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Abstract 

Recent d iscoveries in pre-salt areas of Brazil’s 
Santos Basin have stimulated momentum for 
producing higher resolution images of the region’s 
geologically complex structures.  Variable-depth 
streamer acquisi tion is an emerging technology that 
can improve the usable bandwidth in both the low- 
and high-frequency ranges, reduce sea-sta te-related 
noise, and improve low frequency penetration in to the 
deep pre-salt targets.  Addi tionally, we examine its 
advantages for producing higher-resolution veloci ty 
models.   We use two real field data sets, one 
acquired wi th fla t and one wi th variable-depth 
streamers, to demonstrate the improvements to pre-
salt imaging in the region with variable-depth 
streamer data. 

 

Introduction 

In industry-wide efforts to improve imaging in 
geologically complex regions around the world , 
unconventional acquisition configurations designed to 
acquire data wi th broader bandwidth are drawing 
much attention.   One such configuration involves 
variable-depth streamers designed to create notch 
diversity, thereby increasing the usable bandwidth of 
the recorded seismic data (Soubaras , 2010).  In 
addition, because most sections of each s treamer are 
towed much deeper than conventional fla t streamers, 
the acquisition configuration also add two additional 
benefi ts to the seismic data: 1) it avoids much sea-
state-rela ted no ise, thus improving the overall  signal 
to noise ratio (S/N), and 2) the frequency band has a 
much sharper notch at zero frequency; this additional 
low frequency may be particularly beneficial for the 
pre-salt imaging. Wi th typ ical earth attenuation, the 
low frequency signal has a better chance to reach the 
pre-salt and be recorded in  the seismic acquisition.  
The variable-depth streamer acquisition can create a 
broader ampli tude spectrum while  increasing the S/N, 
especially in low frequency as compared to 
conventional fla t-s treamer acquisition.  When coupled 
with advanced imaging techniques, we can obta in 
improved images, even beneath complex sal t 
structures. 

Because of the impressive pre-salt discoveries in 
recent years, demand is growing for high-resolution 
images of the region.  We endeavor to test the 
variable-depth streamer configuration in Brazil’s 
Santos Basin.  Yet, due to the Santos Basin’s 
geologic complexi ty, designing workflows for imaging 
the region’s deep pre-salt targets can be challenging. 
We endeavor to overcome the difficul ties in both the 
pre-processing and velocity model  building.  

The improved S/N ratio and low-frequency response 
of the new acquisition may help us image deep 
beneath the salt.  In order to fully u tili ze the potential 
of the variable-depth streamer data, we need to 
preserve the wide spectrum character o f the data and 
handle the ghost properly – both in preprocessing and 
final imaging. For variable-depth s treamer data, Lin e t 
al proposed a processing flow (2011), Sablon 
discussed a multiple attenuation method (2011), and 
Langlois proposed a simplified flow for deghosting 
and demultiple (2013). We adopted the simplified flow 
in this study. 

Obtaining an accurate ve loci ty model is cri tical for 
correctly imaging the subsurface.  Huang et al . (2010) 
designed a detailed workflow for model building in the 
Santos Basin and implemented an i terative approach 
to salt in terpretation. The resul ts showed an 
improvement in  the top of salt (TOS) and base of sal t 
(BOS) re flections and, subsequently, a superior pre-
salt image. We extended the flow on the variable-
depth streamer data set, focusing on improvements to 
the pre-salt image in  the Santos Basin.   

In following sections, we demonstrate the benefi t o f 
the variable-depth streamer data on high S/N, 
especially low frequency. We brie fly in troduce the 
pre-processing flow, then focus on the veloci ty model 
building in Santos Basin to demonstrate the benefi t o f 
1) a TTI model over an isotropic model. 2) high 
resolution tomography, 3) i terative model updates . 
We finally compare our pre liminary results using 
variable-depth streamer data to an existing 
conventional , fla t-tow acquisition data set acqui red in 
a couple of years earlier. 

 

Improved Signal Content 

In variable-depth streamer acquisition, the cable 
depth follows a survey-speci fic profile that is 
shallower at the near channels and deeper towards 
the far channels. Simply because of this deeper tow 
that avoids much sea-state-rela ted no ise, we benefi t 
automatically from a higher signal-to-noise ra tio  (S/N) 
in the data.  For our study, our variable-depth 
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streamer acquisition has near channels towed as 
shallow as 10 m and far channels as deep as 50 m.  
The varia tions in cable depth create a d iverse ghos t 
response that is unattainable using conventional fla t-
streamer acquisi tion.  Wi th the deeper-than-
conventional acquisition towing cables, more low-
frequency signal is preserved. Addi tionally, the notch 
diversity, due to the variable-depth streamer, provides 
a better chance to broaden the spectrum.  The 
decrease in acquisition-related noises and the 
increase in  low frequency signal improve the S/N, 
especially at lower frequencies; this is particularly 
beneficial for pre-sal t imaging.  Figure 1 compares 
common channel gathers of both conventional and 
variable-depth streamer acquisition .  In the variable-
depth streamer data, we can observe a clear noise 
reduction, particularly in  the deeper channels, as well 
as improved event coherency below the salt, likely 
due to the improved low frequency response. 

Soubaras explained the benefits of notch diversity 
created by varying acquisition cable depths from near 
channels to far and gave an example of a post-
migration join t deconvolution deghosting method that 
suppresses residual ghost energy (2010).  A 
“bootstrap” methodology was introduced in 2012 in 
order to suppress ghost energy from pre-migrated 
shot gathers (Wang and Peng, 2012).  We implement 
this pre-migration bootstrap approach.   

We implement a simplified SRME flow (Langlois 
2013) for variable-depth streamer acquisition by 
deghosting the data prior to multiple prediction and 
then adaptively subtracting the ghost-free multip le 
from the ghost-free data, allowing for improved 
turnaround time and for addi tional  model updates.           

 

Velocity Model Building 

Regardless of the acquisition design, i .e. cons tant- or 
variable-depth streamers, veloci ty model building in 
the Santos Basin can be a chal lenge due to the deep 
pre-salt targets and complex salt bodies above them . 
Wi th this variable-depth streamer data, an isotropic 
salt flood velocity model is derived previously for fas t 
track work. It is built ini tially using veloci ty trends 
found in neighboring areas as well  as a handful  o f 
shallow wells and followed by several i terations of 
sediment tomography. The TOS in terpretation is done 
in a  coarse grid  (Langlois 2013).   

For this study, we derive a preliminary Trans verse 
Til ted Isotropy (TTI) veloci ty model that util i zes well 
information available in the region.  The rich 
bandwidth associated with variable-depth streamer 
acquisition reveals finer geologic details, thereby 
assisting interpretation of events – both sediment and 
salt. The h igh resolution offers more precise 
information in common image gathers and improves 
sediment tomography; shallow faul ts are also better 
defined.  

 

 
 

We perform high-resolution tomography around 
several  shallow well locations in order to derive a 
more accurate sediment model.  The results show 
that with the improved resolution on the data , along 
with high-resolution tomography, detailed veloci ty 
contrasts can be derived from the seismic data.  
These veloci ty inversions tie seismic events very 
accurately to the well  markers and, at the same time, 
provide more in formation on the geologic properties 
of the surrounding areas.  More accurate models can 
provide increased confidence when investigating 
potential targets, especially in  highly fractured areas 
with complex veloci ty fields.  Figure 2 demonstrates 
the improvements seen with high-resolution 
tomography on broadband data.  The higher 
frequency gathers allow for a more accurate veloci ty 

 

 
 
Figure 1:  A mid channel for conventional and 
variable-depth acquisition is shown prior to  
SRME, 1a and 1b respectively.  A 10Hz high-cut 
fil ter has been applied to each.  In the variable-
depth acquisi tion section, we can see increased 
coherency throughout and reduced sea-state 
related noise rela ted to deeper acquisition tow.  
The receiver depth is approximately 9m for the 
conventional and 29m for the variable-depth 
acquisition.   
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model in a highly fractured section.  Well in formation 
confi rms the veloci ty inversion at this location.    
Figure 3 shows an interpretation of the oi l/water 
contact.  We can see the improved continui ty and 
structural improvements between the fast-track 
isotropic model and the new TTI velocity in the area.  
We are able to tie several well markers in the region 
at the oil/water contact and to the top of the 
Cretaceous.   

The broadened spectrum enables us to perform a 
more detailed update in the Albian region and obta in 
a better TOS image. TOS and BOS are in terpreted on 
the sediment flood and salt flood volumes, 
respectively. We build a preliminary salt model and 
perform a TTI Controlled Beam Migration using the 
salt model.  The results show further improvement to 
the pre-salt structure.  Figure 4 shows a comparison 
of the preliminary TTI updated migration and the fast-
track isotropic migration; i t illustra tes enhancements 
in the pre-sal t image.  

After going through the top-down model building and 
obtaining a reasonable pre-salt image, mainly based 
on pre-sal t image, addi tional scenarios are performed 
to further improve the velocity model in both 
overburden sediment veloci ty and salt geometry. We 
observed that the pre-sal t image response sometimes 
can be a good source for judging the accuracy of the 
overburden ve loci ty model. The iterative veloci ty 
model updates show benefits to obtain a better pre-
salt image. 

 

Image comparison of conventional data and variable 
depth streamer data  

We use the preliminary TTI veloci ty model in  a region 
which overlaps an existing conventional  acquisition 
survey acquired recently.  Kirchhoff PSDM is used for 
both the conventional s treamer acquisition and the 
variable-depth s treamer acquisi tion.   

Even the variable-depth streamer data is a 
preliminary result, it still shows benefi ts when 
compared to the fina l resul t from the conventional 
data. A comparison is showed in Figure 5.  More 
continuous and stronger BOS and pre-sal t events are 
imaged with the variable-depth streamer data (Figure 
5b) when compared to the conventional fla t streamer 
results (Figure 5a). The improved signal content in 
the pre-salt, especially the low frequencies, could be 
related to higher S/N ra tio and better low frequency 
penetration provided by the deeper streamer depth in 
the variable depth streamer data.  Also, higher 
resolution and less side lobes can be seen in the 
shallow sections above salt in Figure 5d (variable-
depth s treamer) when compared to Figure 5c 
(conventional fla t streamer). The better image can 
leading to a more accurate interpretation and, 
potentially, an improved veloci ty model. 

 

 
 

Conclusions  

Variable-depth streamer acquisi tion provides highly 
notch diversified, stronger low frequency penetration 
and less see-state-rela ted noise contaminated 
broadband seismic data. In this paper we use an 
imaging flow designed for u tili zing the variable-depth 
streamer data to obtain improved pre-salt images. 
The flow includes bootstrap deghos ting, 3D SRME in 
pre-processing and TTI model building wi th high 
resolution tomography, sal t geometry in terpretation 
and iterative model updates. The resul ting images 
contains higher resolution sedimentary beddings , less 
side lobe in terference,  better defined sal t delineation  
and  clearer pre-salt structure when compared to 
images with conventional flat streamer data 
conventional data.  A more detailed processing and 
further veloci ty updated are planned for the fu ture 
work.  

 
 

 

 

 
Figure 2:  Controlled Beam Migration stacked 
images are used to demonstrate the improved 
layering of the model updates rela ted to high-
resolution tomography.  Broadened bandwidth 
helps add detail to the model .  The red arrow 
points to the oil /water contact wi th mis-ties 
varying from  3-5 m in  the sediment flood volume. 
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Figure 4:  A Contro lled Beam Migration is used to show the improved pre-salt image in the pre-salt 
section after high-resolution TTI tomography.  The image on the le ft is the fast-track isotropic image.  On 
the right is a  preliminary TTI result. 

       
Figure 3:  A Controlled Beam Migration is used to show benefits o f the production TTI veloci ty updates.  
Well markers indicate misties between 12-15 m for the isotropic model , and wi thin 3  m for the TTI model  
and can be seen in the depth slices for isotropic and TTI in figures 3a and 3b respectively.  The oil /water 
contact is also significantly flatter in  the TTI model update shown in figures 3c and 3d.  
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Figure 5:  A comparison of a conventional acquisi tion and variable-depth acquisition is shown in Figures 
5a and 5b respectively.  We can see improved pre-sal t resolu tion and focusing at the BOS.  A zoomed 
section is shown in Figures 5c and 5d.  Notice the improved defini tion of the faults and reduction of side 
lobes at the top of salt. 
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