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Abstract 

Huge volumes of reserves and the high productivity of the 
Santos pre-salt reservoirs have sparked the interest of 
major oil companies. However, this prolific play has 
significant subsurface challenges (e.g., volcanic presence, 
evaporite thickness variation, narrow mini basins bounded 
by steep-sided salt diapirs, small salt overhangs, reservoir 
heterogeneity, etc.) that must be addressed to improve the 
exploration-to-production cycle. In this study, it is 
discussed how the upgrade achieved by a multi azimuth 
(MAZ) reimaging in Central Santos basin can help in 
defining a more confident plan for the exploration and 
appraisal of the area, as it enables a better understanding 
of this complex geological setting. 

Many uncertainties in the Santos Basin pre-salt are due to 
the inadequate quality of the available seismic image. Most 
of the seismic surveys already acquired in the region are 
narrow azimuth (NAZ) surveys. They therefore lack the 
illumination of target reflectors, and the robustness 
required for the velocity model building algorithms. This is 
especially the case in complex salt bodies. 

The pre-salt seismic imaging is mainly affected by the 
illumination, the accuracy of the velocity model, the low 
frequency reflections, and noise content of the final 
migrations. We show that these geophysical aspects can 
be optimized with the reprocessing of multiple NAZ surveys 
in the central portion of the basin, by applying velocity 
model building processing that combines multi-azimuth 
common image point (CIP) tomography, conventional and 
reflection based full-waveform inversions (FWI), and 
scenario interpretation of the salt layer in complex areas. 

Following this systematic approach, the resulting MAZ 
surveys show a dramatic improvement of the pre-salt 
image. From these data, we can make a more confident 
interpretation of the different pre-salt seismic sequences; 
e.g., the lower rift, upper rift, and sag sequences. Facies 
variations related to the main carbonate reservoirs in the 

sag sequence can be better defined in the MAZ data due 
to the upgrade on the seismic reflection continuity, 
resolution and amplitude response.  

Also, the enhanced seismic image of the MAZ surveys 
shows a better delineation of the pre-salt faults. It helps to 
obtain a more detailed interpretation of the structural 
framework and provides a better idea for any 
compartmentalization of the pre-salt discoveries.  

In short, for Central Santos Basin, the MAZ reimaging 
provides a significant image uplift when compared to the 
NAZ legacy images, and this new dataset can be essential 
to improve the interpretation of the structural and 
stratigraphic framework for the pre-salt play. 

Introduction 

The Santos Basin is located in the southeastern Brazilian 
continental margin and has an area of approximately 
350,000 km2. Since early 2000, the Santos Basin became 
well known for hydrocarbon exploration in its huge pre-salt 
oil and gas fields. Prospecting of these plays have to 
overcome the following challenges: Santos basin has an 
average water depth of 2 km, a thick layer of stratified 
evaporites, and major pre-salt reservoirs beneath, with 
extensive faults. The post-salt province is often embedded 
with carbonates and volcanic layers with abnormally high 
velocity. All these complexities, in combination, have 
proven to be great challenges to conventional acquisition 
approaches and seismic processing methods.  

The tectono-stratigraphic evolution in Santos Basin is 
categorized into three mega-sequences resulting from 
early rifting and subsequent drifting phases between the 
South American and African plates (Mohriak and Fainstein, 
2012). Aptian rift phase was preceded by the extrusion of 
basaltic lavas that overlie an igneous metamorphic 
basement and constitute the Camboriu Formation (Moreira 
et al., 2007). This rift is characterized by half-graben 
structures filled in the lowermost part by the basalts (Chang 
et al., 2008) and then followed by fluvial and lacustrine 
sediments of the Guaratiba Group (Meisling et al., 2001; 
Modica and Brush, 2004; Moreira et al., 2007; Rodriguez 
et al., 2017). Lacustrine shale source rock with 2% to 6% 
organic content was deposited during the final stage of the 
rift. (Fernandez, 2017). Coquina facies formed in the 
uppermost is part of the main reservoirs of the pre-salt 
play. An Aptian to Early Albian post-rift phase comprises 
the Barra Velha and the Ariri Formations ranging from 
continental to shallow marine (Moreira et al., 2007). The 
Barra Velha Formation consists of microbial carbonates in 
proximal depositional settings and shales. The Ariri 
Formation is an evaporite-rich succession characterized by 
multiple marine incursions and basin desiccation (Jackson 
et al., 2014; Rodriguez et al., 2017). The non-marine 
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carbonate is the main pre-salt reservoir and the overlying 
evaporites are the main seal. The Albian to present drift 
phase is characterized by thermal subsidence and open 
marine conditions. The marine drift mega-sequence may 
be subdivided into two sequences: shallow marine platform 
carbonate deposits during the Albian (Guaruja Formation) 
and deep-marine clastic-dominated deposits from 
Cenomanian to present (i.e., Itanhaem to Marambaia 
Formation) (Modica and Brush, 2004; Moreira et al., 2007; 
Rodriguez et al., 2017). Most Santos post-salt discoveries 
occur in deep-marine turbidite reservoirs. 

Considering this geology, the creation of a well-suited 
velocity model that generates an image that reduces the 
uncertainty of the exploration and production activities has 
presented several challenges. A legacy narrow azimuth 
(NAZ) survey data processing project faced several 
barriers that could not be fully transposed. Two of the main 
reasons for this are: lack of illumination at pre-salt horizons 
where the salt geometry becomes complex, hindering the 
results from CIP tomography, and short offsets that do not 
record the refraction energy below the top of the 
evaporites. This this limits the effectiveness of the standard 
FWI. This acquisition geometry is vastly the most common 
in the basin. Due to cost, time and environmental factors, 
the acquisition of alternatives is not always possible. 

Le Diagon et al. (2017) has demonstrated based on 
seismic modelling the advantages of adding azimuthal 
coverage when imaging the pre-salt targets in the Santos 
basin. Additionally, Ortin et al. (2020) showed how 
combining ray paths of different NAZ surveys affects the 
general processing results using the Central Santos 
datasets that are in use here.  

The Central Santos MAZ Reimaging project uses a 
combination of three NAZ surveys and one FAZ survey as 
input. The main survey is oriented northwest to southeast 
with a 123 degrees azimuth – used in the legacy 
processing presented here for comparison. The second 
NAZ survey has a similar orientation with 158 degrees 
azimuth while the third NAZ survey has an east-west 
orientation. The FAZ survey is a single coil acquisition 
done in 2011 (Le Diagon, 2011). 

In this study, we present the velocity model building case 
study of the combination of multiple legacy NAZ acquisition 
using a combination of different velocity update algorithms 
with well information and evaluate the effects of the new 
product in the work of delimitation and evaluation of pre-
salt reservoirs. 

Method 

A legacy model from the processing of the main underlying 
survey was used as base for velocity model building of the 
post-salt layer. This velocity model was smoothed, and the 
anisotropy was recalibrated to match the existing well data. 

The first CIP tomography (Woodward et al., 2008) iteration 
and the first LS FWI (Maximum frequency of 9 Hz) were 
performed using one azimuth only. These processes 
targeted the longer wavelength updates. As more details 
were added to the post-salt sediment model the other 
surveys were added to the second FWI pass using the 
maximum frequency of 12 Hz and to the final post-salt 

sediment CIP tomography passes. Sediment model 
analysis suggests layers of post-salt carbonate and 
volcanic intrusions with abnormally high velocity. Regional 
surfaces such as Top of Albian Carbonate (TOC) and Top 
of Evaporites (TOS) identifying such layers are interpreted. 
These interpretations and well markers of both TOC and 
TOS were used to access the results of each iteration and, 
when required, explicit constraints in the tomographic 
inversion. 

 

With the post-salt sediment velocity model finalized, the 
TOS was interpreted at a fine scale. The evaporites canopy 
in Santos Basin has a depth of 3 km to 5 m. They are well 
known for their stratified and deformed halite layers, 
formed by the multiple marine incursions and basin 
desiccation. They are also characterized by a very rugose 
top, usually coupled with deep sediment mini basins and 
carbonate rich geobodies, as described earlier. Complex 
structures at this depth are identified and different 
geometries were tested to evaluate the options with the 
best image at pre-salt level. These structures included thin 
extrusion of the evaporite body creating small scale 
overhangs. (Figure 1) 

The initial evaporite velocity model was created by splitting 
the layer into two different zones according to its internal 
reflectivity. The first zone was related to the presence of 

Figure 1 - Seismic section with velocity model overlaid. a) 
Single azimuth legacy model and image; b) Final MAZ 
image with velocity model, including salt overhangs 

Courtesy of WesternGeco Multiclient 
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several bedded reflections. This correlates to the presence 
of heterogenous salt lithologies, such as intercalation of 
anhydrites, halites, tachydrates, etc. A smoothed version 
of the legacy velocity model was used in this zone. The 
second evaporite zone was defined by the absence of 
internal reflections within a relatively large zone, indicating 
the overwhelming presence of halite. The model of this 
layer consists of a single velocity estimated from the 
average of the measurements of sonic profiling available in 
the area. The division of the two zones was defined by a 
smoothed sweetness attribute, which corresponds to the 
ratio between the amplitude envelope and the square root 
of the measured instant frequency. Higher sweetness 
values indicate a bigger occurrence of coherent reflections 
and therefore indicate the stratified evaporites. 

 

  

Moreira et al (2007) and pre-salt model analysis indicates 
strong velocity elevation in the layer immediately 
underneath BOS down to Lower Synrift, but have rather 
smoothed velocity slowdown downward. To build a model 
reflecting this contrast in depth, we interpret several pre-
salt surfaces to identify geological trending in detail. Lower 
Syn Rift and basement are defined to separate the 
stratigraphic zones in this region. Very vertically stretched 
faults have been observed, which prevent the automatic 

tracking tool to function efficiently on these surfaces. These 
horizons were used to extrapolate the 1D velocity trend 
designed by estimating the smoothed velocity trend from 
the available sonic logs. In order to account for the 
maximum depths recorded in some wells, the model 
analysis information mentioned earlier was used to include 
a general slower seismic velocity in this region, until 
reaching the basalts and the basement, where a smooth 
increase was added. (Figure 2b). 

 

 
The velocity updates in the intra-salt and pre-salt layers 
were done by combining a reflection FWI (RFWI) and CIP 
tomography. In both cases, multiple azimuths were used 
as inputs to the processes These surfaces were also 
updated constantly and interactively with the tomography 
and RFWI update throughout the model building.   

The RFWI was introduced by Sun et al. (2016). It uses the 
reflected energy recorded in the data to include in the 
forward model using born modelling and travel-time based 
objective function to generate a low-wavenumber update 
that goes deeper than the available refraction energy 
recorded. 

Finally, a CIP tomography was run using the combination 
of all the NAZ surveys in both Kirchhoff depth migration 
(KDM) and RTM subsurface azimuth angle gathers 
(SAAGs) (Vyas et al., 2011) to pick the residuals and 
perform a weighted inversion. The use of both migration 
algorithms allows for a more reliable event reconstruction 
of the pre-salt that is permitted by the RTM, while using 
higher frequencies for the intra-salt picks with the KDM. As 
done previously, the base of salt reflection was weighted 
to drive the overall salt update and achieved a better well 
correlation. Figure 2 shows the resulting model of the new 

Figure 2 - Pre-salt velocity model results: a) Legacy 
velocity model; b) Initial model derived from sonic logs 
and interpretation; c) Final model after multi-azimuth 
RFWI and CIP tomography 

Figure 3 - KDM CIP gather of two azimuths (63o to left 
and 123o to the right) migrated with: a) Legacy salt and 
pre-salt velocity model; b) Final model after multi-

azimuth RFWI and CIP tomography 

Courtesy of WesternGeco Multiclient 

Courtesy of WesternGeco Multiclient 
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initial model created and the result of the pre-salt model 
building compared to the legacy model. 

The datasets of all the surveys used in the final migrations 
were fully reprocessed. This processing included more 
contemporary noise attenuation techniques, enhancement 
of broadband frequency content with adaptive deghosting 
(Rickett 2014), and 3D-SRME using all the azimuths for 
multiple prediction. This was combined with variable 
aperture definition based on ray-tracing of the main 
reflections (Espinoza et al., 2017). 

The final images were created with input data after the full 
broadband processing flow. They were migrated with a 
KDM and an RTM at 45 Hz maximum frequency. Each 
survey was migrated separately and later combined during 
the image enhancement. 

Results 

The resulting velocity models are presented in Figure 2. 
The comparison reveals that the initial model for the pre-
salt better conformed to the structures, while the CIP 
tomography and RFWI updates captured the local 
variations of lithology. This introduced a faster velocity in 
the structural high and a slower velocity in the low. 

 

 

The salt overhangs are usually thin (less than 100 m in 
diameter), tilted, and can extend few hundred meters 
laterally. The effects of inclusion of the salt overhangs and 
the addition of different azimuths are pointed out in the 
green circle of Figure 1. It is apparent that the reflection at 
base of salt and pre-salt become more coherent while the 
migration swings are eliminated. Figure 3 shows how the 
legacy and final velocity models satisfy the moveout seen 
on the multiple azimuth data. Here, a mild improvement 
can be seen especially at the circled reflectors. 

As shown in Figure 4, RMS amplitude indicates a better 
coherence in the amplitude response for the BOS seismic 
event in the MAZ compared to the legacy NAZ data. Also, 
NW-SE normal faults in the pre-salt section are much 
easier to identify in the MAZ data. 

With the use of multi-azimuth migration, modeling, and 
interpretation, intra-salt, base of salt and pre-salt interfaces 
are better illuminated, and we can see a more continuous 
reflector for the BOS, as swings are significantly 
attenuated. Thus, auto tracking based on image coherence 
on BOS interpretation works more efficiently with higher 
confidence in the latest migration, as shown in Figure 5.  

In Figure 6, highlighted in blue is a carbonate mound 
generated at a structural high that was not visible in the 
legacy single azimuth image. This structural feature may 
become a primary exploration opportunity. Additionally, the 
attribute volume of amplitudes technic (tecVA) (Bulhões & 
Amorin, 2005) highlighted in green shows that the new 
processing presents a higher definition of the pre-salt 
package, mainly between the base of evaporites and in the 
upper rift zone. The same figure shows that the lower 
frequency and multi-azimuth illumination makes the fault 
system inside the orange circle to now be visible. 

Conclusions 

For the central Santos Basin, the MAZ reprocessing 
provides a significant image uplift when compared to the 
NAZ legacy images. This new MAZ dataset can be crucial 
in obtaining a better understanding of the stratigraphic and 
structural framework of the pre-salt play, and thereby 
enabling optimization of the exploration and appraisal 
plans in the area. 

The combination of different FWI algorithms and 
tomographic updates using multiple azimuth data leads to 
a more accurate velocity model that has more data 
correspondence and geological correlation when 
compared to the legacy single azimuth processing. 

The additional tested salt bodies combined with different 
ray path azimuths are important to reduce the migration 
noise and enhance the reflection response of the base of 
salt and pre-salt layers.  

The improved signal-to-noise ratio of the data input to 
migration, a more detailed and geologically conformable 
velocity model, and the multiple azimuths were essential in 
obtaining a more consistent amplitude range and a better 
illumination for the pre-salt section. This improved data 
quality can facilitate more efficient interpretation, especially 
for the primary reservoirs within the pre-salt sag sequence. 

Figure 4 - Normalized RMS amplitude measured at base 
of salt on: a) legacy single azimuth image; b) final multi-
azimuth processing image 

Courtesy of WesternGeco Multiclient 
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In summary, the results shown by the merge of multiple 
reprocessed surveys with different azimuths show the 
viability of this type of project to enhance the pre-salt 
seismic image of the central Santos Basin. A final 45 Hz 
RTM MAZ survey shows an improved resolution of the 
carbonate reservoirs as well as a better delineation of the 
fault planes in the pre-salt section. This helps reduce the 
uncertainties of the seismic interpretation.   
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Figure 5 - Autopicking of base of salt horizon on a) legacy 
single azimuth image; b) final multi-azimuth processing 
image 

Figure 6 - Seismic section of a) legacy single azimuth 
image; b) final multi-azimuth RTM image; b) TecVA of 
legacy single azimuth image; d) TecVA of final multi-

azimuth RTM image 

Courtesy of WesternGeco Multiclient 

Courtesy of WesternGeco Multiclient 
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