime tomography (VanDecar
et al. 1995; Schimmel et al. 2003) showed that the roots of this cra-
ton are about 200 and 250 km deep whereas results of surface-wave
tomography (Feng et al. 2004; Heintz et al. 2005; Feng et al. 2007)
indicate depths down to 150–200 km. The western limit of the SFC
has been a controversial matter (Alkmin et al. 1993; Ussami 1993).
Several seismic studies compiled by Assumpção et al. (2004a) in-
dicate that the western limit of the SFC extends further to the west,
beneath the foreland domain of the Brasilia Fold Belt (Alkmin
et al. 1993). Assumpção et al. (2006) compared the results of
SK(K)S splitting observations with the S-wave anomalies in Central
and SE Brazil and observed a clear fan shaped pattern around the
keel of the SFC. These observations suggest that the asthenospheric
flow is locally deflected by the lithosphere/asthenosphere topogra-
phy beneath this Craton and support the hypothesis that the SFC is
part of a major Neoproterozoic plate (San Franciscan Plate).

Schimmel et al. (2003) also observed high-velocity anomalies of
P- and S-waves in the upper mantle beneath the central and western
Paraná Basin, which would be consistent with the presence of a
cratonic nucleus buried under the sediments and flood basalts of the
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Paraná Basin. The nature of the basement beneath the Paraná Basin
is still debated. The single cratonic nucleus proposed initially by
Cordani et al. (1984) and Zalán et al. (1990) has been contested by
Milani & Ramos (1998) who propose several smaller blocks sep-
arated by mobile belts, rifting and alkaline magmatism. Recently,
a third model (Mantovani et al. 2005) of a larger ‘Paranapanema
block’ has been suggested based mainly on gravity anomalies. Pre-
vious tomographic results (both, body and surface-wave) did not
have enough resolution to distinguish between the proposed models
due to a small amount of stations in this area. Julià et al. (2008)
analysed the crustal structure beneath several stations in the Paraná
Basin and favoured the model of Milani & Ramos (1998).

VanDecar et al. (1995) detected a low-velocity cylindrical struc-
ture in the upper mantle beneath the NE part of the Paraná Basin.
With the increase of the number of stations, Schimmel et al. (2003)
found that this anomaly is confined to the whole upper mantle, al-
though it appears as a continuous feature down to about 900 km.
Schimmel et al. (2003) interpreted this downwards extension as an
artefact due to vertical smearing caused by fewer ray crossings at the
top of the lower mantle. This low-velocity anomaly was observed
down to 300 km depth by Feng et al. (2007) using surface wave
tomography, (greater depths are not resolved by their study). The
causes of this seismic anomaly remain uncertain, however. Van-
Decar et al. (1995) interpreted this structure as a fossil conduit
through which the initial Tristan da Cunha Plume travelled to gen-
erate the Paraná–Etendeka continental flood basalts. Imaging of the
410 and 660 km seismic velocity discontinuities, along an E–W
profile across South America (∼20◦S; Liu et al. 2003), indicates
a slight thickening of the transition zone rather than the expected
thinning for a hot thermal anomaly in an olivine dominated tran-
sition zone, thus indicating a chemical anomaly. Van der Lee &
Wiens (2006) suggest a compositional explanation for this anomaly
related to the water release from the deep subducted Nazca slab.

At depths of 150–250 km, low-velocity anomalies predominate
in the fold belt areas, which are mostly correlated with the Late
Cretaceous Igneous Provinces (VanDecar et al. 1995; Schimmel
et al. 2003; Assumpção et al. 2004a). Schimmel et al. (2003) and
Assumpção et al. (2004a) observed a low-velocity anomaly near the
Alto do Paranaı́ba Igneous Province–APIP (A in Fig. 1). The fact
that only the more recent (85–50 Ma) alkaline intrusions occur near
low-velocity areas may indicate a thermal effect associated with
the generation of the Late Cretaceous igneous activity. A P-wave
low-velocity anomaly was also observed under the Iporá Igneous
Province–IP (B in Fig. 1; Assumpção et al. 2004a) and was inter-
preted as the initial impact of the Trindade Plume at ∼80 Ma, as pro-
posed by Gibson et al. (1997). Rocha (2003) and Assumpção et al.
(2004a) also observed a low-velocity trend beneath the Poxoréu Ig-
neous Province–PX (C in Fig. 1) and suggested that this anomaly
could be part of the Trindade Plume impact. Both anomalies could
be related to the TBL, indicating a thin and weak lithosphere in
this region (Assumpção et al. 2004a). Feng et al. (2004, 2007) also
found in this region a NE–SW trending low-velocity anomaly at
about 100 km depth, possibly related with the TBL. Low-velocity
anomalies were also observed in the Serra do Mar and Ponta Grossa
Provinces (Escalante 2002; Rocha 2003; Schimmel et al. 2003).

Assumpção et al. (2004a) show a positive correlation between
P-wave low-velocity anomalies and the areas with greater seis-
micity in SE and Central Brazil. They suggested that the litho-
sphere/asthenosphere topography, inferred from P-wave tomogra-
phy, is in excellent agreement with the thin spot hypothesis proposed
by Gibson et al. (1995, 1997) for the origin of the igneous provinces
and still, that the thinning of the lithosphere induced by temperature

can be an important mechanism to help explain earthquake activity
in SE and Central Brazil.

A study of the effective elastic thickness of the lithosphere (Te)
in South America (Pérez-Gussinyé et al. 2007) shows low Te in the
Pantanal Basin and the SE part of the TBL, coincident with low-
velocity anomalies and consistent with a thin and weak lithosphere
in these areas. Greater Te was observed, mainly, in cratonic regions.

Schimmel et al. (2003) found an N–S oriented high-velocity
anomaly in the upper mantle, which they interpreted as due to the
subducted Nazca Plate. Their synthetic tests show that a continuous
slab is imaged as two separated slab segments, suggesting low res-
olution in the lower mantle. Ren et al. (2007) combine tomography
with plate tectonic history to track the subduction underneath the
Americas in time. Also in their images the Nazca/Farallon slab is
less well resolved beneath SW Brazil. Both studies do not show a
continuation of this segment below about 1300 km depth.

2 DATA

2.1 Station and event selection

We used relative traveltime residuals obtained from teleseismic
events. These data were recorded by a total of 92 stations de-
ployed for different durations in the study area (Fig. 2), during 12
yr (1992–2004). Relative residuals were obtained from waveform
cross-correlations for up to 12 simultaneously recorded seismo-
grams. We included 5647 P-wave and 3466 S-waves traveltime mea-
surements from new stations (2000–2004) in the previous database
of Schimmel et al. (2003), who used events from 1992 to 2000.

Most of the stations were from the BLSP (Brazilian Lithosphere
Seismic Project—BLSP92, BLSP95 and BLSP02) equipped with
three-component broad-band seismometers. Stations from others
projects and institutions were also used: RESUSP—University of
São Paulo Seismic Network; UnB-–University of Brası́lia; IPT—
Institute of Technological Research; GTSN—Global Telemetered
Seismic Network; GEOSCOPE Institut de Physique du Globe de
Paris. Only data from broad-band stations were employed in our S-
wave study, while we have used also short-period stations to increase
the database for the P-waves. The waveforms of the short period
instruments have been transformed to mimic broad-band records
and have been used together with the vertical broad-band data at
narrow frequency bands around 1 Hz.

P- and S-phases were used from events with magnitude larger
than 4.6 mb. For direct (P and S) and core reflected phases (ScS),
the epicentral distances range from 30◦ to 95◦ and 10◦ to 30◦, re-
spectively. Further, we used core-refracted phases (PKPdf, SKS,
SKKS) from events at 100◦ to 180◦. The USGS PDE (U.S. Geo-
logical Survey Preliminary Determination of Epicenters) database
provided the hypocentre information. Fig. 3 shows the distribution
of these earthquakes.

2.2 The relative arrival-time determination

We use relative traveltime residuals to decrease source errors and
path effects outside the investigated volume (Evans & Achauer
1993). The relative traveltime residuals have been determined using

ri j = toi j − tci j ⇒ rri j = ri j − 1

N

N∑

i=1

ri j , (1)

where rij is the absolute residual for station i and event j. to and tc
stand for observed and theoretical traveltime, respectively. rrij is the
relative residual used to build our database.
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Figure 3. Distribution of the events used in this work. Distances are with
respect to the centre of the study area (black square). (a) P-wave events. (b)
S-wave events.

Relative traveltimes were measured using the MultiChannel
Phase Cross Correlation (MCPCC) technique (Schimmel et al.
2003), which incorporates the Phase Cross-Correlation (PCC) func-
tion (Schimmel 1999) into the MultiChannel Cross Correlation
technique of VanDecar & Crosson (1990). MCPCC uses the similar-
ity of the greatest number of coherent samples rather than the largest
sum of cross products. Therefore, it is not biased by the large am-
plitude portions in the correlation window. The data were inspected
event by event and the correlation windows were selected by hand
to include the first swing of the signal. The correlation results were
manually checked to avoid cycle skipping or other problems. Poor
signals were correlated using different parameters and discarded if
not providing satisfactory and consistent results.

Picking of P- and S-wave phases was performed at a high-
frequency band because our inversion procedure adopts ray the-
ory (the infinite frequency approximation for wave propagation).
The bandwidths for P- and S-waves range between 0.8–2.5 Hz and
0.05–0.1 Hz, respectively. The corresponding wavelengths in the
upper-mantle are about 12 km for P-waves and 60 km for S-waves.
The S and ScS phases were picked on the tangential components to

minimize contamination by P- and P-to-S converted waves. Core
phases (SKS and SKKS) were picked on the radial components
where they are strongest due to their P-wave path in the outer
core.

2.3 The final data sets

The final database consists of 8551 time measures for P-waves
(1240 events), 2463 for PKP (338 events), 4707 for S (734 events),
697 for ScS (106 events), 1109 for SKSac (171 events) and 1719
for SKKSac (262 events). The traveltimes were corrected for station
elevations using the theoretical ray incidence in an upper crust with
P-wave velocity of 5.8 km s–1 and S-wave velocity of 3.5 km s–1.
Our P- and S-wave relative residuals follow a normal distribution
(Fig. 4). The standard deviations for the P- and S-wave data are
0.407 s and 1.096 s, respectively. The comparison between the data
distribution and the Gaussian curve allows to find large traveltime
residuals, which have been removed since they are likely due to
timing errors or phase misinterpretations and could influence the
inversion.

3 M E T H O D

3.1 Model parameterization

The model has been discretized in a dense grid of knots, which is in-
terpolated with splines under tension (Cline 1981, Neele et al. 1993)
to obtain the seismic velocities at each location within the grid. This
interpolation scheme provides a smooth slowness distribution and
therefore permits an accurate ray tracing. The grid is composed
of 64 260 knots, 28 knots in depth (depths between 0–1400 km),
45 knots in latitude (latitudes between –30◦ and –10◦) and 51 knots
in longitude (longitudes between –59◦ and –37◦). In the central re-
gion of the model (25-15◦S; 53-40◦W; 0–500 km depth), where we
expect to obtain better resolution, the horizontal and vertical knot
spacing is 1/3 degrees and 33km, respectively. The knot spacing
increases outside this region to 0.5◦ and 50 km in an intermediate
volume and to 1◦ and 100 km outside this intermediate volume.
The parameterization extends outside the area of the stations to
minimize the mapping of noise and inconsistencies as unrealistic
structures into the central area of interest (VanDecar et al. 1995).

Note that the hypocenters of all events are outside the study vol-
ume and there are no significant down going ScS ray path within the
volume. In our inversion only upgoing ScS rays will be considered.

3.2 Inversion procedure

We use the linear inversion approach of VanDecar et al. (1995)
which has been a successful tool to study the upper mantle in dif-
ferent areas (e.g. VanDecar et al. 1995; Sol et al. 2002; Wolfe et al.
2002; Schimmel et al. 2003; Bastow et al. 2005; Benoit et al. 2006;
Lees et al. 2007; Bastow et al. 2008; Schmid et al. 2008; West et al.
2009). In this method, P- and S-wave relative residuals are inde-
pendently inverted for 3-D velocity structure (velocity anomalies),
earthquake relocations and station terms. The station terms are used
in the inversion to absorb systematic time contributions caused by
local shallow heterogeneities. Also, the source terms are used to
account for small source mislocations.

The linear system of equations is underdetermined which means
the inversion is non-unique and different solutions are possible to
explain the data. For this reason we look for smooth models with
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SKS, SKKS, ScS

Figure 4. Histograms for the relative P-wave (a) and S-wave (b) residuals. Core phases and first arrival distributions are illustrated in white and grey,
respectively and the distribution of all phases is shown in black.

the least amount of anomalies to explain the relative time residuals
(Occam’s inversion – Constable et al. 1987) by including regulariza-
tion through a combination of the first- and second-order difference
operators. The linear system is inverted iteratively using the con-
jugate gradient method LSQR (Paige & Saunders 1982a,b). We
iterate upon these inversions, systematically down-weighting equa-
tions associated with outlying residuals from the previous iteration
(Huber 1981). This approach produces a robust solution with L2
residual minimization for data with residuals smaller than 1.5 times
the standard deviation and L1 residual minimization for equations
associated with larger residuals (e.g. Pulliam et al. 1993).

The down-weighting iterations are interrupted when the anoma-
lies do not show significant variations from the previous iteration.
Our final models explain about 84 per cent of the rms relative resid-
ual of the original data set (from 0.41 to 0.06 s) for P-waves and
about 86 per cent of the rms residual (from 1.10 to 0.15 s) for S-
waves. We subtracted the station static terms from the delay times
to estimate the proportion of the residuals that are absorbed by the
static terms. The rms of the relative residual was reduced from 0.40
to 0.39 s for P-waves and from 1.10 to 1.07 for S-waves. This in-
dicates that about 3 per cent of the rms of the relative residuals is
absorbed by the station terms and about 81 per cent of the residuals
are inverted into structure (P-waves), since the total rms reduction
is in the order of 84 per cent.

4 U P P E R - M A N T L E S E I S M I C
S T RU C T U R E

Our results are presented as horizontal (Figs 5 and 6) and vertical
sections (Fig. 7). These Figures show velocity perturbations relative
to the IASP91 Earth model (Kennett & Engdahl 1991). Areas with
ray density less than 20 rays 100 km–3 are shown in black. In the
vertical cross-sections the first 50 km are blacked since there is no

ray crossing immediately underneath the stations, which means that
there is no resolution. White squares are stations and yellow circles
(only in Figs 5a and 6a) are the Late Cretaceous alkaline intrusions
(90-55 Ma). The final P- and S- velocity anomaly models contain
similar features although they were obtained independently. The S-
wave anomalies are more blurred than the P-wave anomalies. This
effect is explained by the lower resolution of the S-waves compared
with P-waves, based on their larger Fresnel volumes.

4.1 São Francisco Craton

After the installation of new stations in the northern part of the SFC,
high-velocities at lithospheric depths are observed in this region
(Figs 5a and b; 6a and b). However, the anomaly in the southern part
is more intense than in the northern part, due to its better resolution
as shown later. A high-velocity anomaly west of the surface limit of
the SFC supports the hypothesis that this craton was part of a major
Neoproterozoic plate (San Franciscan Plate—Alkmin et al. 1993;
Ussami 1993, 1999). In the vertical cross-sections (Figs 7a and b),
the SFC appears as a high-velocity anomaly down to about 300 km
depth. However, the craton is less deep due to smearing along the
dominantly steep ray paths as shown in our resolution tests.

4.2 Basement of the Paraná Basin

The high-velocity anomaly observed by Schimmel et al. (2003),
beneath the Paraná Basin and interpreted as a cratonic block, is
confirmed in our results (Figs 5a and b; 6a and b and 7c and d). This
anomaly appears with an improved horizontal resolution (based on
synthetic tests). However, despite the increased database, its vertical
resolution remained poor, due to few ray crossings and an excess
of ray paths from the Andes. This prevents a clear separation of the
possible high-velocity lithosphere beneath the Paraná Basin from
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e) f)

a)

c)

b)

d)

Figure 5. Horizontal tomographic images for the depths of 150, 250, 350, 500, 700 and 900 km for P-wave velocity anomalies. The thick lines indicate the
main geologic structures and the white lines mark the vertical profiles (Fig. 7). The white squares and yellow circles mark the stations and the alkaline intrusions
of the Upper Cretaceous, respectively.
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d)

a) b)

c)

e) f)

Figure 6. Horizontal tomographic images for the depths of 150, 250, 350, 500, 700 and 900 km for S-wave velocity anomalies. The thick lines indicate the
main geologic structures and the white lines the vertical profiles (Fig. 7). The white squares and yellow circles mark the stations and the alkaline intrusions of
the Upper Cretaceous, respectively.
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Figure 7. Vertical cross-sections for P- (a, c and e) and S-wave (b, d and f) velocity anomalies. See Figs 5 and 6 for their positions.

a deeper anomaly related to the subducted Nazca slab (Figs 7c
and d).

4.3 NE Paraná ‘Fossil Plume’

The low-velocity anomaly observed by VanDecar et al. (1995), lo-
cated in the northeast limit of the Paraná Basin, is also observed
in our results (Figs 5c–f; 6c–f and 7). VanDecar et al. (1995) in-
terpreted this anomaly as the fossil conduct of the initial Tristan
da Cunha Plume. This anomaly reaches depths down to 900 km.
Another large low-velocity anomaly is observed together (mainly
for S-waves) at depths larger than 700 km (Fig. 7). We believe that
this other low-velocity is an artefact generated by the inversion as
shown in the synthetic tests.

4.4 Low-velocity anomalies and Cretaceous
Igneous Provinces

A low-velocity anomaly in the region of the Iporá Igneous Province,
at a depth of about 200 km, is observed in our P- and S-wave results
(Figs 5a–c; 6a–c and 7a and b). A second low-velocity anomaly was
observed in the region of the Poxoréu Igneous Province (Figs 5a–c;
6a–c and 7a and b). These two anomalies could be related with the
initial impact of the Trindade Plume (Thompson et al. 1998), or
with the TBL (Cordani & Sato 1999).

We also observe a low-velocity anomaly geographically corre-
lated with the APIP (Figs 5c–f; 6c–f and 7), and in the region of the
Serra do Mar Igneous Province and the Ponta Grossa Arc (Figs 5a
and b; 6a and b and 7e and f).
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4.5 Nazca slab

The deep high-velocity anomaly beneath the Paraná Basin inter-
preted by Schimmel et al. (2003) as the slab of the Nazca Plate is
also observed in our results. It has a NW–SE orientation (Figs 5c–e
and 6c–e), according with the Nazca contour between the latitudes
–16◦ and –30◦. Schimmel et al. (2003) observed the slab segmented
into two parts, but they show that they do not have the resolution
to distinguish between a continuous or segmented slab. A possible
fragmentation still cannot be resolved due to the smearing of the
seismic anomalies.

5 R E S O LU T I O N

The resolution of the tomographic images depends on several fac-
tors, such as the spatial distribution of data, parameterization of
the study region, among others. Synthetic tests with known seis-
mic structures are normally used to assess the resolution of the
tomographic results (e.g. Schimmel et al. 2003; Bastow et al. 2005;
Rawlinson et al. 2006).

We inverted synthetic traveltimes, calculated with a 3-D ray tracer
for geometric input models by using the real event/station config-
uration. The geometric models are often used for resolution tests
and are based on simulations of one or more tectonic features in-
dicated by the real data or geological information (e.g. Schimmel
et al. 2003; Bastow et al. 2005). A Gaussian residual time error
component, with a standard deviation of 30 per cent of the rms of
the synthetic data residuals, was added to the traveltimes to gen-
erate noisy data and to see how this data inconsistency affects the
inversion results.

The different synthetic input models and the respective tomo-
graphic reconstructions are shown in the Fig. 8 (horizontal cross-
sections) and Fig. 9 (vertical cross-sections). As high-velocity struc-
tures we have the SFC, Paranapanema Craton (PC) and Nazca Plate
(NP) and as low-velocity anomalies we have the Iporá Igneous
Province (IP), Poxoréu Igneous Province (PX), Alto do Paranaı́ba
Igneous Province (AP), Ponta Grossa Arc (APG), Pantanal Basin
(PT) and the anomaly interpreted by VanDecar et al. (1995) as Tris-
tan da Cunha Plume head (TC). Model 1 uses all these structures
and Model 2 consists only of high-velocity anomalies. Model 3 is
similar to Model 1 except for the NP. The SFC extends down to 150
km, 200 km and 250 km depth for Model 1, Model 2 and Model 3,
respectively, to estimate its depth resolution.

Comparisons between real (Figs 5a and 6a) and synthetic results
(Fig. 8f) show a good correlation between the images in areas with
good station coverage (central part of the model). The results of the
resolution tests show that the lithospheric structures (Figs 8c and
9f) are best resolved for the data from Model 3 (without NP). It can
be seen that the anomalies are smeared in depth, which is due to
the dominantly steep ray paths. Owing to this effect, the presence
of the slab in the Model 1 interferes with shallower structures and
decreases their amplitudes. We believe that the slab orientation
is not NS (as modelled) since, in the real results, the amplitudes
of the northern anomalies do not decrease significantly, suggesting
that its orientation is concordant with the outline of the convergence
between the South American and Nazca Plates. In the vertical cross-
sections (Fig. 9) we observed that NP and PC cannot be resolved
due to the mentioned smearing along the large concentration of ray
paths from the Andes.

Comparing the results of the synthetic tests of the three models
(Fig. 9) with the real data inversions (Fig. 7) we observed that the

south part of SFC should be deeper than 200 km. In the northern
part however, due to the low resolution caused by the low station
density, it is not possible to propose depth limits. The western exten-
sion, interpreted as the ‘San Franciscan Plate’, has good resolution,
similar to the southern part of this craton.

A large low-velocity anomaly appears in the lower mantle next
to the simulated NP (Figs 8 and 9). This anomaly is an artefact
generated during the inversion, because there are no low-velocity
anomalies at these depths in our model. Model 2 (Figs 8 and 9)
contains no low-velocity anomalies at all and still, the lower man-
tle artefacts remain and are therefore not due to mis-mapping or
smearing of other low-velocity bodies. Only the removal of the slab
(Model 3, Figs 8 and 9) causes the disappearance of the artefacts in
the reconstructions. We attribute this problem to the poor resolution
in the lower mantle. A similar low-velocity anomaly appears in the
real data inversions (Figs 5 and 6—depths 500–900) and can be
used as further hint to the presence of the slab.

In general, we observe in the synthetic tests that the central part of
the model has best resolution due to the highest density of crossing
rays in this area. AP and TC have therefore good lateral and vertical
resolution. The APG amplitude is slightly lower in the Model 1
(with NP) if compared with the Model 3 (without NP), probably
due to the strong influence of the presence of NP that decreases the
low velocity amplitudes.

The percentage velocity scale has been reduced to show the full
range of amplitudes. The recovered synthetic models are smooth
since strong spatial velocity gradients are reduced through the reg-
ularization of the inversion. The amplitudes of the anomalies are
underestimated in the real data inversions since they represent the
minimum structure required to explain the data.

6 C AU S E S O F S E I S M I C
H E T E RO G E N E I T Y

The origin of lateral seismic heterogeneities in the Earth’s mantle
is one of the most important issues in geodynamical applications
of seismic tomography. In particular, distinguishing thermal from
compositional origin of heterogeneities is important because the
dynamic implication is quite different between the two cases (Karato
& Karki 2001). In the upper mantle, temperature is believed to
have more influence than compositional variations in the origin of
the seismic heterogeneities (e.g. Goes et al. 2000). However, other
studies showed that a significant part of the seismic anomalies in
the upper mantle cannot be explained by thermal variations (e.g.
Deschamps et al. 2002; Artemieva et al. 2004).

In this study, we cannot distinguish between the different origins
of heterogeneities from our inversion since we do not resolve abso-
lute velocities, since the ray path for P- and S-waves are different,
and since the P- and S-wave inversions have different resolutions.
Nevertheless, a comparison between P- and S-wave relative arrival-
time residuals for common station and event pairs is sometimes
used to compare directly the velocity anomalies of the tomographic
images (Bastow et al. 2005). This procedure avoids all the problems
associated with amplitude recovery (e.g. due to differing numbers of
traveltime observations and regularization levels) and other artefacts
associated with the inversion procedure, such as parameterization
and ray path accuracy.

Fig. 10(a) shows S- versus P-wave relative traveltime residuals
for common earthquake—station pairs. The P- and S-wave data
are measured independently and sample slightly different struc-
tures, but are positively correlated as expected. The best fitting
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Figure 8. Geometric synthetic models to analyse the resolution of the main tectonic structures between 150 and 900 km depth. (a), (b), (c) and (g), (h), (i) are
the input models and (d), (e), (f) and (j), (k), (l) are their reconstructions for 150 km and 900 km, respectively. Following abbreviations are used: SFC, São
Francisco Craton; PC, Paranapanema Craton; NP, Nazca Plate; IP, Ipora Igneous Province; AP, Alto do Paranaı́ba Igneous Province; PT, Pantanal Basin and
TC, fossil conduct of the Tristan da Cunha Plume (VanDecar et al. 1995).
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Figure 9. Geometric synthetic models (vertical profiles) to analyse the resolution of the main tectonic structures in our study area. (a), (b) and (c) are the input
models for profile X–X′ and (d), (e) and (f) are the results of the inversions for this profile. (g), (h) and (i) are the input models profile W–W′ and (j), (k) and
(l) are the results of the inversions for this profile. See Fig. 8 for abbreviations.
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a) b) c) 

Figure 10. (a) P- versus S-wave relative traveltime residuals for common earthquakes and stations. The solid and dashed lines show the least-square fit and a
slope of 2.9 for reference, respectively. (b) The red and blue dots show the P- versus S-wave traveltime residuals for the areas shown in (c). (c) The red and
blue symbols mark the stations used for the measurements shown in (b).

least-square line through the measurements has a slope of 5.14. The
total number of common P- and S-wave measurements is 2496 and
the calculated correlation coefficient is 0.56 (significance is better
than 95 per cent). Correlations with slope larger than 2.9 (Gao et al.
2004) cannot be explained by purely thermal anomalies (Karato
1993).

Fig. 10(b) shows S- versus P-wave relative traveltime residuals
for stations deployed in two different areas (G1 and G2) which are
shown in Fig. 10(c). It can be observed that the slope is slightly lower
for the stable SFC (G1) than for the younger fold belts (G2). Still,
the observed slopes are significantly larger than 2.9. We believe
that the overall large slope is not due to shallow structures, which
likely cause a higher variability through the different geological
regimes. It therefore seems that deeper structures in the upper mantle
and top of the lower mantle are responsible for these slopes. One
possible explanation is that the large low velocity anomaly, which
had been interpreted as the fossil conduct of the initial Tristan da
Cunha Plume (VanDecar et al. 1995) has a chemical rather than
thermal origin. The slopes are higher for stations deployed in the
fold belts than in the cratonic area. This could be explained by the
observed alkaline intrusions related to the Trindade plume track and
the feeding of the Paraná flood basalts due to the starting Tristan
da Cunha plume. All these geological signatures are visible at the
Earth surface in the Paraná basin and fold belts, but not in the SFC.

Seismic anomalies in the tomographic images may also be re-
lated to artefacts of the inversion mainly due to the highly variable
resolution (see Section 5) and due to the adopted approximations of
the approach. In our study, we assume isotropic velocity anomalies.
However, SK(K)S-splitting studies (Assumpção et al. 2006) in the
area show fast polarization directions close to the absolute plate
motions with signature of deflection by the root of the SFC. The
teleseismic P-waves propagate perpendicular to the horizontal man-
tle flow direction and should therefore not affect our tomographic
inversion results. The S-waves are more sensitive to anisotropy than
P-waves but due to the good event coverage the effect of the az-

imuthal dependent anisotropy should be largely cancelled out in
the inversion. Constant contributions of an anisotropic layer would
be removed by the usage of relative residuals while random con-
tributions are cancelled out. We cannot exclude artefacts due to
anisotropy, but we believe that these artefacts are neglectable or
weak and do not influence significantly our interpretations since the
P- and S-wave models resemble each other despite their indepen-
dent databases and different sensibility to anisotropy. Our tectonic
interpretations in the S-wave model are therefore backed-up by the
P-wave model.

The visual perception of seismic heterogeneities in our tomo-
graphic images may vary depending on the average velocity at each
depth. We use relative traveltime residuals and loose therefore the
ability to invert for the absolute velocities (e.g. see figure 13 in
Schimmel et al. 2003). The blue and red colours mark thus only
lateral velocity changes. In principal, a red anomaly can be a fast
velocity anomaly with respect to the global average if the local av-
erage is faster since the study volume is located in an old shield.
However, an overall abnormal velocity average, which may bias our
images is not expected due to the large surface area of our study vol-
ume, which comprises different tectonic regimes of different ages
(Proterozoic belts and Precambrian shields) without the dominance
of one of these regimes. The map of one-way S-vertical traveltime
residuals in Poupinet et al. (2003) confirms the presence of positive
and negative traveltime residuals for our study area.

7 D I S C U S S I O N

7.1 São Francisco Craton

Due to the installation of stations in the northern and western SFC,
a high-velocity anomaly can be now observed in these portions
of the SFC. The anomaly is more intense in the southern than in
the northern part. Resolution tests show that the northern part has
low resolution due to a poor data sampling in this region. The
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Figure 11. Comparison of the P-wave tomographic results with the model proposed by Gibson et al. (1995, 1997) to explain the presence of Upper Cretaceous
alkaline intrusions. (a) Comparison between seismic tomography and the regional seismicity, mainly in the São Francisco Craton region. (b) Model proposed
by Gibson et al. (1995, 1997), relating the origin of the Upper Cretaceous intrusions with the initial impact of the Trindade Plume. The hatched red line in (c)
sketches the Lithosphere–Asthenosphere Boundary (LAB).

southern and western areas are better resolved owing to the higher
station density. The high-velocity anomaly in the western limit of
this craton (and beyond the surface geological limit) supports the
hypothesis that this craton was part of a large Neoproterozoic plate
(San Franciscan Plate-–Alkmin et al. 1993; Ussami 1993, 1999).

Fig. 11 shows the earthquake locations obtained from the IAG-
USP hypocenter database between the years 1720 and 2004 on
top of a horizontal cross-section for P-wave velocity anomalies at

150 km depth. According to Assumpção et al. (2004a) the seismic-
ity in this area can be explained by stress concentration in the upper
crust due to weaknesses in the lithosphere. As can be seen from
Fig. 11, most of the events occur in the Tocantins Province, contour-
ing the high-velocity anomaly obtained from seismic tomography.
This indicates that it is the suture zone of the collision between the
San Francisco Block and the Amazon and Paranapanema Blocks.
Further, directions of the polarization of the fast split SKS waves
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(Assumpção et al. 2006) show a fan shaped feature which opens
to the east around this anomaly, suggesting an asthenospheric flow
around the keel of this hypothetical San Franciscan Plate.

Vertical images for P- and S-wave velocity anomalies (Figs 7a
and b), show the craton as a high velocity body until depths of
250 km. This depth is an overestimation due to vertical smearing
and we believe, based in our synthetic tests, that a depth around 200
km is more appropriate for the root of the craton.

7.2 Low-velocity anomalies

At shallower depths (100–250 km), most low-velocity anomalies
coincide with the provinces of alkaline intrusions of the Early Cre-
taceous (Fig. 11). The younger igneous provinces (85-50 MA),
such as the Alto do Paranaı́ba (APIP), Iporá (IP) and Poxoréu (PX)
Igneous Provinces are likely related with the Trindade Plume as
proposed by Gibson et al. (1995) and Gibson et al. (1997) (Fig. 11).

According to Gibson et al. (1997), the initial impact of the
Trindade Plume would have occurred below IP and would then have
been dispersed to generate other igneous provinces through pockets
of partial melt in thin lithospheric spots. The corresponding seismic
anomalies, likely with a strong compositional component as can ex-
plain the slopes of Fig. 10, are observed in our tomographic images
(Fig. 11) and are also confirmed by inversions of magnetotelluric
data (Bologna et al. 2006).

According to Assumpção et al. (2004a) the intraplate seismicity
in this area can be explained as a result of the concentration of stress
in the upper crust due to a weak and thin lithosphere. Zones of the
weakness could be caused by temperature anomalies on the order
of 100◦C or more (Assumpção et al. 2004a). It can be seen from
Fig. 11 that there is a tendency of seismic activity in areas with
low-velocity anomalies in the lithosphere.

The low-velocity anomaly interpreted by VanDecar et al. (1995)
as being the fossil conduct of the initial Tristan da Cunha Plume
(eastern part of the Paraná Basin) appears now better defined due to
the data increase. Still, its base is not well imaged, but we believe that
this anomaly does not extend much below 700 km based on synthetic
tests. This low-velocity anomaly occupies a large volume below the
centre of our study area and is therefore a likely source of the
high slope obtained from the common P- and S-wave correlations
shown in Fig. 10. Slopes higher than four are observed for the
different regions in our study area. Compositional anomalies need
to be invoked to explain slopes above 2.9 (Karato 1993). A common
and deep source is the easiest explanation. In the regions of highest
slope (fold belts, 6.3) the relation of low velocity anomalies and
the presence of alkaline intrusions (kamafugites, lamproites and
kimberlites) indicates that these anomalies have a compositional
origin related to their melt sources. In fact, different heterogeneous
mantle sources (e.g. due to different depth) have been proposed to
explain variations in the composition of the alkaline intrusions (e.g.
Gibson et al. 1995, Bologna et al. 2006).

7.3 Cratonic basement of the Paraná Basin

The high-velocity anomaly under the Paraná Basin is now better
defined than in previous studies (VanDecar et al. 1995; Schimmel
et al. 2003) due to the increased amount of data. Based on our
results it is possible to test the model of several cratonic blocks,
separated by suture zones according to Milani & Ramos (1998), as
alternative to the unique cratonic nucleus proposed by Cordani et al.
(1984) and Mantovani et al. (2005). Fig. 12 shows a comparison

between these three models with a tomographic image at 150 km
depth (Fig. 12c).

The model of Milani & Ramos (1998) seems to be better corre-
lated with the tomographic anomalies. The low-velocity anomalies
coincide well with the limits of the cratonic fragments proposed by
Milani & Ramos (1998), mainly in the central region of the model,
where there are more stations and the anomalies are better resolved.
This indicates the presence of suture zones between these blocks.
The southwest part of the high-velocity anomaly under the Paraná
Basin is not well resolved, because of the poor station coverage in
this region. Moreover, as shown in the synthetic tests this anomaly
is influenced by the smearing of the anomaly attributed to the Nazca
Plate. Receiver function analyses by Julià et al. (2008) showed that
high velocities in the lower crust (indicative of possible underplat-
ing) tend to occur near the proposed suture zones of the model of
Milani & Ramos (1998).

7.4 Nazca plate

The anomaly interpreted as the subducted Nazca Plate is orientated
NW–SE (Figs 5 and 6) and follows the contour of the Andean
Belt. The anomaly is oriented roughly parallel to the outline of
the Nazca Plate as suggested by Cahill & Isacks (1992) based on
the deep Andean seismicity (Fig. 13). However, due to the low
station density and poor ray crossings, this structure appears stained
upwards, where it interferes with shallower structures and where it
inhibits a separation of anomalies.

The resolution tests show that the reconstruction of the slab is
accompanied by low-velocity artefacts. Similar low-velocity struc-
tures appear in the real data reconstructions. We therefore believe
that the low-velocity anomalies at larger depth besides the slab
are artefacts due to our inversion. In fact, the appearance of these
artefacts additionally strengthens the presence of the slab in the
uppermost part of the lower mantle underneath Brazil. We do not
refrain from the presentation of these noisier reconstructions at the
top of the lower mantle since they still constrain real structures. Fur-
ther, it shows the importance of resolution tests in the interpretation
of tomographic images.

8 C O N C LU S I O N S

The new stations allowed to image high-velocity anomalies in the
northern part of the SFC and allowed to observe that the craton
is further extended to the west. This strengthens that the SFC was
part of a larger San Franciscan Plate as proposed by Alkmim et al.
(1993).

It seems that we start to resolve different high velocity anomalies
in the lithosphere of the Paraná Basin. This would strengthen the
proposed model by Milani & Ramos (1998) with several cratonic
blocks separated by suture zones as opposed to a unique block
proposed by Cordani et al. (1984) and Mantovani et al. (2005).

We observe in our results that the anomaly related to the Nazca
Slab follows the outline of the Andean Belt. Due to the poor ray
crossings in this area this structure appears smeared upwards, influ-
encing other shallower structures.

At shallower depths, most low-velocity anomalies coincide with
the provinces of Upper Cretaceous alkaline intrusions. The youngest
igneous provinces (with ages between 85 and 50 MA) could
be related to the Trindade Plume, as proposed by Gibson et al.
(1995, 1997). There is a tendency of correlation between low ve-
locity anomalies and areas with higher seismicity, which could
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Figure 12. Comparison between the different models for the basement of the Paraná Basin with our P-velocity anomalies at 150 km depth.

indicate stress concentration in the upper crust caused by litho-
spheric thinning (possibly related to the impact of warm mate-
rial from a Trindade Plume). The deep (300–700km) low-velocity
anomaly interpreted by VanDecar et al. (1995) was better resolved
in our results.

The test inversions of synthetic data proved to be essential in our
analysis, since the resolution varies throughout our study volume. It
could be shown that the low velocity anomalies besides the Nazca
Plate are artefacts due to the data and inversion approach. Their
appearance in the real images strengthens the presence of the Nazca
Plate.

Comparison between P- and S-wave relative residual suggests
that the influence of temperature and composition in the seismic
anomalies are different in distinct regions. The slope of the P-
versus S-wave relative traveltime correlations is slightly larger for
measurements from areas with mainly low-velocity anomalies than
for measurements taken from the stable craton. This might be due
to the presence of alkaline intrusions caused by the earlier occur-
rence of partial melting in the region. In any case, compositional
heterogeneities are expected to explain the slopes in both areas. A

possible explanation of this observation is that the large low-velocity
anomaly in the centre of our study volume, previously interpreted as
related to the Tristan da Cunha Plume, is actually a compositional
anomaly.
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Figure 13. Seismic anomalies at 700 km depth. This anomaly is consistent with the outline of the Nazca Plate suggested by Cahill & Isacks (1992) based on
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plotted using GMT (Wessel & Smith 1991) and seismograms were
analysed with SAC (Goldstein et al. 2003).
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