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Abstract 

 The limitations in conventional marine seismic surveys such as imaging of 

complicated geology in the deep water motivate a quest for new and alternative 

technologies such as OBNs (ocean-bottom nodes). In this study, survey designs for OBN 

to provide better fold, offset, and azimuth distributions are created. Augmented VSP 

geometries are also studied and compared with conventional orthogonal geometries. 

Then I created joint survey design with both VSP and OBN by combining these two 

surveys. The results show that joint survey design of VSP and OBN has improved 

azimuth and offset distribution then VSP itself. In this case, limitations with VSP survey 

such as poor azimuth and offset coverage can be enhanced by combining VSP survey 

with ocean-bottom nodes. 

 A main challenge with the ocean-bottom nodes is now processing and imaging of 

the data. ¢ƘŜ Ƴirror migration technique is an effective solution for this challenge by 

separation of the seabed hydrophone and geophone data into up-going and down-going 

waves. In this study, I explained that mirror imaging (imaging from the down-going 

ghost reflections) can produce better image quality than conventional up-going imaging. 

To understand the mirror imaging technique, we first generated synthetic dataset to 

apply this technique. I then apply mirror imaging technique to SeabirdΩǎ {ŜŀǘǊƛŀƭ h.b 

dataset acquired near the Atlantis field in the Gulf of Mexico. To obtain images from 

down-going and up-going waves, we used Kirchhoff pre-stack time migration (KPSTM), 
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Kirchhoff pre-stack depth migration (KPSDM) and reverse time migration (RTM) 

algorithms. The results show that mirror imaging of down-going waves provide better 

illuminated image from shallow subsurface than conventional migration of up-going 

waves.   
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Chapter 1  

INTRODUCTION 

Subsurface imaging for clastic sediments by using 3D seismic surveys has been 

proven particularly successful; however, imaging geologies under complex overburdens 

such as salt body like the Atlantis Sigsbee basin in the deep water of the Gulf of Mexico 

is a still challenge in deep water (Orange, 2003). 

Conventional narrow-azimuth (NAZ) streamer data can have large non-

illuminated zones beneath complex geology. In this case, recording wide-azimuth (WAZ) 

seismic data can be helpful in reducing non-illuminated zones. Vertical seismic profiling 

(VSP) and ocean-bottom seismometer (OBS, OBC, or OBN) techniques can provide WAZ 

data; however, these techniques also have challenges of their own in deep water 

(Moldoveanu, 2006). 

The conventional towed streamer method often provides high quality seismic 

data, but streamers have some limitations due to obstacles such as production 

platforms. These limitations motivate a quest for new and alternative technologies such 

as ocean-bottom nodes (OBN) and ocean-bottom cables (OBC) (Figure 1) which are the 

two main acquisition methods to acquire data on the seafloor. The OBN and OBC 

concepts are a development from ocean-bottom seismometers (OBS). The motivation 

for acquiring data on the sea floor is not only the obstacles. The other important 
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motivation for OBS is that OBS provides wide azimuth geometries. This is important key 

for imaging structures under complex overburdens such as subsalt (Grion, 2007). 

     

Figure 1.1:  Ocean-bottom cable (OBC) (right) and ocean-bottom node (OBN) (left) 
acquisition. OBC is deployed on the seafloor and connected by electrical wires. OBN is 
also deployed on the seafloor; however, they are autonomous recording system. 

 

The other advantage of ocean-bottom acquisition technologies is flexibility. 

Ocean-bottom nodes can be deployed almost anywhere. This flexibility gives us 

opportunity to combine the ocean-bottom nodes with other surveys such as VSP survey.  

There are varies of VSP survey geometry such as 3D VSP with grids, walk away 

geometry, far and near offset VSP, and circular geometry (coil shooting, ring shooting, 

spiral and spokes shooting).  

3D VSP with circular shooting has been used for 3D imaging near the borehole. 

VSP itself, however, still has some limitations such as poor offset and angular coverage 

per bin and limited total bin fold. This limitation in the VSP can be enhanced by 

combining ocean-bottom nodes on the sea floor with VSP survey.  
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In this work, many survey designs created in OMNI 3D Survey Design software by 

GEDCO (Geophysical Exploration and Development Co.). Joint OBN and VSP survey 

design created to achieve better offset and azimuth distribution than VSP survey itself.  

The compressional-wave images of the subsurface can be obtained by OBN 

seismic data. Water-layer reverberations are well known problem with conventional 

streamer seismic data. The compressional-wave images for OBN recordings have fewer 

water layer reverberations than image obtained from streamer seismic data. The up-

going P-wave and down-going P-wave recorded on the sea floor by multi-component 

ocean-bottom nodes can be separated by combining the vertical component (Z 

component) and pressure component (hydrophone). This process is called PZ 

summation. Details on the PZ summation process are mentioned by Soubaras (1996).  

The ocean-bottom node seismic data, which are used in this study, were 

provided by Seabird Exploration. The Atlantis Seatrial 3D-4C OBN survey was acquired 

by SeaBird Exploration in 2009 over the Atlantis field at Gulf of Mexico. A total of 41 

nodes were used at 17 locations on receiver lines to record the data from the sea 

bottom.  

The Seatrial OBN data set were used to process and image the data from ocean-

bottom. Since the OBN acquisition has high cost, a sparse receiver interval is usually 

used to acquire the data. This type of acquisition has several problems, such as 
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illumination. The illumination, specifically of the shallow surface, is poor because of 

sparse receiver locations (Alerini et al., 2009).   

The large receiver spacing causes the poor continuity of event in common-shot 

gathers, common-mid point (CMP) and common-image gathers (CIGs). Because of this 

poor continuity, velocity model estimation will fail or be difficult. These difficulties 

motivated me to image the data in receiver domain from down-going waves. Both up-

going and down-going waves were imaged to understand the improvement in the 

illumination of shallow area.   

It is impossible to mention all aspects related with ocean-bottom acquisition in 

single dissertation. In this work, I focused on PZ summation and imaging up-going and 

down-going wavefields (Mirror Imaging). Imaging via Kirchhoff Pre-stack Time Migration 

(PSTM) and Reverse Time Migration (RTM) were performed for synthetic data and real 

data from Seatrial Atlantis Field for OBN type data acquisition. Software packages Vista 

by GEDCO, Echos and GeoDepth by Paradigm were used in this study to process and 

image the data. For imaging the data sets, Allied Geophysical Laboratories (AGL) and 

ParadiƎƳΩǎ ǇƻǿŜǊŦǳƭ ŎƻƳǇǳǘŜǊǎ ǿŜǊŜ ǳǎŜŘΦ  

1.1. Motivation to Deploy Ocean-bottom Node Technology  

Some of the advantages of seismic acquisition using OBN technology can be 

listed as: 
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1) The wide-offset and wide-azimuth geometry can be designed to illuminate 

structures under complex overburdens such as subsalt. The Figure 1.2 clearly shows that 

the illumination under salt model for receiver migrated node acquisition is much better 

than conventional narrow azimuth towed streamer.  

2) Shots within each receiver bin can provide full-azimuth coverage with suitable 

fold and offset coverage.  

3) Dense source array with sparse OBS receiver array can provide uniform wave 

field sampling. 

 

Figure 1.2:  Comparison of narrow azimuth towed streamer (A), and receiver migrated 
OBS node (B). The node images benefit from the improved salt model (Beaudoin, 2010).   

 

4) Node seismic has higher resolution both vertically and laterally than narrow 

azimuth towed streamer (NATS) seismic because of high fidelity sensors recording in low 

noise environment. (Figure 1.3) 
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Figure 1.3:  Comparison of extra-salt images at the Miocene level at Atlantis.  Higher 
resolution and improved fault definition are apparent in the OBS wide-azimuth node 
image on the bottom compared to the narrow-azimuth towed streamer image above 
(Howie et al. 2008). 

  

5) Up-going and down-going waves can be separated at the seafloor for 

multiples attenuation or imaging using the multiples (Maxwell, 2007) (Figure 1.4).  

6) Seismic acquisition is less affected by surface weather conditions. 
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Figure 1.4:  Wavefield separation. From left to right, a common receiver gather (CRG) for 

a) pressure, b) vertical component of particle velocity, c) up-going wavefield, d) down-

going wavefield, and (e) the up-down deconvolution result. Events M1 and M2 are the 

first and second order water-layer multiples (Wang, 2010). 

 

7) Both P-waves and S-waves can be recorded.  

Analysis of the shear waves is one of the advantages of the OBN data. The PS 

section of the OBN data can be useful in several areas such as identification of 

hydrocarbons and gas presence. Due to shear waves are not affected by presence of 

gas, they can help to identify the subsurface image.  
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Figure 1.5:  PP and PS imaging.  The PS image (right) reveals details of the reservoir 
which are hidden on the PP image (left) by effects from the shallow gas (Ronholt et al., 
2008) 

 

Multicomponent acquisition and processing can provide better and improved 

imaging compared to conventional data. The amplitude of P-waves passing through the 

gas is attenuated. This causes structural distortion because of the low velocities in the 

vicinity of the gas. This affects events beneath the gas giving rise to false structure. 

Unlike P-waves, S-wave amplitudes are undiminished and so provide clear images under 

the gas. 

Figure 1.5 shows the example of PP and PS imaging. It is clear that the converted 

wave (PS) images provide a better continuity of the seismic events beneath the shallow 

gas (annotated with red circles) compared to the compressional PP images.  

PP PS 
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The other advantages of OBN data are time-lapse (4D) repeatability, vector 

fidelity of the seismic wavefield, vector decomposition, coupling of geophones with the 

ocean-bottom, and PZ summation. 
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Chapter 2  

OBN, VSP and JOINT OBN-VSP SURVEY DESIGNS 

2.1. Ocean-bottom Acquisition Techniques 

To provide large-scale information for crustal studies and lithospheric 

investigations, ocean-bottom seismometers (OBS) (Figure 2.1) have been used for many 

years by universities and oceanographic research groups (Maxwell, 2007).  

 

                        

 

 

 

 

 

       

 

 

Figure 2.1:  Ocean-bottom Seismograph (OBS) consist of 3 component geophones and a 

hydrophone (Modified from GeoPro ocean-bottom seismograph). 

 

The advantages of OBS technique were mentioned earlier by Zachariadis et al. 

(1983). They indicated that advantages of OBS technique: deployment and recovery of 

Geophone housing 

Acoustic release 
system 

Transducer 

Hydrophone 

Radio antenna 

Batteries 
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OBSs are generally straight forward, low signal to noise may obtained and geophones 

may use with hydrophones. This technique also has been overviewed by Loncarevic et 

al. (1983). According to them, this technique was first used in the mid-1930s; however, 

the expectations were not fulfilled because of the noise at marine sites was not much 

lower than land surveys. The other problems were instruments cost, complexity, and 

unreliability. According to Zachariadis et al. (1983), Mobil Oil Co. evaluated the use of 

academic OBS designs for refraction work in 1975. 

Ocean-bottom Cable (OBC) surveying is modified from conventional streamers to 

lie on the sea bottom (Gallant et al. 1996). Figure 2.2 shows the schematic illustration of 

OBC receivers array on the sea floor. Usually, at least two vessels are used to acquire 

the data from ocean-bottom in the OBC technique. One of these vessels records the 

information from the ocean-bottom. Another vessel carries the source. The OBC 

technique can be used as a dual-sensor cable laid on the ocean floor, which records 

both the velocity and pressure signals (Figure 2.3). The dual-sensor systems have been 

used to attenuate the receiver side ghost from the recorded seismic data (Gallant et al. 

1996). 

One of the first acquisitions with OBC technique is reported by Zachariadis and 

Bowden (1986). According to the authors, this technique was used in areas where there 

are navigational obstacles such as production or exploration platforms or buoys. The 

authors also mentioned other advantages of OBC technique such as better positioning 

and uniform acquisition pattern.  
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Figure 2.2:  Schematic illustration of OBC receivers lay on the sea bottom. 4C receivers 

record the velocity and pressure.  

 

 

Figure 2.3:  Examples of 4-C receivers in an ocean-bottom cable (modified from Caldwell 
et al., 1999). From left to right, the hydrophone (pressure sensitive), radial (inline), 
transverse (crossline) and vertical components.  

 

Ocean-bottom 
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The Ocean-bottom seismometer technique (OBS) which has been used for 

several decades was the pioneer in the development of ocean-bottom node concept.  

 

   

            

Figure 2.4:  Ocean-bottom node system consists of 3C geophone module, hydrophone, 

and battery and recorder module.  Top figure shows node with cover, bottom show 

node without cover Modified from Fairfield ocean-bottom node.  
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The ocean-bottom nodes (Figure 2.4) are autonomous seismic recording units 

operating on the seafloor while a source vessel shoots lines above. The ocean-bottom 

nodes record 4C (four components) data; three components geophone to record seabed 

motions and a hydrophone to record water-borne pressure.  

Between 2000 and 2005, OBNs were ǳǎŜŘ ŦƻǊ ǘƘŜ .tΩǎ !ǘƭŀƴǘƛǎ h.{ ǇǊƻƧŜŎǘ in the 

Gulf of Mexico. According to Howie et al. (2008), this project was the worldΩǎ ŦƛǊǎǘ 3D 

deepwater and wide-azimuth ocean-bottom seismic acquisiton. The results (Figure 2.5) 

show that 3D OBN data has higher resolution, excellent reflector continuity, and 

improved structural definition in Atlantis field, compare with the existing streamer data 

(Howie et al. 2008). 

 

  

Figure 2.5:  Imaging comparison at Atlantis of 3D conventional marine seismic (left) and 
receiver migrated 3D OBN seismic (right). The node images benefit from an improved 
salt model (Howie et al., 2008) Courtesy BP.   

Streamer Migrated Node Migrated 
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2.2. VSP Survey Design 

Borehole seismic surveys have a long history of providing rock properties such as 

interval velocity, impedance, and attenuation near the borehole (Stewart and Gulati, 

1997). To image and estimate rock properties near or between wells, in situ 

measurements such as VSP, reverse VSP and cross surveys have proven useful (Zhang, 

2005).  

3D offshore vertical seismic profile (VSP)  has been successfully proven to 

improve seismic imaging of complex structural and stratigraphic features (Ray et al., 

2003; Hornby et al., нллсύ ŀƴŘ ǊŜŎŜƴǘƭȅ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ŦƻǊ ƛƳŀƎƛƴƎ άōƭƛƴŘ ǎǇƻǘǎέ ƛƴ 

surface seismic coverage (Hornby et al., 2005; Hornby et al., 2007).  

There are varies of VSP survey geometry such as 3D VSP with grids, walk away 

geometry, far and near offset VSP, and circular geometry (coil shooting, ring shooting, 

spiral and spokes shooting). In this study, I use circular shooting geometry to create 

survey designs.  

Burch et al. (2010) reported 3D VSP survey in the deepwater Gulf of Mexico with 

circular geometry. According to author, circular sail pattern was chosen as the most 

effective shot geometry for this survey. Totally 17,000 shots were acquired with offset 

up to 6000 m (Burch et al, 2010). Figure 2.6 shows the circular shot geometry of this 

survey.  
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Figure 2.6:  Map of shots geometry in a circular pattern for 3D VSP (Burch, 2010) 

 

In this study, OMNI 3D survey design software is used to create VSP surveys. 

OMNI 3D from Geophysical Exploration and Development Co. (GEDCO), Calgary is an 

industry-standard software package for seismic survey design and modeling.  

First a 3D VSP marine survey with circular shooting geometry was created to 

assess azimuth and offset distribution. We created 4 different surveys with different 

shot and receiver numbers in order to compare surveys. The survey parameters for 

these VSP surveys can be seen in Table 1.  

6000 m 

(760 m) 
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 # of Shots # of Receivers Max Depth fold 

VSP Survey 1 686 50 48 

VSP Survey 2 2760 50 149 

VSP Survey 3 1378 25 41 

VSP Survey 4 1378 100 185 

 

Table 1. Compare of VSP survey design parameters 

 

 

 

 

Figure 2.7:  Depth Fold map of VSP survey designs with different parameters. The left 
top is Survey 1, right top is Survey 2, the left bottom is Survey 3, and the right bottom is 
Survey 4.  
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It is clear that increasing the number of shots increases the maximum depth fold. 

Since increasing the number of shots effect the cost of survey, the ideal sea surface 

source distribution for this VSP survey ends up with 10 concentric circles, separated by 

200 m, radiating out from the well containing the borehole geophone array because of 

the economical and practical reasons. The shooting interval for each circle is 50 m. 

There are total 50 borehole receivers with 50 m interval (Figure 2.8).  

 

 

Figure 2.8:  VSP source and receiver positions on 3D view. Red symbols represent shot 
locations (10 concentric circles) and blue symbols represent receiver locations. 
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It can be clearly seen in Figure 2.9 that area close to center of circles (near 

offsets) has higher and better fold distribution. For this survey, maximum fold around 

center is 88 CMP fold.  

 

 

Figure 2.9:  Fold map of 3D VSP survey with circular shooting geometry (10 concentric 
circles). The top shows a plane view of fold distribution and bottom shows 3D view. The 
red color indicates maximum fold, blue indicates minimum fold.  
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Figure 2.10:  Azimuth and fold distribution for selected bin grid. Top left shows azimuth, 
right shows fold, and bottom shows selected partial bin grid.  

 

From Figure 2.10, it can be noticed that VSP has still limitations such as suffering 

from restricted angular coverage per bin, poor offset coverage, and limited total bin 

fold. Solution for VSP limitations will be discussed in following sections. 
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2.3. Ocean-bottom Node (OBN) Survey Design 

Ocean-bottom node surveys are usually shot with a dense shot carpet. Figure 

2.11 shows an example with 16.85m x 46.5m shot interval/source line interval. The most 

common geometries in 3D OBN seismic acquisition are orthogonal and parallel 

geometry with dense shot carpet. Based on this standard geometry, receiver locations 

on the sea floor and source locations on the sea surface can be regularized. 

     

Figure 2.11: Example of dense shot carpet geometry from Atlantis Seatrial survey. Blue 
points show nodes locations and black dots show shot locations.  
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In this work, I created survey design for 3D OBN seismic with circular shooting. 

This circular shooting geometry with OBN survey compared in azimuth and offset 

distribution with regular OBN surveys.   

In 2009, Apache Co. decided to acquire 3D seismic data to image shallow gas 

accumulations at Fortis field, North Sea. However, towed streamers were not able to 

acquire data near or under existing platforms. Because of this limitation Apache decided 

to use ocean-bottom nodes to image directly under platform (Koster, et al., 2011).  A 

total of 154 nodes deployed on the sea floor by hexagonal receiver geometry wit 58 m 

receiver intervals. 10 m shot interval was used to acquire the data (Figure 2.12). 

           

Figure 2.12:  Hexagonal receiver location (blue dots) under platform with 58 m interval, 
circular shooting geometry (black dots) with 10m shot interval and 10, interval between 
circles (Apache Co., 2009).  
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To test circular shooting geometry with ocean-bottom survey, first I created 

regular OBN survey with orthogonal source and receiver geometry. A total of 100 nodes 

are located on the sea floor (500 m water depth) with 400 m intervals. There is 200 m 

indent between receiver lines.  Dense shot carpet geometry, which has orthogonal shot 

lines, was used to generate source geometry on the nodes. The distance between shots 

is 25 m shot interval with 50 m shot line interval. This survey has total 41276 shots. 

Different shot and shot line intervals were used to create a survey with the same 

number of shots in the circular shooting geometry (Figure 2.13). The survey parameters 

ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ōŀǎŜŘ ƻƴ /ƻǊŘǎŜƴΩǎ ŎǊƛǘŜǊƛŀΦ ¢ƘŜ /ƻǊŘǎŜƴΩǎ ŎǊƛǘŜǊƛŀ ŦƻǊ о5 ǎǳǊǾŜȅ Ŏŀƴ ōŜ 

found in Appendix A (fundamental of survey design).    

  

Figure 2.13:  Receiver locations (blue dot) and dense shot (red dots) carpet geometry for 
orthogonal OBN survey. 
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Orthogonal shot lines on the marine surveys require turning the vessel 180 

degrees to start shooting new line. Turning vessel causes additional cost and waste of 

time. These disadvantages of orthogonal line shooting motivate me to create survey 

with circular shooting geometry.  

 Figure 2.14 shows source and receiver locations for circular shooting geometry 

with OBN survey.  The survey consists of 41188 shots.  25 m source interval with 25 m 

circle interval was used to optimize the area of coverage. The same receiver geometry 

and water depth with previous design was used to located nodes on the sea floor.  

 

 

Figure 2.14:  Circular shooting geometry with ocean-bottom nodes. Red dots represent 
source locations and blue dots represent receiver locations.  
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Fold distribution for both orthogonal lines and circular shooting geometry can be 

seen in Figure 2.15. The top of Figure 2.15 shows the fold distribution for OBN survey 

with circular shooting, and the bottom part shows the fold distribution for OBN survey 

with orthogonal lines shooting geometry.  The figure clearly shows that circular shooting 

has more even fold distribution than orthogonal shooting: however orthogonal shooting 

has better fold coverage. 

     

   

Figure 2.15:  Fold distributions for OBN surveys. The top figure shows circular shooting 
fold distribution and the bottom shows orthogonal shooting fold distribution.  
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Figure 2.16:  Comparison of azimuth (bottom) and offset (top) coverage for both 
surveys. The left charts are offset and azimuth distribution for circular shooting and the 
right charts are offset and azimuth distribution for orthogonal shooting. 

 

Azimuth and offset coverage for both surveys are compared in Figure 2.16. The 

top charts show the number of traces that fall in each range of offset values. The 

bottom charts represent the number of traces that fall in each range of azimuth values. 

From Figure 2.16, it can be seen that circular shooting geometry has better offset and 

azimuth distribution than orthogonal survey. 

Figure 2.17 shows the comparison of circular shooting geometry and orthogonal 

shooting geometry in rose diagram. This diagram colored by the number of traces that 



27 
 

fall in each sector, defined by offset steps (50 m) and azimuth steps (10o). Figure 2.17 

also shows that azimuth distribution is better in circular shooting geometry than 

orthogonal shooting geometry.  

 

 

Figure 2.17:  Comparison of circular shooting geometry (top) and orthogonal shooting 
geometry (bottom) in rose diagram.  
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Figure 2.18 shows also azimuth and offset distribution azimuth and offset 

distribution in selected bin grid for circular and orthogonal shooting geometry. Circular 

shooting azimuth and offset distribution are shown in top part of the figure. Left top 

shows spider diagram of circular shooting, and right top shows offset distribution.  

 

      

     

Figure 2.18:  Azimuth and offset distribution in selected bin grid for circular and 
orthogonal shooting geometry. Top left shows azimuth distribution and top right shows 
offset distribution for circular shooting. Bottom left represents azimuth distribution and 
bottom right offset distribution for orthogonal shooting.  
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It can be clearly said that ocean-bottom node survey with circular shooting has 

better fold and offset distribution than orthogonal shooting.  Another advantage of 

circular shooting is that circular shooting needs less time and cost than orthogonal 

shooting to complete the same survey.  

Wide-azimuth data can be acquired by 3-4 seismic vessels to improve the quality 

of complex overburden imaging. However, in comparison with parallel WAZ acquisition 

geometry, a single vessel with circular shooting geometry can deliver some advantages 

such as a better range of azimuth, fold, and offset distribution (Moldoveanu, 2008).  

2.4. Joint OBN-VSP Survey Design 

As mentioned earlier in the chapter, 3D VSP with circular shooting has been used 

for 3D imaging; however, it still has some limitations such as poor offset and angular 

coverage per bin and limited total bin fold with 3D VSP survey.  

In this study, I created a survey design by combining ocean-bottom nodes with 

VSP survey. The idea was that these limitations in the VSP can be overcome by 

combining ocean-bottom nodes on the sea floor with VSP.  

VSP survey design was reviewed in section 2.2. To see improvement in azimuth and 

offset coverage, I combined ocean-bottom nodes with this VSP survey and created a new survey 

design.  For this new survey, the same concentric circles with VSP survey were used to generate 

source geometry, 10 concentric circles, separated by 200 m, radiating out from the well 

containing the borehole geophone array. The shooting interval for each circle is 50 m. 
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There are total 50 borehole receivers with 50 m interval. Ocean-bottom nodes geometry 

on the sea floor is based on 200 m sparse receiver grid (200x200 m). A total of 100 

nodes are combined with the VSP survey (Figure 2.18).  

 

 

Figure 2.19:  3D view of source and receiver locations for joint OBN-VSP survey. Red 
circles shows shots, and blue point shows VSP receiver and ocean-bottom node 
locations.   

 

Figure 2.19 shows fold distribution in plain and 3D view for VSP survey itself, and 

Figure 2.20 shows fold distribution for joint OBN-VSP survey. Improvement in fold 

coverage for joint survey can be easily noticed from 3D view. Maximum number of fold 

in joint survey increases from 88 to 125 fold.  
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Figure 2.20:  Fold coverage for VSP survey itself in plane view on top and 3D view on 
bottom. 
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Figure 2.21:  Fold coverage for joint OBN-VSP survey in plane view on top and 3D view 
on bottom. 
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Joint OBN-VSP survey has improvement in azimuth and offset distribution also. 

Figure 2.21 shows the comparison of azimuthal coverage in spider diagram for both VSP 

itself and joint OBN-VSP survey. It is clear that joint survey design has better azimuthal 

coverage than VSP survey itself. VSP survey has limited azimuthal coverage in the 

direction of borehole; however, VSP survey with ocean-bottom nodes has full azimuth 

coverage.   

 

 

Figure 2.22:  Comparison of azimuthal coverage for both surveys in selected area. Top shows 

azimuth distribution for VSP survey itself, bottom shows azimuth distribution for joint survey.  
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Offset distribution for both surveys can be seen in Figure 2.22. It is noticeable 

that joint survey design has better offset coverage than VSP survey itself. The limitations 

with VSP seismic such as poor azimuth and offset coverage were overcome by 

combining ocean-bottom nodes with VSP survey. Deploying nodes on the seafloor might 

be time and cost consuming; however, it can provide better data to image complex 

structures and some advantages such as a better azimuthal, fold, and offset coverage.  

 

 

Figure 2.23:  Comparison of offset coverage for both surveys in selected area. Top shows 
offset distribution for VSP survey itself; bottom shows offset distribution for joint 
survey.  
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Chapter 3  

ATLANTIS SEABIRD SEATRIAL 3D-4C OBN SURVEY  

3.1. Atlantis Field and Deepwater Imaging Challenges 

The Atlantis field, discovered in 1998, is located approximately 190 miles south 

of New Orleans in the Gulf of Mexico in the southern Green Canyon protraction area 

(Howie, 2008) (Figure 3.1).  

 

 

Figure 3.1:  Location map of Atlantis field, Gulf of Mexico (Howie et al., 2008). 
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According to Howie et al. (2008), Atlantis is giant oil filed. The field is expected to 

produce about 200,000 barrels per day of oil and 180 million cubic feet per day of gas. 

The Atlantis field has several fundamental challenges to image the subsalt 

portions of the field. One of the main challenges is that northern portions of the 

structure locate under a complex allochthonous όƳŜŀƴƛƴƎ άƻǳǘ ƻŦ ǇƭŀŎŜέΣ ŀǎ opposed to 

άŀǳǘƻŎƘǘƘƻƴƻǳǎέ Ґ άƛƴ ǇƭŀŎŜέύ salt body. Another challenge is that the part of complex 

salt body, called autochthonous salt, approaches the sea floor (Figure 3.2). Another 

challenge is that the part of complex salt body approaches the sea floor. This causes a 

major bathymetric feature on the sea floor which is known as Sigsbee Escarpment. 

Depth of Sigsbee Escarpment changes from 1300 m to 2400 m with slopes up to 30 

degrees (Figure 3.3).  

  

Figure 3.2:  Geological cross section over the Atlantis field. (Howie et al., 2008) 
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Figure 3.3:  3D view of Sigsbee Escarpment. Sigsbee bathymetry was displayed on OMNI 
3D. The black circle indicates the area of Atlantis field.  

 

Conventional narrow azimuth streamer acquisition is inadequate in imaging over 

Atlantis structures because of the complex sea floor and complex overburden. An OBN 

survey seems well suited for Atlantis field due to complex seafloor, subsalt imaging 

challenges and water too deep for cables. These imaging challenges at Atlantis field 

motivated BP for using ocean-bottom nodes at this location. BP deployed over 900 

autonomous nodes on the sea floor in water depth ranging from 1300 to 2400 m at 

Atlantis field in late 2005 to early 2006 (Beaudoin, 2006).  
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3.2. Atlantis Seatrial 3D-4C OBN Survey  

Another ocean-bottom survey, Atlantis Seatrial 4C ocean-bottom node (OBN) 

survey, was acquired by SeaBird Exploration in 2009 over the Atlantis field at Gulf of 

Mexico. It was a trial OBN survey with 41 nodes at 17 locations on receiver line to record 

the data from sea bottom. There are 14058 shot points in total, 4 crosslines (three short 

and one long), one long inline and dense shot carpets (26.85m x 46.5m). Figure 3.4 

shows the receiver and shot locations of Seatrial survey.  

           

Figure 3.4:  Atlantis Seatrial survey. Shot (black dots) and node positions (blue dot) 

 

I used the same receiver and shot locations with the Seatrial OBN survey to 

create a new survey in OMNI 3D to see illumination, fold, azimuth, and offset 
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distributions. The same water depths, ranging from 1300 to 2400 meters, were used to 

specify the target depth and receiver attributes. Figure 3.5 shows the illumination on 

the sea floor. The black dots indicated the receiver location on the sea floor and the red 

dots indicates source location on the sea surface. 

 

 

Figure 3.5:  Illumination of Seatrial OBN survey on the sea floor. The black dots inticates 
node locations, red dots indicate source locations. The grey surface indicates ocean-
bottom with elevation range from -2400 m to -1300 m.   

 

Maximum fold is located on the long inline over the receiver line. Average fold 

distribution on the sea floor is 96 fold (green area) which can be seen in the Figure 3.5.  

Azimuth and offset distribution results for Seatrial survey are shown in Figure 3.6. 
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        (a)                          (b) 

     

       (c)              (d) 

Figure 3.6:  Azimuth and Offset distribution of Seatrial OBN servey. (a) Offset 
distribution-trace count. (b) offset distribution ς stick diagram. (c) Azimuth distribution-
trace count. (d) azimuth distrubition ς spider diagram.  

 

The Seatrial OBN dataset was used to process and image the ocean-bottom data 

from Atlantis field.  Figure 3.7 indicates a raw receiver gathers for radial, transverse, 

vertical and hydrophone components from Seatrial OBN data set. As a raw data analysis, 

direct arrivals, first water bottom multiples, PS-converted waves, and P-wave reflections 
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can be seen from Figure 3.6. All processing and imaging steps will be described in the 

next chapter.  

  

Figure 3.7:  Raw receiver gathers from Seatrial OBN dataset. From left to right: X , Y, Z 

(vertical) and P (pressure) components.  

 

3.3. Atlantis Field Synthetic Data  

As mentioned earlier, narrow-azimuth conventional streamer data imaging has 

some limitations in complex areas such as subsalt in the deepwater Gulf of Mexico. 

These limitations can be enhanced by using ocean-bottom nodes on the sea floor to 

acquire wide-azimuth data (Shoshitaishvili, 2006).    

To demonstrate that OBN acquisition geometry with sparse receiver locations 

and dense shot locations can provide competence image quality, I created a synthetic 
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ocean-bottom seismic dataset using finite difference modeling of acoustic waves in 

Echos software. The Seatrial Atlantis OBN survey acquisition geometry was used to 

create synthetic data, dense source interval and sparse receiver interval. The synthetic 

data has 426 m receiver interval, ~50 m shot interval, and 2 ms sampling interval.  

I extract the water bottom depths from real Seatrial OBN dataset, to create a 

synthetic model with the same depth of the sea floor as in real survey. The model 

consists of ocean-bottom and three flat reflectors (Figure 3.8).  

 

Figure 3.8:  2D section of synthetic velocity model.  

V1= 1500 m/sn 

V2= 2500 m/sn 

V3= 3000 m/sn 

V4= 3500 m/sn 

V5= 4000 m/sn 
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Figure 3.9:  Atlantis field synthetic receiver gathers.   

 

Synthetic data which were generated from Atlantis field, Gulf of Mexico are 

shown in Figure 3.9. Since synthetic data are generated with free surface, direct arrivals, 

reflections from flat layers, first water-bottom multiples, receiver, and source-side 

multiples can be seen in Figure 3.9.  
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Figure 3.10:  Synthetic up-going wavefield data and real Z component data from the 
Seatrial OBN survey.   

 

Figure 3.10 shows the receiver gathers from both synthetic and Seatrial dataset 

for node number 1024 and shot line number 6. Since I used the same water bottom 

depth with Seatrial dataset, first arrivals, highlighted in blue circle, are the same for both 

dataset. There are no multiples, but only up-going primaries can be seen on the 

synthetic data because I created the data with no free surface. This is the reason that 
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first water bottom multiples, highlighted red in the Seatrial real data, cannot be seen in 

synthetic data. This refers that synthetic data generated with no free surface carries 

information from only primaries as up-going wavefield.  

 

 

Figure 3.11:  Synthetic down-going wavefield data and real down-going wavefield data 
from Seatrial OBN survey. In down-going synthetic data, direct arrivals and receiver-side 
ghost can be clearly seen.  
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To generate down-going synthetic data, I used the down-going wavefield from 

the Seatrial OBN real data. The wavefield separation of OBN data into up-going and 

down-going will be explained in the next chapter (chapter 4).  

Figure 3.11 represents synthetic down-going wavefield on the left side and real 

down-going wavefield from Seatrial OBN dataset on the right side.  It is clear that down-

going wavefield carries information from multiples. Since I used the same water bottom 

topography with the real data to generate synthetic data, synthetic data has the same 

water bottom multiple with the real data. Multiples of the flat layers can be seen under 

first water bottom multiples. However there is no primary information from flat layers 

in the down-going wavefield data.   

These down-going and up-going synthetic datasets will be used for imaging in 

the next chapter to understand mirror imaging method. 
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Chapter 4  

OCEAN-BOTTOM NODE DATA PROCESSING AND IMAGING 

4.1. Motivation  

High-quality data from the sea floor can be acquired with ocean-bottom node 

acquisition techniques. As mentioned earlier, ocean-bottom node acquisition can 

provide wide-azimuth data set with sparse receiver interval and dense source interval. 

The ocean-bottom nodes are often deployed on and retrieved from the sea floor by 

remotely operated vehicles (ROVs). Running ROVs to position nodes on the sea floor is 

an expensive process. Thus, a sparse receiver interval is generally used to acquire the 

data on the sea floor because of the higher cost of operations (Alerini, 2009). 

A main challenge with the ocean-bottom nodes is now processing and imaging of 

the data. Acquiring the data on the sea floor from deep water, with a large distance 

between nodes makes the conventional processing steps difficult to apply for OBN 

datasets. Another disadvantage of the OBN survey with sparse receiver intervals is that 

illumination at shallow subsurface is poor (Alerini, 2009).  

According to Ronen et al. (2005), velocity model estimation of ocean-bottom 

node data is difficult since poor illumination makes the continuity of events in common-

shot gathers, common-midpoint gathers, and common-image gathers difficult to 

determine.  
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  To estimate the velocity model from Seabird OBN dataset, I tried different 

approaches in this study. First, many migration sections were obtained with different 

constant velocities (from 1400 m/s to 3000 m/s). I then compared these sections with 

each other to estimate best velocity model.  Another approach to estimate the velocity 

model from updating velocities using common-image gathers.  

Water-bottom reverberations are a well-known problem for marine acquisition. 

According to Dash et al. (2009), many researchers have worked on suppressing the 

water layer multiples. The assumption that multiples are noise is the main reason to 

suppress the water layer related multiples. However, the only difference between 

primaries and multiples is that multiples travel along different paths (Dash, 2009).  

In this study, I used the water layer multiples (down-going wavefield) to improve 

the image quality and illumination at shallow subsurface. Imaging with the down-going 

wavefield is called the mirror imaging method. Kirchhoff pre-stack time migration, 

Kirchhoff pre-stack depth migration, and reverse time migration (RTM) adapted for OBN 

were used to image the datasets.  

4.2. Wavefield Separation   

Wavefield separation techniques have been developed by many researchers, e.g. 

Amundsen and Reitan (1995), Osen et al. (1999), and Schalkwijk et al. (1999). According 

to Dash et al., (2009), White (1965) was the first to recognize that the receiver side 

water layer multiples can be removed by combining the pressure and velocity phones. 
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Since pressure is a scalar quantity, which means it is independent of the up-going (U) or 

down-going direction (D),  U and D pressure wavefields have the same polarity on the 

seafloor pressure recording (Dash, 2009).  

Figure 4.1 shows the up-going and down-going recordings by hydrophone and 

geophone on the sea floor. Both hydrophone and geophone record same polarity below 

the sea floor; however they record opposite polarity above the sea floor (Barr et al., 

1989; Dragoset et al., 1994; Ball, 1996; Barr et al., 1997; Bale, 1998).  

 

Figure 4.1:  Schematic diagram of the hydrophone and geophone at the ocean-bottom 
as they record up and down-going wavefield.  
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Therefore, wavefield separation into up-going and down-going wavefield on the 

ocean-bottom can be obtained by combining of hydrophone and geophone (PZ 

summation) as: 

Ὗ
ὖ  ”ὧὤ

ς
 

 and                                                                                                                (1) 

Ὀ
ὖ  ”ὧὤ

ς
 

where:  

U = the up-going wavefield,  

D = the down-going wavefield,  

P = pressure component,  

Z = the vertical velocity component,  

ˊ Ґ ǘƘŜ ŘŜƴǎƛǘȅ ƻŦ ǿŀǘŜǊ ŀƴŘ  

c = the acoustic velocity (Dash, 2009).  

 

The water-column surface related multiples can be classified in two types: 

source-side and receiver-side multiples. Source-side multiples travel between ocean-

bottom and the sea surface, then reflect from subsurface reflectors before recording. 
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                              (a)                          (b) 

Figure 4.2:  (a) Schematic demonstration of source-side and (b) receiver-side multiples 
on a 2D model (Modified from Xia, 2006). 

 

         

Figure 4.3:  Demonstration of source-side and receiver-side multiples on a 2D synthetic 
example (Xia, 2006).   
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However, receiver-side multiples reflect from subsurface reflector first, then 

reflect from sea surface and record (Xia, 2006). Figure 4.2 shows the schematic view of 

source-side (a) and receiver-side (b) multiple and Figure 4.3 shows the source-side and 

receiver-side multiples in synthetic data.  

According to Xia et al. (2006), the up-going field without receiver-side side ghost 

can be expressed as:  

    Ὗ ὖ ὃ ὤz                                      (2) 

where:  

P = the pressure component of recorded OBN data,  

Z = the vertical velocity component of the data and  

A = the matching filter between pressure and vertical components.  

U = the up-going wavefield without receiver-side multiples  

 

In this study, instead of using matching filter between components, I designed 

and applied a wavelet shaping filter to the both pressure and vertical component before 

wavefield separation.  After wavelet shaping, PZ summation (wavefield separation) was 

applied to the real OBN data set.  
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4.2.1.    Application to Atlantis Seatrial OBN dataset 

A.   Wavelet Shaping  

As mentioned earlier, the Seatrial OBN data was acquired from Atlantis field, 

Gulf of Mexico in 2009 by SeaBird Exploration for testing purposes. A total of 43 ocean-

bottom nodes deployed on the sea floor in 16 locations with water depth ranging from 

1400 to 2300 meters.  

The raw data were processed in common-receiver gather domain. Figure 4.4 

represents the raw vertical (Z) component in common-receiver gathers and Figure 4.4 

represents the raw pressure (P) component in common-receiver gathers.  

After all initial pre-processing steps were done (noise attenuation, despike), I 

designed a wavelet-shaping filter. A shaping filter to transform the estimated wavelet 

into the specified wavelet is computed by Least Squared method. The filter is then 

applied to the all traces of both pressure and vertical components.  

In this study, I used zero-phase butterworth wavelet as a desired wavelet. The 

following equation was used to calculate a Butterworth wavelet: 

 

             ὃὪ                  (3) 
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where: 

 fa = the low cutoff frequency,  

 fb =the high cutoff frequency, 

 N = SL/6 ,  [SL is the slope on the low-cut side (dB/Octave)],  

 M = SH/6 , [SH is the slope on the high-cut side (dB/Octave)]. 
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Figure 4.4:  The raw vertical component (Z) common-receiver gathers of Seatrial OBN 
data from selected shot line.  



56 
 

 

Figure 4.5:  The raw pressure component (P) common-receiver gathers of Seatrial OBN 
data from selected shot line.  
















































































