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In the south São Francisco craton a circular and 8-m amplitude geoid anomaly coincides with the
outcropping terrain of an Archean–Paleoproterozoic basement. Broadband magnetotelluric (MT) data
inversions of two radial profiles within the positive geoid and Bouguer gravity anomaly yield geo-electrical
crustal sections, whereby the lower crust is locally more conductive (10 to 100 Ωm) in spatial coincidence
with a denser lower crust modeled by the gravity data. This anomalous lower crust may have resulted from
magmatic underplating, associated with Mesoarchean and Proterozoic episodes of tholeiitic dike intrusion.
Long-period MT soundings reveal a low electrical resistivity mantle (20 to 200 Ωm) from depths beyond
120 km. Forward geoid modeling, using the scope of the low electrical resistivity region within the mantle as
a constraint, entails a density increase (40 to 50 kg/m3) possibly due to Fe enrichment of mantle minerals.
However, this factor alone does not explain the observed resistivity. A supplemented presence of small
amounts of percolated carbonatite melting (~0.005 vol.%), dissolved water and enhanced oxygen fugacity
within the peridotitic mantle are viable agents that could explain the less resistive upper mantle. We propose
that metasomatic processes confined in the sub-continental lithospheric mantle foster the conditions for a
low degree melting with variable CO2, H2O and Fe content. Even though the precise age of this
metasomatism is unknown it might be older than the Early Cretaceous based on the evidence that a high-
degree of melting in a lithospheric mantle impregnated with carbonatites originated the tholeiitic dike
intrusions dispersed from the southeastern border of the São Francisco craton, during the onset of the
lithosphere extension and break-up of the western Gondwana. The proxies are the NE Paraná and Espinhaço
(130 Ma, Ar/Ar ages) tholeiitic dikes, which contain (~3%) carbonatites in their composition. The occurrence
of a positive geoid anomaly (+10 m) and pre-tholeiites (ageN138 Ma), carbonatites and kimberlites along
the west African continental margin (Angola and Namibia) reinforces the presumed age of the São
Francisco–Congo craton rejuvenation to be prior to its fragmentation in the Lower Cretaceous.
+55 11 30915034.
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1. Introduction

Molina and Ussami (1999) have reported that the south São
Francisco craton (SFC), in SE Brazil, is characterized by a positive,
circular, 8-m amplitude residual geoid anomaly (Fig. 1), which
coincides with the exposed Archean–Paleoproterozoic basement
(Teixeira et al., 1996) limited by the meridional erosional front of
the Neoproterozoic Bambui Group indicated as white dashed line in
Fig. 2. The circular geoid positive anomaly has a diameter of
approximately 500 km, centered at coordinates 44° W and 21° S
over a broad topographic elevation ranging between 900 m and
1200 m above sea level and having the same wavelength. In the first
attempt to interpret the SFC geoid high, Molina and Ussami (1999)
obtained positive correlations of geoid and topography, which could
not be explained by local (Airy or Pratt) isostatic models. The
hypothesis of a thermal component within the lithosphere to support
part of the topographywas considered because of the proximity to the
Vitoria–Trindade volcanic chain that extends eastward, at the same
latitude, towards the Trindade hot spot. The lack of well-constrained
crustal thickness information and reliable heat flow data hampered
further investigation on the origin of this intracontinental geoid high.

Since this time, advances in geophysical studies carried out in
SE Brazil during the 2000s contributed independent data, which
have provided further insights on the origin of the SFC positive
geoid anomaly. Upper mantle P- and S-wave tomography studies
in SE Brazil (Schimmel et al., 2003; Feng et al., 2007) indicated
that the south SFC lithosphere is characterized by positive velocity
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Fig. 1. Topography of the south SFC and bathymetry of the contiguous continental margin. Color scale at 400 m interval. Black dashed lines are 1-m contour interval of the geoid
anomalies from Molina and Ussami (1999). Location of the study area shown in the inset map.
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perturbations down to at least 200 km. Alexandrino and Hamza
(2008) reported a highly variable range of heat flow (23 to
89 mW/m2) for the region of the exposed basement in the
southern SFC. A selection of eight sites, having the highest quality
estimates, presents an average of 56.7±20.5 mW/m2. This result
coincides with the global mean of 55±17 mW/m2, estimated by
Pollack et al. (1993) for Proterozoic terrains, but it is in contrast
with the mean of 41±11 mW/m2 for Archean cratons. Cratons are
cold, very thick stable segments of continental lithosphere
composed of ancient and chemically depleted mantle under a
low lying topography. However, in recent years, geochemical
studies of recurrent magmatism within cratons have shown that
rejuvenation and underside erosion of cratonic lithospheres are
more common than previously believed (e.g. Foley, 2008 and cited
references within).

The present paper discusses new magnetotelluric (MT) deep
sounding and gravity data, integrated with the previously
identified geoid anomaly and recent geophysical and geological
studies. It is proposed that the south SFC lithosphere underwent
compositional changes as manifested by superficial magmatism,
crustal underplating and refertilization of the lithospheric mantle
subsequent to its consolidation at 1.8 Ga. A geophysical image of
mantle metasomatism and rejuvenation of one segment of the
former SFC–Congo cratonic lithosphere is depicted here for the
first time.

2. Geological outline

According to Almeida et al. (1981), the SFC is the largest
cratonic segment of the South American lithospheric plate. The
core of the SFC remained isolated from tectonic processes younger
than 1.8 Ga, except at its borders, during Pan-African/Brasiliano
orogeny times (ca. 900 Ma) and its amalgamation into West
Gondwana (Trompette, 1994). The proposed limits for the
tectonically stable SFC by Alkmim et al. (1993) are those shown
in Fig. 2 The exposed basement of the south SFC is limited to the
north and west by the erosional front of the Bambui Group, a
Neoproterozoic metasedimentary cover of the São Francisco basin,
and to the south and east by the Late Neoproterozoic/Cambrian
age Ribeira mobile belt (Machado et al., 1996).

Although the southern SFC is considered tectonically stable, it has
experienced several magmatic episodes throughout its geological
history as documented by the tholeiitic dike swarms starting in the
Mesoarchean in the BonfimComplexwithin the Quadrilatero Ferrifero
region (QF in Fig. 2), the most abundant and thickest dikes within the
SFC (Carneiro et al., 1998). According to Silva et al. (1995), the
subsequent dike emplacement, at ca. 1.7 Ga, was related to the rifting
phase of the Espinhaço basin formation. Younger magmatic episodes
occurred at the eastern part of the SFC (ESP=Espinhaço dikes in
Fig. 2) and according to Rosset et al. (2007) they are the
Mesoproterozoic (~0.9–1.1 Ga) tholeiitic intrusions and the youngest
magmatic episode, the high TiO2 tholeiitic dikes of Early Cretaceous
(ca. 130 Ma, 40Ar/39Ar ages). Early Cretaceous mafic dike swarms are
also found in the Quadrilátero Ferrifero region (QF in Fig. 2, Silva et al.,
1995; Pinese, 1997), along the Ribeira mobile belt (RMB in Fig. 2) and
towards the continental margin (Guedes et al., 2005). Most of the
Early Cretaceous tholeiitic magmatism is associated with theWestern
Gondwana break-up and the initial stages of the South Atlantic
formation (Ernesto et al., 2002). The alkaline magmatism ranges from
Late Cretaceous to Paleogene (Comin-Chiaramonti et al., 2007),
within the sea floor spreading stage of the South Atlantic evolution.
Along the southwestern margin of the SFC, kimberlites and kamafu-
gites magmatism ages range from 120 Ma to 80 Ma, and the
carbonatites magmatism is Late Early Cretaceous (Bizzi et al., 1995).



Fig. 2. Geological outline of the study area modified from Schobbenhaus et al. (2004). The inset figure shows the location of the study area, the limits of the entire SFC defined by the
surrounding mobile belts, after Alkmim et al. (1993): BMB=Brasilia mobile belt, RMB=Ribeira mobile belt and AMB=Araçuai mobile belt. The dashed circular white line indicates
the erosional boundary of the Neoproterozoic (~600 Ma) Bambui group. PPR=Paraná province; QF=Quadrilátero Ferrífero region; ESP=Espinhaço belt. PIU and SJR are the
locations of the MT profiles. Upper Cretaceous alkaline/carbonatitic provinces are indicated as A1, A2, A3, with their respective ages in Ma.
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3. Magnetotelluric (MT) deep soundings

3.1. Data acquisition

The MT method uses simultaneous measurements of natural time
variations in the three components of the Earth's magnetic field (Hx,
Hy, and Hz), and the orthogonal horizontal components of the induced
electric field (Ex and Ey) to obtain the distribution of the electric
conductivity in the Earth's interior. For this study, five electromag-
netic components were recorded at each station and along two
profiles, as shown in Fig. 2. The first profile is a 230-km long, ENE–
WSW oriented profile named PIU and comprised of 16 stations. The
second profile is a 160-km long, N–S oriented profile named SJR and
comprised of 17 stations. Both profiles lie within the geoid anomaly
high, as seen in Fig. 3.

MT soundings between 0.001 and 13,600 s were recorded to map
the geo-electrical conductors within the crust and the lithospheric
mantle. The soundings were carried out with two different MT
systems, hereafter referred to as broadband and long-period equip-
ment. The broadband MT systems collected data between 0.001 and
100 s, whereas the long-period soundings operated between 20 and
13,600 s. Thus, an overlap between the broadband and long-period
soundings occurred from 20 to 100 s so that the results of each data
acquisition procedure could be checked before composing a single
sounding from 0.001 to 13,600 s at each station. Each profile was then
composed of a complete sounding with data from both MT systems,
alternating with a station made up of only the broadband sounding
(Fig. 3).

Techniques for robust processing were applied to the data to yield
MT and vertical field geomagnetic transfer function responses for each
site (Egbert, 1997). A full description of the data acquisition and
processing is given in Pádua (2004).
3.2. Groom–Bailey decomposition

The MT responses at each station were subsequently analyzed to
correct for galvanic distortion effects caused by local near-surface
local bodies, define the dimensionality of the data and to determine
the most appropriate geo-electrical strike direction. The Groom–

Bailey (GB) matrix decomposition technique (Groom and Bailey,
1989) was applied using the STRIKE program (McNeice and Jones,
2001). A single common strike value, which could be used for all
stations in each one of the profiles, was estimated by fitting all of the
measured impedance tensors. The strike values that gave the best fit
were N25°W and N80°W for profiles PIU and SJR, respectively.

image of Fig.�2


Fig. 3. Location of the two MT profiles together with their station numbers. The stations indicated by the letter a are stations with only broadband soundings, while the stations
indicated by a letter b are those with both, broadband and long-period soundingMT systems. Contour lines are the residual geoid anomalies fromMolina and Ussami (1999). Sites A1
and A2 are MT soundings carried out in other campaigns and discussed within the text.
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3.3. MT data inversion

The PIU profile space model was comprised of 86 depth-
columns, with each of the 78 central columns having a width of
3 km. The remaining eight lateral columns had the same width,
with four columns set on each side of the profiles to avoid the
edge effect within the 234-km long central part of the registered
data. Along the vertical direction, the model space was similarly
comprised of 39 layers with increasing thicknesses down to a
depth of 200 km.

For the SJR profile, the same PIU procedure was adopted,
except that along the horizontal direction, 66 columns existed,
with 58 columns composing the central part and 4 lateral columns
added at each end of the profile, for 174-km long model section.

The algorithm used to perform data inversion was the REBOCC
(Reduced Basis Occam) algorithm proposed by Siripunvaraporn
and Egbert (2000). The 2-D, geo-electrical model for both profiles
Fig. 4. Geo-electrical sections using the REBOCC inversion algorithm. (a) PIU profile (west–
high.
made use of all available data (tipper, TM and TE apparent
resistivity and phase). Results for the PIU profile are shown in
Fig. 4(a), with an rms of 2.5. For the SJR profile, the results are
shown in Fig. 4(b), with an rms of 2.97. In both cases the Lagrange
multiplier, λ=100 provided the most stable solution.

There are common lithospheric geo-electrical properties along
the PIU and SJR sections shown in Fig. 4. The upper crust, from the
surface to a depth of 20 km, is highly resistive, with values
between 1000bρb100,000 Ωm, as expected for anhydrous meta-
morphic rocks. In the SJR profile, the resistive upper crust is
truncated by the localized, less resistive segments of the upper
crust, which coincide with the mapped thrust faults of the Ribeira
mobile belt (RMB), located in the southernmost end of the profile
(see Fig. 2). In both sections, the mid- and lower-crust present low
to intermediate resistivity (10bρb500 Ωm) in segmented regions.
In the upper mantle, down to a depth of 200 km, a major lateral
change in the geo-electrical property is observed for the southern
east) and (b) SJR profile (north–south), where both profiles cross one side of the geoid

image of Fig.�3
image of Fig.�4


Fig. 5. Bouguer anomaly map of the study area. Color interval in mGal. The white square outlines the region where the residual gravity anomalies are shown in Fig. 6. The black lines
are the state limits and the Atlantic coastline. The two letters symbols indicate the political states: SP=São Paulo, MG=Minas Gerais, RJ=Rio de Janeiro, ES=Espirito Santo and
BA=Bahia.
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SFC lithosphere and most clearly seen in the PIU section. The less
resistive (ρb100 Ωm) mantle, below 120 km, extends upwards to
shallower levels within the crust. This section defines a head-
Fig. 6. Residual gravity anomalies within the region outlined by the white square in Fig. 5, aft
The locations of the MT profiles are indicated by Roman numerals: I and II are the MT profi
(2008); and IV is the MT profile published by Bologna et al. (2007). Each MT station is in
BARB=Barbacena, and BH=Belo Horizonte.
shaped high conductivity layer (10 to 500 Ωm), which spatially
coincides, in plan view, with the geoid and Bouguer anomaly highs
discussed in the following section.
er removal of a 3rd order polynomial regional field (Fig. 2S of Supplementary material).
les considered by the present study; III is the MT profile published by Figueiredo et al.
dicated by a closed, inverted triangle. Cities are LAV=Lavras, SJR=São João del Rei,

image of Fig.�5
image of Fig.�6
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4. Gravity data

4.1. Bouguer anomaly data: regional and residual

The gravity data present a homogeneous distribution within the
study area (see Fig. 1S map in the supplementary section), with
approximately 12,000 gravity stations from the updated University of
São Paulo data bank (Molina et al., 2000; Pinto et al., 2007), where
each station is referenced to the International Gravity Standardization
Network (IGSN) 1971. The Bouguer anomaly map, obtained after
corrections for latitude using the 1967 Gravity Reference Formula and
a density of 2670 kg/m3 for Bouguer correction, is shown in Fig. 5.

The southern SFC residual gravity high is separated from the
regional gravity field by using a third-order polynomial fitting (see
Supplementary material Fig. 2S), and the results are shown in Fig. 6.

4.2. Residual gravity inversion

The first hypothesis to be tested was whether the source of the
approximately 200-km wide positive residual anomaly shown in
Fig. 6, covering mostly the Archean basement (Campo Belo and
Bonfim complexes, Carneiro et al., 1998), could be caused by
upper crust high density rocks. The crust of the SFC is composed of
metamorphic rocks, with an average density of 2700 kg/m3
Fig. 7. Depth (in km) to a modeled denser lower crust intruded by mantle-derived
material: (a) density contrast of 100 kg/m3, (b) density contrast of 50 kg/m3. The mean
Moho depth was assigned at 40 km. The contour values indicate shallower depth to the
top of the denser lower crust. The dotted lines are the location of MT profiles.
(Ussami, 1986). If the positive anomaly was caused by higher
density rocks within a 10-km layer in the upper crust, the local
metamorphic Archean–Paleoproterozoic basement rocks should
have a density contrast of +80 kg/m3, which would correspond to
an upper crust entirely composed by cryptic mafic rocks.
According to Carneiro et al. (1998), gneissic rocks dominate the
basement of the southern SFC, with relatively minor occurrences
of amphibolitic and ultramafic rocks. A few occurrences of dike
swarms with different ages intruding into the metamorphic
basement of the southern SFC are reported as previously described
(Section 2), which altogether would not explain the positive
gravity anomaly. An alternative hypothesis would be crustal
thinning. According to seismological receiver function estimates
(França and Assumpção, 2004), there is no significant crustal
thickness variation that could account for the 25-mGal amplitude
and positive Bouguer residual gravity in this segment of the SFC.
The average crustal thickness is about 39–40 km. A deeper origin
for the gravity anomaly is unlikely due to the wavelengths of the
residual gravity anomalies involved, and the unrealistic density
contrast within the upper mantle that would be necessary to fit
the observations. Therefore, the source of this gravity high should
be a denser lower crust, and the most likely candidate would be
the underplating of basic rocks at the base and within the lower
crust. This hypothesis is consistent with the widespread occur-
rence of at least three generations of dikes in southeastern SFC
and an electric, less resistive lower crust, as shown in Fig. 4.

To model the higher density lower crust, we have assumed two
density contrasts, 50 kg/m3 and 100 kg/m3, and a normal crust
thickness of 40 km. The algorithm of Oldenburg (1974) was used
to obtain the topography of the denser lower crust, which was
found to vary from 22 to 33 km in depth depending on the value
of density contrast or increase due to basaltic underplating as
shown in Fig. 7a and b.

According to isostatic consideration (Watts, 2001, page 328), the
underplated lower crust shown in Fig. 7a predicts an uplift of 1200 m,
therefore consistent with present day local elevations which range
between 900 m to 1000 m above sea level.

5. Geoid anomaly forward modeling

The results from the MT and gravity data inversion provide sturdy
constraints to model the observed positive geoid anomaly. To forward
model the observed geoid anomaly, we used a versatile formula to
calculate the geoid effect due to a rectangular prism proposed by Nagy
et al. (2000). Likewise, seismic tomography, which is sensitive to the
elastic properties of the whole rock, along with the gravity and geoid
anomalies, allowed us tomap the bulk property of the rocks (density).
The region within the crust and/or mantle of the anomalous density
body may spatially coincide with the electrically anomalous region
shown in Fig. 4, but they are not volumetrically or geometrically
equivalent. In fact, electromagnetic methods, such as MT soundings,
always depict a more diffuse distribution of the physical property, or
the electrical conductivity, caused by some mineral phase present in
the rock matrix.

To constrain the depth of the anomalous density region, the
maximum depth rule proposed by Bowin et al. (1986), based on a
point-mass formula to approximate the 3-D mass distribution, was
initially used. The estimated maximum depth of the causative body
from the observed geoid anomaly was 182 km and, therefore, located
within the upper mantle. In Fig. 8, one possible density distribution
solution is presented after forward modeling the observed geoid
anomaly. The observed geoid anomaly was modeled using three
prisms, one in the lower crust which represents the denser (+50 kg/
m3) underplating, and two prisms below the depth of 120 km, the top
one with density contrast of +40 kg/m3 and one at the bottomwith a
density increase of +50 kg/m3.

image of Fig.�7


Fig. 8. Forward modeling of the geoid anomaly caused by prismatic bodies. Bottom and top prisms within the mantle with density contrasts of 50 and 40 kg/m3, respectively,
whereas the prism in the lower crust with density contrast of +50 kg/m3 is the underplating. The mean depth of the Moho is located at 40 km. The forward calculation was carried
out using the Nagy et al. (2000) algorithm. The model assumes that below 200 km the density contrast vanishes.
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Although this solution is not unique because different combina-
tions of density contrasts and volumes of the prisms may produce the
same observed geoid, the lateral extension of the density anomalous
distribution is constrained by the geoid horizontal gradient and its
vertical extension from the MT data, which mapped a lower electrical
resistivity in the lower crust and below 120 km depth within the
mantle. Additionally, the P-wave seismic tomography from Schimmel
et al. (2003) and S-wave tomography by Feng et al. (2007) indicated
that negative, Vp and Vs, velocity perturbations only occur below a
depth of 200–300 km; therefore, according to seismic tomography,
the bottom of this segment of the cratonic lithosphere persists at least
to a depth of 200 km. A density reference value of 3400 kg/m3 for
anhydrous and electrically more resistive peridotite was assumed for
the upper mantle. The assigned density contrasts (40 and 50 kg/m3)
for the modeling of the geoid anomaly corresponds to a density
variation range between 1.0% and 1.5% relative to the assumed
reference mantle density.

6. Discussion

Based on the results obtained from the MT soundings and the
gravity modeling, we argue that the sources of the positive gravity
and geoid anomalies are, respectively, a denser layer in the lower
crust and a denser region spanning across the lithospheric mantle
below, as summarized in Fig. 9. Additionally, the positive Bouguer
gravity is probably related to crustal basaltic underplating, and the
greater part of the positive geoid anomaly and the low electrical
resistivity would be related to mantle refertilization by infiltra-
tions of metasomatic agents, including iron, water and carbonatite
components, within the peridotitic upper mantle from melts
originating at depths below 180–200 km. We further discuss
these points in the following sections.
6.1. Crustal low electrical resistivity and basaltic underplating

It has previously been demonstrated that the positive residual
gravity anomaly is associated with a denser (~3–14 km thick) layer at
the base andwithin the lower crust (Fig. 7). The density distribution at
depths below the Moho, as inferred from the long-wavelength
positive geoid anomaly, is not clearly depicted in the Bouguer gravity
anomaly map because gravity is the first vertical derivative of the
geoid anomaly. The positive density contrast in the lower crust
contributes a shorter wavelength and a positive 2-m amplitude geoid
anomaly. The most probable composition for this crustal layer is
basaltic underplating based on the widespread occurrence of at least
three generations of tholeiitic dike swarms (Carneiro et al., 1998). A
less probable option would be eclogites derived from gabbros
submitted to large pressures from intracratonic compressional events
for which there is no evidence. An extensional tectonic regime is
required to allow dike emplacement and this scenario is corroborated
by the presence of a highly conductive layer in the lower crust. Similar
relationship is observed in many places elsewhere (Jiracek et al.,
1995). In an example from modern extensional regimes, highly
conductive layers have been ascribed to electrolytic conduction
provided by fluidized lower crust during basaltic underplating
(Wannamaker et al., 2008). For paleo-events, as in our case, electronic
conduction by highly conducting interconnected solid phases is more
likely because it can endure succeeding deleterious processes and can
also maintain a conductive network for a longer period.

image of Fig.�8


Fig. 9. Results of gravity inversion for the underplated lower crust with a density contrast of 50 kg/m3 superimposed on the geo-electrical model obtained for the PIU profile. The
horizontal black dashed line indicates themeanMoho depth estimated by seismic receiver function studies (França and Assumpção, 2004). A lithospheric mantle, at depths from 120
to 200 km, with resistivity lower than 300 Ωm, is considered as the main source of the positive geoid anomaly. Density contrasts increasing downward from 40 to 50 kg/m3 are
inferred to be associated with progressively denser metasomatic assemblages, possibly caused by a higher Fe content in the rejuvenated parts of the mantle.
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The increased pressure found at depths below the brittle–
ductile transition in the mid-lower crust can crunch porosity and
permeability, thereby inhibiting conductivity by fluids. Addition-
ally, retrograde metamorphism would consume free water at
enhanced temperatures in the lower crust (Yardley and Valley,
1997). Therefore, we suggest that sulfides and graphitic film, a
conducting phase believed to originate by precipitation from
carbon-rich (CO2 or CH4) volatiles during the underplating event
(Nover, 2005), to be responsible for the conductive layer in the
SFC lower crust.

Fig. 9 shows the PIU geo-electrical section with its eastern
portion crossing the central western segment of the positive residual
gravity (Fig. 6). Fig. 9 also indicates the bulge (top at 22 km depth) of
the proposed basalt underplate (Fig. 7b) that coincides with the
region of high conductivity in the lower crust. The SJR geo-electrical
section falls with its northern portion on the southwestern border of
the positive residual gravity anomaly. It presents a very low
resistivity layer (10 Ωm) below 20 km, in places where our
proposed underplated lower crust reaches a depth of 33–34 km
(Fig. 7b). The previously published MT section by Bologna et al.
(2007), lying on the western side of the gravity high shown in Fig. 6,
also presents a less resistive (100 Ωm) lower crust, at the site A2
shown in Fig. 3, the region consistent with the location of the
modeled high density lower crust. The Figueiredo et al. (2008) MT
study, with a profile (indicated with roman number III in Fig. 7)
restricted over the Ribeira mobile belt, indicated upper crustal geo-
electrical features that are similar to the SJR profile.
Fig. 10 is a synthesis of several depth-profiles of smooth-averaged
resistivity values at selected MT sites in the study area. A wide range
in the resistivity values of the crust and particularly the distinct values
(10 to 100 Ωm) for the mid- and lower-crust resistivity for three sites
(sjr09a, piu11a and A2) located within the positive residual gravity
anomaly (Fig. 6) and for three sites (sjr02b, piu01a, A1) located
outside the positive gravity anomaly, with resistivity above 1000 Ωm.
Although no direct link in physical properties is expected between a
denser basaltic underplating and enhanced conductivity, the defor-
mations associated with the magma intrusion might have facilitated
the infiltration of carbon- and metal-rich volatiles, coevally or not.

6.2. Low resistivity and density increase in the upper mantle

At mantle depths, both the PIU and SJR sections also present large
variations in electrical properties. The regions that are more resistive
occur along the sections outside the limits of the positive geoid. On the
other hand, the portions of the geo-electrical sections that coincide
with the circular positive geoid anomaly show highly conductive
regions in the mantle, with an apparent shape similar to an upside-
down funnel. As shown in Figs. 8 and 9, our proposed geoidmodel also
involves a mass contrast in the mantle positioned approximately
within the same low resistive encircled region.

To evaluate the effects of the various mechanisms that have been
proposed to explain the enhanced conductivity at upper mantle
depths (see Jones, 1999) we compare several resistivity depth-
profiles (Fig. 10) with a resistivity depth-profile of nominally

image of Fig.�9


Fig. 10. Plot of resistivity versus depth-profiles of MT data from sites shown in Fig. 3, as colored continuous (sjr9a, piu11a, sjr02b and piu01a) and dashed (A1 and A2) lines.
Resistivity depth-profiles of nominally anhydrous and hydrous (0.1 wt.% H2O) upper mantle minerals for a 45 mW/m2 reference geotherm, plotted as dotted blue and red lines,
respectively. Depth indications for the Moho, dihedral angles, onset of carbonatite melting, and for graphite (G)–diamond (D) stability field transition.
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anhydrous peridotite minerals obtained by transposing resistivity vs.
temperature values from laboratory determinations (Yoshino et al.,
2009) into a reference geotherm (Pollack and Chapman, 1977).
Assuming a steady state conductive condition within a circular area of
500 km diameter, the resulting resistivity depth-profile for anhydrous
uppermantleminerals represents the thermal component causing the
attenuation of resistivity with depth for volatile-free peridotites. A
resistivity depth-profile for anhydrous minerals, estimated with a
45 mW/m2 geotherm, is fitted to a measured profile (A1) that
presents the highest resistivity values in the region. The latter can
be considered the upper bound geotherm of a typical resistivity
profile of a volatile-free lithosphere beneath a stable craton, which is
confirmed by the composition of xenoliths from several kimberlites in
the study area, some of them diamondiferous (Pereira, 2007).
Departures from this profile are assumed to be caused by non-
thermal components. The large departures from the anhydrous profile
observed at the uppermost mantle are partly derived from a smearing
effect derived from the anomalous low resistivity that occurs in the
lower crust by pulling down the measured resistivity immediately
above and below the geo-electrical anomaly (Jones, 1999). Since the
southern SFC is characterized by ultramafic magmatism (carbonatites,
kimberlites, and kamafugites) that requires abundant metasomatic
volatiles in the source mantle, we should consider the presence of
pockets of fusible minerals, and enhanced water, carbon, iron and
oxygen fugacity, which strongly affect the mantle rock electric
conduction processes.

The effect of dissolved water can be evaluated from the resistivity
profile estimated for undersaturated hydrous (0.1 wt.% H2O) minerals
(Yoshino et al., 2009) at temperatures related to a 45 mW/m2

geotherm. However, regional MT responses over long periods indicate
that the conductive structure in central-southeastern Brazil is only
weakly anisotropic at the upper mantle depths (anisotropy factor
around 3; Padilha et al., 2006), which is a typical result for a nominally
dry lithospheric mantle (e.g., Du Frane et al., 2005).

In terms of iron enrichment, iron-rich mineral phases such as the
rare fayalite and pyroxenite rocks in veins can present very low
resistivities, but they probably occur in discrete and unconnected
pockets. Nonetheless, even a plausible increment of the upper mantle
bulk iron content from 10% to 20%, in accord with our geoid model,
would decrease the resistivity of the most abundant anhydrous
mantle minerals from ~400 Ωm to ~100 Ωm at 1227 °C (Vacher and
Verhoeven, 2007), which corresponds to the ~150 kmdepth in Fig. 10.
Yet, as reviewed by Jones et al. (2009), iron associated electrical
conductivity enhancement in cratonic lithosphere is only of second
order. The presence of interconnected graphite films in grain
boundaries can provide low resistivity values only to its depth of
equilibrium at ~150 km, defined by the assumed geotherm. However,
at depths below 60 km the dihedral angle is probably larger than the
critical angle of 60° (Mibe et al., 1998), and thus would inhibit an
efficient fluid percolation of upwelling carbon-rich volatiles that
would then precipitate in disconnected manners. Below these depths,
the favorable dihedral angle and laboratory experiments indicate that
the conductive phases that could explain the observed very low
mantle electrical resistivity (~20 Ωm) are molten silicates or
carbonates (Yoshino et al., 2006, Gaillard et al., 2008). In the study
area, the assumed geotherm precludes the presence of partial silicate
melts due to the anomalously high temperature or water content
necessary for the onset of peridotite melting. Recent laboratory
experiments (Gaillard et al., 2008) have shown that molten
carbonates have electrical conductivities that could account for the
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high conductivities seen in the asthenosphere below oceanic ridges.
For the same amount of carbonate melts, the associated electrical
conductivities are three or five orders of magnitude higher than for
molten silicates or hydrated olivine, respectively. The presence of a
small amount of carbonate melts (~0.005 vol.%) within peridotites
would easily account for the observed electrical resistivity below
125 km in the southern part of the SFC. Moreover, if the high electrical
conductivity of a large portion of the upper mantle is due to
percolated carbonatites within a peridotite matrix, this result may
also explain the presence of carbonatite (~3%) components in the
Early Cretaceous Espinhaço tholeiitic dikes (see Fig. 16 of Rosset et al.,
2007).

The next step would be to test whether the hypothesis of a small
amount of carbonatite at depths greater than 125 km is consistent
with independent geophysical data. To explain the geoid positive
anomaly, we claim that, together with the impregnation of molten
carbonates, a small amount of iron might have locally increased the
mantle density by 50 kg/m3. Seismic velocity should be affected by the
presence of a molten phase and a density increase. Experiments
carried out by Minarik and Watson (1995) demonstrated that
carbonate melt remained interconnected to 0.05 wt.% melt in fine-
grained olivine, which is a necessary condition to enhance the
electrical conductivity and for molten carbonates to transport soluble
and volatile elements within the mantle, including iron.

To evaluate whether the estimated density variation may be
detected by S-wave tomography we start from the definition of S-

wave velocity as Vs=
ffiffiffi
μ
d

r
, where μ is the rigidity modulus, and d is

the density. To estimate the velocity perturbation εV due to a density
variation εd, we derived the expressionεV = 0:5d�1Vsεd. Considering
that the low estimated amount of carbonate melt does not affect the
rigidity modulus, an upper bound for μ would be 1011 Pa. Assuming a
reference mantle density of 3400 kg/m3 and a surface velocity of
4.510 km/s between 150 and 200 km (Feng et al., 2007), the expected
velocity reduction is 0.033 km/s for a density increase of 50 kg/m3.
This estimate is below the average rms misfit of 0.0975 km/s for the
best S-wave velocity model of the upper mantle for South America
(see Figs. 5 and 6 of Feng et al., 2007). However, the velocity
perturbation estimated by these authors, which decreased from +7%
at 100 km to +2% at 200 km, is consistent with a density increase
from 40 to 50 kg/m3 at the same depth interval in the south SFC
mantle.

6.3. Age of lithosphere rejuvenation and metasomatism

The results presented above show compelling geophysical evi-
dence of foregoing metasomatism, with carbonatite impregnating the
uppermantle of the southern SFC lithosphere. Themetasomatism that
originated the higher density and lower electrical resistivity must
have preceded the break-up of Gondwanaland because the Early
Cretaceous tholeiitic dikes contain carbonatitic components (Rosset et
al., 2007) derived from the high-degree melting of the rejuvenated
upper mantle during lithospheric extension. However, on the
Brazilian side of the former SFC–Congo craton (Trompette, 1994),
occurrences of pre-tholeiites alkaline–carbonatite complexes were
never reported either because they were never found, or because they
existed but were eroded away or never intruded into this segment of
the Archean–Proterozoic basement. On the contrary, in Angola and
Namibia (or Congo craton), where the same positive geoid anomaly
(+10-m amplitude) is observed (see Fig. 9 in Ernesto et al., 2002),
several generations of Mesozoic to Cenozoic alkaline, carbonatites and
kimberlites are preserved (Coltorti et al., 1993, Alberti et al., 1999,
Comin-Chiaramonti et al., 2007). All of these authors attributed the
carbonatites from Paraná–Angola–Namibia, as derived from the
mantle heterogeneity resulting from metasomatic processes that
occurred around 0.5–1.0 Ga. This metasomatism, apart from produc-
ing alkaline melts with variable CO2 content, may have been
accompanied by Fe enrichment to justify a denser mantle conduit
associated with the geoid positive anomaly within the region of lower
electrical resistivity. Angolan carbonatites show a compositional
range from Ca- to Fe-carbonatites (Alberti et al., 1999), whereas
Namibian carbonatites are mostly Fe- and rare Ca-carbonatites
(Comin-Chiaramonti et al., 2007). Thompson et al. (2002) described
an older magmatic event related to Ankerite ferrocarbonatite in
Namibia, with a probable age of 1.1 Ga. According to Comin-
Chiaramonti et al. (2007), the formerly depleted mantle comprising
the Paraná–Angola–Namibia province wasmetasomatized at different
times by small-volumemelts, which formed veins (Foley, 1992, 2008)
in a peridotite matrix. The time scale required for the asthenospheric-
derived carbonatite melts to impregnate large areas in the lithosphere
may be very short (100 to 1000 m in time scales of 0.1–1 My), as
suggested by the laboratory experiments of Hammoud and Laporte
(2000). Therefore, the suggestion that the carbonatitic rejuvenation
event occurred prior to but very close to the West Gondwanaland
break-up should be investigated further.

The role of the rejuvenation of a thick cratonic lithosphere in
creating mechanical conditions (“zone of weakness”) for the rupture
of entire craton and the formation of new oceanic lithosphere has
previously been suggested by Tappe et al. (2007) for the North
Atlantic (NA) craton. Based on isotope geochemistry and precise
dating of long-lived (~1200 My) alkaline and carbonatite magmatism
on both sides of the Labrador sea margins, a history for the NA craton
fragmentation was proposed that included successive melting phases,
erosion and delamination of cratonic root and finally extension of a
much thinner and weaker lithosphere. Seismic tomography of South
America (Feng et al., 2007) and Africa (Priestley et al., 2008) indicated
that the São Francisco and Congo cratonic lithospheres are at least
200 km thick, and according to paleomagnetic data they have
remained as a single mass from the Mesoproteorozoic up to its
break-up in the Mesozoic (Tohver et al., 2006). Geophysical and
petrological data from the São Francisco–Congo craton suggest that
this cratonic lithosphere has also undergone a long history of
magmatic rejuvenation, which may provide an alternative explana-
tion on how a 250-km thick cratonic lithosphere may rupture under
plate tectonic forces (Buck, 2004). Carbonate melts, like any fluid,
have wetting properties that may substantially modify the yield stress
envelope of thick cratonic lithospheres (Michaut et al., 2009),
reducing its total strength and making them more susceptible to
fragmentation.

7. Conclusion

Broadband and long-period MT soundings, gravity and geoid
modeling, integrated with previously published seismic tomography
and heat flow data for the southern segment of the São Francisco
craton have provided a physical image of a metasomatized upper
mantle lithosphere. The use of MT soundings in tectonic settings,
where regional scale geoid anomalies are observed, has proven to be
effective in unveiling the geometry and important physical properties,
such as the density and the electrical resistivity, of the crust and
mantle, especially in a cratonic lithosphere affected by ensuing
magmatic episodes. In the case of the south SFC, the mapped segment
of the rejuvenated upper mantle, imaged by MT soundings and the
modeling of the geoid anomaly, may have sensed an enriched, veined
wedge within a peridotite matrix, amongst several other similar
occurrences. These occurrences punctuate the sub-continental litho-
spheric mantle in SE Brazil and SW Africa, in addition to cratonic
places where similar positive geoid anomalies are observed. Further
investigation on the timing and the role of cratonic rejuvenation by
carbonatitic melts along both margins may provide important
constraints on the mechanisms by which the thick continental
lithosphere broke apart and formed a new ocean.
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