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BASEMENT STRUCTURES IN SANTOS BASIN (BRAZIL)
FROM SATELLITE ALTIMETRY AND MARINE GEOPHYSICS

Renata Constantino! and Eder Cassola Molina?

ABSTRACT. This paper estimated the basement depth of the Santos Basin region, Sdo Paulo State, Brazil, combining gravity data obtained from satellite altimetry
and marine gravimetry, bathymetric data and sediment thickness from international data banks, and crustal thickness data available in the region. The first step consisted
of calculating the gravity effect of sediments in Santos Basin, and the Crustal Mantle Interface (CMI) was modeled from constrained gravity inversion. Subsequently,
the reliability of the models obtained was tested by flexural analysis with satisfactory results, as the flexural and gravimetric CMIs showed good agreement. The gravity
effect of flexural CMI and the gravity effect of sediments were then calculated and subtracted from the original Bouguer anomaly. The residual field thus obtained, which
is assumed to represent the topographical features of the basement, was inverted in the last step of the work, providing information that shows a basement with features
of up to 700 m that appear to be in agreement with tectonic features previous discussed, such as the Avedis volcanic chain. The basement depth estimated during this
study showed depths ranging from 1,500 to 10,500 m, and the deepest region is consistent with the Cabo Frio Fault. The methodology used in the study showed that
from a combined data analysis, it is possible to obtain a three-dimensional model of the basement in ocean areas. This non-seismic approach can be advantageous in
terms of efficiency and cost. The knowledge of the basement can offer important insights for the development of genetic and tectonic models of exploratory interest in
the region.

Keywords: basement, Santos Basin, gravity.

RESUMO. Este trabalho visa estimar a profundidade do embasamento na regido da Bacia de Santos por meio de uma analise combinada de dados gravimétricos
obtidos a partir de altimetria por satélite e gravimetria marinha, com dados batimétricos e modelos de espessura sedimentar provenientes de bancos de dados interna-
cionais e dados de espessura crustal disponiveis na regido. Na primeira etapa do trabalho foi calculado o efeito do pacote sedimentar no sinal gravimétrico na Bacia de
Santos, como também foi modelada a profundidade da Interface Crosta Manto (ICM) a partir de inversao gravimétrica com vinculos. Na etapa seguinte, a confiabilidade
dos modelos obtidos foi testada através de andlise flexural e o resultado foi satisfatorio, mostrando que a ICM flexural e a ICM gravimétrica estdo em concordéncia.
Prosseguindo para etapa seguinte, o efeito gravimétrico da ICM encontrada por andlise flexural e o efeito gravimétrico dos sedimentos foram entdo calculados e
subtraidos da anomalia Bouguer original. O campo residual assim obtido, que se admite representar as feicdes topograficas do embasamento, foi invertido na tltima
etapa do trabalho, fornecendo informagdes que mostram um embasamento com feicOes topograficas de até 700 m, que parecem estar em concordancia com feigdes
tectonicas discutidas em trabalhos pretéritos, como por exemplo a cadeia vulcanica Avedis. A profundidade do embasamento estimada durante este trabalho mostrou
profundidades que vao desde 1.500 a 10.500 m, sendo que a regido mais profunda corresponde a falha de Cabo Frio. Este trabalho demonstrou que, a partir de
uma andlise combinada de dados, é possivel obter um modelo tridimensional do embasamento. O método, por ser ndo sismico, pode ser vantajoso em questdes de
eficiéncia. O conhecimento deste embasamento é crucial na identificacdo de feigGes tectonicas, enquanto as informagdes sobre sua profundidade e topografia podem
oferecer importantes subsidios para a elaboragdo de modelos genéticos e tectonicos de interesse exploratdrio na regido.

Palavras-chave: embasamento, Bacia de Santos, gravimetria.
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INTRODUCTION

The knowledge about the basement has great interest in geo-
sciences because many of the geologic and tectonic processes of
a given region are recorded on its surface. For geophysical stud-
ies aimed at investigating crustal structures, the topography of
the basement is important because its features can be related to
the spreading centers, ridges, trenches, tilted crustal blocks, and
lineaments.

According to Braitenberg et al. (2006), the knowledge of the
basement topography can be useful in several studies, such as
determining the lateral density of lithosphere thickness variations
through the principle of hydrostatic balance using the observed
gravity field. In this case, it is necessary to calculate the crust
load, which is determined by the depths of the basement and the
ocean floor, the thickness of the crust and their respective densi-
ties (Ebbing et al., 2006).

Another application example can be found in data collec-
tion surveys carried out along profiles. Usually, these profiles are
traced orthogonally to the lineaments. In cases where there is no
basement topography data, bathymetric data are generally used,
which can generate errors.

Obtaining data associated with the gravity field across satel-
lite altimetry can be a good method for large-scale studies aimed
at studying the crust because of their global distribution and good
quality (Woodward & Wood, 2000).

In oceanic areas, the short wavelength component of the ob-
served gravimetric signal is generally correlated with bathymetry.
This has been used in past works such as by Smith & Sandwell
(1997) and Sandwell & Smith (2001) to create bathymetry models
from gravity field data.

Several studies are found in the literature where aspects of
the ocean floor are investigated through satellite altimetry data.
Smith & Sandwell (1997) used ship data together with satellite
altimetry data to build a map of the topography of the oceans.
Ramillien & Cazenave (1996) used /7 s/t data obtained from the
NGDC and ERS-1 GEODETIC MISSION data to globally calculate
the bathymetry of the oceans. Calmant & Baudry (1996) showed
different techniques for obtaining bathymetric models from satel-
lite altimetry data.

In this work, the gravity data derived from altimetry satel-
lites are used to map the basement topography. For this, the used
gravity anomaly is corrected for the field generated by the sedi-
mentary cover.

Between the water surface and the oceanic crust, there are
three predominant density discontinuities:

i) the water surface, marking the transition from air to water;

ii) ocean floor, delimiting the transition from water to a solid
material, usually sediment; and

iii) basement, marking the transition from sediment to
consolidated rock.

In the nomenclature used in this work, bathymetry corresponds
to the ocean floor, and the basement irregularities correspond
to the topography of the basement. The bathymetry of the ocean
floor is usually obtained after hydrographic surveys. The ocean
floor coincides with the basement topography only in regions
where there is no sediment cover.

The interpretation of the gravity field related to the basement
is of significant assistance in the interpretation of seismic data
and in providing information in areas where such data are scarce
or unavailable. This occurs in the Santos Basin, where, duge to
its high exploratory interest, much of the data collected and pro-
cessed by companies in the energy sector are confidential.

This work aimed to determine the topography of the oceanic
basement in the study region through the combined analysis of
gravity anomaly data, bathymetric model, as well as the sediment
thickness and crustal thickness models.

To this end, a number of specific objectives were achieved:

i) modeling the CMI depth variations based on spectral anal-
ysis of observed gravity field;

ii) modeling the CMI depth variations based on flexural de-
formation theory;

i) Isolating the observed gravity anomaly from the gravity
signal of CMI and sediments, obtaining a residual grav-
ity field; and

iv) estimating the basement topography from the inversion of
the residual gravity field thus obtained.

STUDY AREA

The Santos Basin is located in the southeastern region of the
Brazilian continental margin between the 23°00°S and 28°00'S
parallels, up to the bathymetric depth of 3,000 m. Its area has
about 350,000 km?, along the coastlines of Rio de Janeiro, S3o
Paulo, Parand and Santa Catarina (Moreira et al., 2007).

The Santos Basin is a passive margin basin whose origin is
linked to the first tectonic pulses that caused the rupture of the
Gondwana continent, in the Neocomian, resulting in the open-
ing of the South Atlantic Ocean and separation of the African and
American continents (Caldas & Zalan, 2009).

According to Mio etal. (2005), the Santos Basin resulted from
the rifting processes during the African American separation, in
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Figure 1 —Bouguer anomaly. The hatched regions (continuous and dotted lines) represent, respectively, the Santos Basin re-
gion, defined by Moreira et al. (2007) and the area where the gravity data are unreliable. The crustal limit, according to Cainelli &
Mohriak (1999), is represented by the dashed line, and bathymetric contours refer to the depths 200, 1000 and 3000 m.

the Mesozoic. The accumulation of sediment occurred initially in
fluvial-lacustrine conditions subsequently undergoing to a evap-
orite basin stage and evolving into a passive margin basin. These
events are regarded as the basin’s main evolutionary phases:
rift, transition and passive margin.

According to these authors, the rift phase consists of a basal
magmatism covered by a sequence deposited in fluvial-lacustrine
environment, comprising shales, carbonates and thick alluvial
fan deposits. The transition phase consists of a thick section of
evaporitic rocks deposited during the Aptian in a restricted ma-
rine environment, with sabkha deposits. During the lower Albian,
awide carbonate platform, bordered by alluvial fan systems was
installed over the transitional evaporite phase, starting the passive
margin phase, that continues to the present.

The structural evolution of the basin is influenced by hetero-
geneities that affect both the crust and the mantle and comprise
suture zones between the continental blocks, folding and thrust
belts, shear zones and mafic dike swarms. These discontinuities
controlled the structural framework of the basement of the Santos
Basin through the reactivation of structures during the process of
stretching and opening (Mio, 2005).

Brazilian Journal of Geophysics, Vol. 33(1), 2015

In this study, all data were processed for an area larger than
the Santos Basin, due to two main factors: the lack of available
seismic refraction data and better visualization of the results.

DATA SET

The methodology applied in this study the following data was
needed: gravity, bathymetry sedimentary thickness and crustal
thickness. The gravity data used are from Molina (2009), which
are derived from several satellites geodetic missions and marine
geophysics surveys in the South Atlantic region, fromthe U.S. Na-
tional Geophysical Data Center and from the Brazilian EQUANT |
and EQUANT Il project cruises. Additional data from the LEP-
LAC project were used to evaluate the model. Satellite altimetry
data used are from the geodetic missions of ERS-1, GEOSAT, and
SEASAT satellites. The model was developed with a spatial res-
olution of 2x2 arcmin and has an overall accuracy of 2.7 mGal
for the free-air anomaly. Bouguer anomaly values are used in this
study (Fig. 1).

The sedimentary thickness model (Fig. 2) was taken from the
“Total Sediment Thickness of the World's Oceans and Marginal
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Figure 2 — Sediment thickness model obtained by NGDC. The hatched region is the Santos Basin area. The crustal
boundary is represented by the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.

Seas, World Data Center for Marine Geology and Geophysics,
Boulder” (Divins, 2003). The digital database of sedimentary
thickness was compiled by the “National Geophysical Data Cen-
ter” (NGDC) of National Oceanic and Atmospheric Administration
(NOAA), with 55 arcmin resolution. Values, in meters, represent
the depth the acoustic basement, defined as the deepest reflector
observable in seismic reflection profiles, and may not represent
the base of the sediments.

As this model has only information on the thickness ot the
sedimentary layer, additional data such as density and porosity
were obtained from the Deep Sea Drilling Project (DSDP), site
356, from leg 39. located at 41.0880 S latitude and 28.2870 W
longitude. This well was drilled down to 741 meters deep, and
provide results from geochemical, geophysical and biological
analyses. Further details can be found in Supko (1997).

The bathymetric data with 1 arcmin resolution are from
GEBCO One Minute Grid (Fig. 3). The data are based on bathy-
metric contours of the GEBCO Digital Atlas-GDA (GEBCO, 2010),
maintained by the British Oceanographic Data Centre (BODC) un-
der the International Hydrographic Organization (IHO) and the In-
tergovernmental Oceanographic Commission (I0C) of UNESCO.

The crustal thickness data of Leyden et al. (1971) are from
33 refraction seismic profiles recorded along two lines between

Punta Del Este and Rio Grande, in June 1960. A total of 16 crustal
thickness values were used.

Eleven additional values of crustal thickness were used from
Zalan et al. (2011). These values resulted from the interpretation
of 12,000 km of 2D seismic sections acquired by ION-GTX, cou-
pled with gravimetry and magnetometry data and integrated with
regional values available on the Petrobras database.

Gravity data, bathymetric data and the sedimentary thick-
ness model were resampled to a grid at 4x4 km intervals to ho-
mogenize the geographical distribution of information.

METHODOLOGY

Data processing were carried out in four steps, based on the
study developed by Braitenberg et al. (2006).

Step 1
The first step consists of modeling the CMI variations from the
inversion of the gravity field.

The free-air anomaly data (Molina, 2009) were transformed
into Bouguer anomaly using the classical formulation. Subse-
quently, the effect due to the sedimentary cover was removed from
the resulting gravity field. The gravimetric effect of the sedimen-
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Figure 3 — Bathymetric data provided by GEBCO (2010). The hatched region is the Santos Basin area. The crustal
boundary is represented by the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.

tary layer was calculated by the Parker algorithm (1972), which
expands the gravity effect generated by the surface discontinuity
into a fifth order series. The calculation can be performed with a
constant density contrast for any discontinuity, however, for more
realistic results, sediment compaction with depth should be con-
sidered. For this, we used the sediment compaction model de-
scribed by Sclater & Christie (1980), based on an exponential re-
duction in porosity with depth. According to these authors, the
density below the ocean floor (z) is calculated as:

p(2) = prooe” T+ pg (1 — poe™ 1) (1)

where:
py = fluid density
pg = grain/rock density
o = sediment initial porosity
d = decay parameter
z = depth

The gravity effect of sediment in the study area was calculated
by applying this model to a series of thin layers (10 m thick), with
variable lateral density.

The initial porosity and density values used are from the
Deep Sea Drilling Project (DSDP) and correspond to 0.66 and
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2750 kg/m®, respectively. The fluid density is standard, 1030 kg/
m? while the decay parameter was calibrated and set at 1.4 km.
After calculating the gravity effect of the sedimentary cover,
the corrected field was inverted using the Iterative Constrained
Inverse Modeling, described by Braitenberg & Zadro (1999).

Step 2

Step 2 involves the calculation of the equivalent topography
based on Kumar et al. (2011), followed by the calculation of the
flexure w(7”) using a flexure model for a thin plate (Turcotte &
Schubert, 1982). For these calculations, it is necessary to know
or estimate the flexural rigidity of the studied lithospheric plate.
This step involves flexural analysis of the region, providing an
independent means to determine the CMI undulations, allowing
to test the reliability of the results of step 1. The flexural analy-
sis is based on the methodology introduced by Braitenberg et al.
(2002, 2003).

The thin plate flexure mode! predicts that the lithosphere re-
sponds to long-term (>1 Myr) loads, similarly to a thin elastic
plate on a viscous fluid. In this study, the load is the sum of
the intracrustal and topographic loads (referred to sediment).
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This load has negative values because the water filled basins are
less dense than the reference crust. According to Watts (2001) and
Turcotte & Schubert (1982), the flexure w(7), with 7 =
(z,), of a plate, loaded by the load A(7), in the frequency
domain, is defined as:

W(K) = Pe H(

x
%
Pm—Pc+%|k|4

) (2)

where W(?) is the Fourier transform (FT) of the plate flexure
w(?); H(?), the FT topography; pe, p.m. the density of the
crust and _t)he mantle, respectively; g, the average gravity accel-
eration; k& = kg, ky, = 2m(vg,vy) the number of two-
dimensional waves; v, v,, frequencies in space along the z- and
y-axis, respectively. The parameter D is the flexural rigidity of the
plate, which characterizes the lithosphere response to their loads

(Karner & Watts, 1982) and is described by the equation

ETe?

T 12(1- 02) ©

where:
E = Young's modulus
o = Poisson ratio
Te = Effective elastic thickness
From the inverse Fourier transform of Eq. (2), the ratio be-
tween the two quantities is given in space by the relationship:

w(7) = s(7) * h(7T) (4)

which describes the convolution of the load A(7) with the flexu-
ral response of a point load s( 7). Inthe thin plate flexure model,
it is generally admitted that the flexure w(7") is approximately
equal to the CMI leveling deviations.

For each node of the topographic load grid, one flexural re-
sponse curve is calculated from the analytical solution (ASEP) de-
scribed by Wienecke (2006). The flexure undulation of the corre-
sponding CMI is obtained using a series of response functions to
a point flexural load on convolution, each corresponding to a Te
value between 0-110 km, with 1-10 km intervals. Therefore, a set
of flexural response curves was prepared, referring to Te values
between 0 and 25 km, with 1km intervals. These values are based
on Tassara et al. (2007).

To calculate the spatial variations of Te, the RMS error (root
mean square) between the calculated CMI and the flexure CMI un-
dulations can be determined in windows with side length L. The
inverted Te for a specific window is the one that minimizes the
RMS error, and better fits the observed CMI.

The flexural rigidity was calculated using an average current
window length of 100 km with a displacement of 20 km. The
Young's modulus used was E = 100 GPa, the Poisson ratio
o = 0.25, and the gravity acceleration constant 9.81 m/s%. The
mantle bulk density (3370 kg/m®) and crust density (2880 kg/m?)
are average values obtained from the density model CRUST 2.0.

Step 3

In this step, the CMI gravity effect is calculated with a constant
density contrast along the discontinuity, applying the Parker al-
gorithm (1972). The objective of this procedure is to remove
from the observed gravity anomaly, the gravity signal of CMI
and sediments:

Gres = Yobs — gJCMI — Jsed - (5)

The residual field thus obtained (g,.s) is inverted in the next
step of the methodology, providing the basement topography.

Step 4

The last step consists of inverting the residual gravity field (gres)
from the lterative Constrained Inverse Modgling (Braitenberg &
Zadro, 1999). This procedure was performed using the Litho-
FLEX software (Braitenberg et al., 2007).

RESULTS

The topography of the basement is calculated following the four
steps outlined above.

The sediment layer contributes to the gravimetric signal with
anomalies of —10 to =30 mGal. Figure 4 shows the corrected
gravity field, without the signal of the sedimentary cover.

According to Blakely (1995), the long wavelength compo-
nent is typically generated by the CMI undulations and the short-
wavelength component from the surface masses. This fact does
not mean that the surface masses do not contribute to the long
wavelength portion of the wave, but the greatest contribution
certainly is to the short wavelength. Thus, it is assumed that the
CMI undulations are generated solely by the long wavelength.

To invert the data, the cutoff wavelength was estimated from
the decay of the gravity field spectrum amplitude (Russo & Speed,
1994), and the value was found at 115 km.

The inversion process was performed for different contrast
values of density and depth, which varied between 300-700 kg/m?
and 20-30 km, respectively. The same procedure was applied
to variable lateral density contrast values, obtained from the
CRUST 2.0, varying only the reference depth value.

Revista Brasileira de Geoffsica, Vol. 33(1), 2015
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Figure 4 — Corrected gravity field, without the signal generated by the gravimetric sedimentary effect. The hatched regions (con-
tinuous and dotted lines) are, respectively, the area of the Santos Basin and the area where the gravity data are unreliable. The
crustal boundary is represented by the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.
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Figure 5 — Map of the Crust Mantle Interface (CMI) obtained from the inversion of the gravity field. The values in red are from
Zalén et al. (2011) and values in black are from Leyden et al. (1971). The hatched regions (continuous and dotted lines) refer,
respectively, to the Santos Basin area and the area where the gravity data are unreliable. The crustal boundary is represented by
the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.
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CMI (Flexural Analysis)
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Figure 6 — Map of the Crust Mantle Interface (CMI) obtained from flexural analysis. The hatched regions (continuous and
dotted lines) refer, respectively, to the Santos Basin area and the area where the gravity data are unreliable. The crustal
boundary is represented by the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.

From these results, the RMS error was calculated between the
data and some reference seismic values available. Some of these
values, obtained from seismic refraction, are from Leyden et al.
(1971). These values were not strictly located in the Santos Basin
and, therefore, the study area had to be expanded. A second set
of values, obtained from a combined analysis of seismic, gravity
and magnetic data, are from Zalan et al. (2011).

The best result (Fig. 5), with the lowest RMS between the
obtained values and constraints values, was calculated at
28.7 km deep, and for a laterally variable density contrast. The
RMS error was approximately 1.9 km. Overall, the difference
between the data obtained by the inversion of the gravity field
and reference seismic values was small and less than 2 km at
almost every point. Higher values are found only near the conti-
nental and oceanic crusts boundary.

Figure 6 shows the CMI calculated by flexural analysis. Note
that the crustal thickness values range from 11 to 30 km. In the
Santos Basin, the values near the coast are 30 km and reach
18 km close to the 3000 m bathymetric contour line.

Considering the area of the Santos Basin defined by Moreira
et al. (2007), and assuming the oceanic continental crust bound-

ary defined by Cainelli & Mohriak (1999), the entire area of
Santos Basin is located over continental crust, thus explaining
the high crustal thickness values in the area.

At the continental and the oceanic crust boundary, the crustal
thickness is approximately 16 km. The thinning of the oceanic
crust reaches 11 km at the eastern end of the area (red). The crust
is thicker in the proximity of the Rio Grande Rise approximately at
coordinates 315, 37 W.

The flexural CMI values are in agreement with the gravity
CMI, as seen in Figure 7, which shows the difference between
the two CMIs. In general, the difference is small, ranging from
2.5 to 3 km. Positive values represent a shallower flexural CMI
compared to the gravity CMI.

The highest values are close to the area where the results are
not reliable (shaded in gray in the figure) and may represent, at
least in part, the influence of such data.

The next step consisted of calculating the gravity effect of
the CMI using the method of Parker (1972). The interface obtained
by the flexural analysis was used for this calculation (Fig. 6).

After calculating the gravimetric signals produced by the
sedimentary package and the CMI, both signals are subtracted

Revista Brasileira de Geofisica, Vol. 33(1), 2015
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Figure 7 — The difference between depth values obtained by inversion of gravity field and flexural analysis. Pos-
itive values represent a flexural CMI shallower than the gravity CMI. The hatched regions (continuous and dotted
lines) refer, respectively, to the Santos Basin area and the area where the gravity data are unreliable. The crustal
boundary is represented by the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.

from the observed anomaly to obtain the residual field of the
basement (Eq. 5). This field, called as residual gravity field
(gres), Was inverted in the last step of this work.

A constant density contrast of 1570 kg/m?, referring to
the contrast between the upper crust (2600 kg/m®) and water
(1030 kg/m®), was used for inverting the residual field. The upper
crust value was chosen using the data of the CRUST 2.0 model.
During inversion, all wavelengths were considered. According
to Hwang (1999), the inversion process can be done for a single
reference depth that is defined as zero.

The term “basement” used in this work refers to the physi-
cal surface that lies below the sedimentary layer. The sedimen-
tary thickness data represent the depth to the acoustic basement,
defined as the deepest reflector observable in seismic reflection
profiles and may not necessarily represent the sediment base.
The end result corresponds to the base of the sediments and will
be called “gravity basement” (Fig. 8).

Figure 8 shows the topography of the gravity basement, with
depressions that are 700 m deep. In the Santos Basin area, the
depth values vary considerably, ranging from 0 to 700 m.

Brazilian Journal of Geophysics, Vol. 33(1), 2015

Figure 9 shows the basement depth (the sum of bathymetry,
sediment thickness) and gravity basement. Values range from 500
to 10,500 m. Inside the Santos Basin, lower values are observed
close to the coast, north of the basin, and higher values of about
10,500 m are observed in the center, in red.

DISCUSSION

The comparison of the CMI model with the model input data,
shows some residual values in the Santos Basin, especially
residues between 10-20 mGal (Fig. 10). As only the portion of
long wavelength was used during the inversion process, these
values may be either reflecting the short wavelength present in
the original data or the uncertainty of the calculated model.

One result of this work refers to the CMI undulations that
obey the isostasy flexural theory and agree with the gravimetric
CMI linked to seismic data.

The CMI undulations obtained by the flexural analysis com-
pared to the gravimetric CMI, showed, in general, crustal thick-
ness values ranging from 30 km to 11 km (Fig. 6). The difference
between the two CMIs is shown in Figure 7. The negative values
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Figure 8 — Topography of gravity basement. The hatched regions (continuous and dotted lines) refer, respectively, to the
Santos Basin area and the area where the gravity data are unreliable. The crustal boundary is represented by the dashed line,
and the bathymetric contours refer to the depths 200, 1000 and 3000 m.
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Figure 9 —Basement depth. The hatched regions (continuous and dotted lines) refer, respectively, to the Santos Basin area
and the area where the gravity data are unreliable. The crustal boundary is represented by the dashed line, and the bathymetric
contours refer to the depths 200, 1000 and 3000 m.
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Figure 10 — Difference between the gravity field used as input data and the CMI gravity field. The hatched regions (con-
tinuous and dotted lines) refer, respectively, to the Santos Basin area and the area where the gravity data are unreliable. The
crustal boundary is represented by the dashed line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.

represent a flexural CMI deeper than the gravity CMI. The maxi-
mum negative difference is 2 km and evident in two areas, one in-
side and one very close to the basin eastern boundary. The largest
positive difference is approximately 3 km, on the southern edge of
the basin, near the 3000 m bathymetric contour. The other posi-
tive values will not be discussed in this paper since they are close
to the area where the data are not reliable.

One possible interpretation for this difference between the
CMIs is the presence of short/medium wavelength features that
may be present in the gravity anomaly signal and not in the
flexural analysis result. This possibility may be discarded for
two main reasons: during inversion, the short-wavelength por-
tion was removed and, therefore, should not be generating this
difference. Furthermore, it is possible to think that the features
that appear in the gravity anomaly data could not appear dur-
ing the flexural analysis if such features were over a crust re-
gion with enough flexural rigidity to support them without de-
forming. The elastic thickness values were analyzed to verify
this second hypothesis (Fig. 11). The circled areas represent the
largest differences found between the depth of gravimetric and
flexural CMIs.
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The map shows that the elastic thickness values in the areas of
greatest difference between the CMIs are low, especially between
4 and 6 km, indicating a low flexural rigidity in the region.

This analysis allows to postulate that the differences may
have another source, and may be related to the complex geolog-
ical context in the region, such as the presence of salt domes in
the Santos Basin.

The works of Meisling et al. (2001), Izeli (2008), Caldas &
Zaldn (2009) and Souza et al. (2009) interpreted seismic profiles
in the presence of salt domes in the region, allowing to accept the
interpretation proposed in this paper as reasonable.

The residual gravity field (Eq. 5) of the basement shows a
range of positive anomalies starting at the 3000 m bathymetric
contour aligned it the northwest direction (NW). These anomalies
were discussed in works such as Demercian (1996) and Meisling
etal. (2001).

According to Meisling et al. (2001), these positive gravity
anomalies, when analyzed along regional seismic profiles, can be
interpreted as coming from volcanic rocks, locally overlapped by
thin layers of Aptian evaporites, whose facies are well layered and
were interpreted as anhydrites.
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Figure 11 — Elastic Thickness model. The hatched regions (continuous and dotted lines) refer, respectively, to the
Santos Basin area and the area where the gravity data are unreliable. The crustal boundary is represented by the dashed
line, and the bathymetric contours refer to the depths 200, 1000 and 3000 m.

According to these authors, these anticlines were active vol-
canic ridges during the deposition of evaporites. Along these
ridges, volcanic activity continued during and after the Aptian,
mobilizing evaporites and combining them with volcaniclastic
deposits. These features were mapped by Demercian (1996) and
named as Avedis volcanic chain — a pre-salt high.

The northern portion of the Santos Basin is characterized
by large-scale tectonic features with intense diapirism. The pro-
cesses that generated these features were originated mainly by
the uplift of the basement during the Upper Cretaceous in the
adjacent portion of the basin. According to Macedo (1989) and
Pereira & Macedo (1990), this uplift has induced the prograda-
tion of thick coastal sedimentary wedges, creating a large-scale
shift in marine sediments toward the Sdo Paulo Plateau, on top
of the evaporite layer (Aptian). This shift is accommodated along
the Cabo Frio fault.

The basement depth is shown in Figures 8 and 12. The base-
ment structure represented in 3D (Fig. 12) reveals two promi-
nent features. The first is inferred as the possible pre-salt high,
discussed above, and the other is a longilineal feature, coinci-
dent with the Cabo Frio Fault, with depths reaching approximately

10,500 m between the coordinates (26°S, 46°W) and (24°S,
42°W).

Five basement depth values obtained from wells found be-
tween 26°S and 24°S latitudes and 46°W and 44°W longi-
tudes were used to constrain the basement depth. These values
were taken from Assine et al. (2008), Cainelli & Mohriak (1999)
and ANP (Agéncia Nacional do Petroleo, Gas Natural e Biocom-
bustiveis — National Petroleum Agency). Table 1 shows base-
ment depth values from wells used as constraints, basement depth
values found in this work and their differences.

Table 1 — Well number, basement depth constraint values, basement
depth found in this paper and the difference between them.

Well Basementdepth | Basement | Difference
constraints (m) | depth (m) (m)
SPS-14 5400 5990 590
SPS-20 9200 6775 —2425
SPS-11 8900 7841 -1059
SPS-21 9100 6650 -2450
SPS-05 9300 7310 -1990

Revista Brasileira de Geofisica, Vol. 33(1), 2015



CONSTANTINO R & MOLINA EC 41

Basement Depth

[m]

500
-1000
-1500

Figure 12 — Perspective representation of the basement depth. The crosshatched region refers to the area where the gravity data are unreliable.

It is noteworthy that the values are quite high in some points.
In the case of the basement, a depth difference of about 2 km is
crucial for some types of applications. The exception is the first
value (well SPS-14) with a difference of 590 m. The basement
depth at the location of this well was the only one that was deeper
in the model than in the constraint. In all other wells, the base-
ment was shallower in the model than the indicated well values
(SPS-05, SPS-11, SPS-20 and SPS-21). A possible explanation
for this small difference in the first value may be the penetration of
the well SPS-14, which was the only one that almost reached the
basement. The penetration of the remaining wells are more than
3 km above the basement, enabling larger errors.

CONCLUSIONS

The basement topography was determined from the analysis of
combined gravity data obtained by ship and satellite altimetry,
bathymetry data and information on the sediment thickness and
the crustal structure of the Santos Basin.

The method proposed in this work to investigate the base-
ment depth is is advantageous because it is independent of seis-
mic data. The gravimetric method can be applied quickly, with
less environmental impact and fewer costs for acquiring and in-
terpreting the data. In addition, the depth to the basement pre-
sented in this paper represents the physical surface below the
sedimentary layer, which may be different from the surface pro-
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vided by the seismic, which is the deepest observable reflector
in the seismic reflection profiles and might not correspond to the
sediment base.

The CMI was obtained by gravimetric inversion and seismic
refraction data obtained by Leyden et al. (1971) and Zalan et al.
(2011) were used to constrain the model. The RMS error found
between these data and the model obtained was 1.9 km; however,
for best results, additional data could be entered into the model.

The depth to basement values obtained by gravimetric inver-
sion when compared to the values obtained by flexural analysis,
showed small differences. The largest differences may be associ-
ated with salt diapirs as described in the literature for the Santos
Basin (Meisling et al., 2001; Izeli, 2008; Caldas & Zaldn, 2009;
Souza et al., 2009).

The basement residual gravity field was obtained by subtract-
ing the CMI and sediment gravimetric signal from the observed
gravimetric.

The inversion of this residual gravity field resulted in the to-
pography of the basement, revealing a prominent positive feature
up to 700 m, which was related to the Avedis volcanic ridge previ-
ously recognized by Demercian (1996) and Meisling et al. (2001).

The estimated basement depth ranged from 500 to 10,500 m.
The deepest area of the basement is coincident with the Cabo
Frio Fault (Macedo, 1989; Pereira & Macedo, 1990; Assine et
al., 2008; Zalan et al., 2009).
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The Santos Basin basement description in this study is un-
precedented in the literature. In addition to this work, the method-
ology has already been tested in the South China Sea, and its
application was successful in both cases. The method proved to
be reliable and can be applied in other marginal basins aiding
hydrocarbon exploration.
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