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Abstract

The limitations in conventional marine seismic surveyscbuasimaging of
complicated geology in the deep water motivate a quest for new and redtere
technologies such as OBl¢&eanbottom nodes).In this studysurvey designs for OBN
to provide better fold, offset and azimuth distributionsre created.Augnented VSP
geometries are also studiednd compared withconventional orthogonal geometries.
Then| 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
azinmuth 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 oceanbottom nodes.

A main challenge with the ocedottom nodes is now processirand imaging of
the data.¢ K Sirrolymigrationtechniqueis an effective solution for this challendyy
separation of the seabed hydrophone and geophone data intgaipg and dowsrgoing
waves.In this study, lexplained that mirror imagingiriaging from he down-going
ghost reflections) can produce better image quality than conventiapajoingimaging.
To understand themirror imaging technique, we first generated synthetic akst to
apply this technique. then apply mirror imaging technique to Seat®@& { S G NR I f
datasetacquired near the Atlantis field in the Gulf of Mexidm obtain images from

down-goingand up-goingwaves, we used Kirchhoff pstack time migration (KPSTM),



Kirchhoff prestack depth migration (KPSDM) and reverse time migrafigdM)
algorithms.The results show that mirror imaging of dowoing waves provide better

illuminated image from shallow subsurface than conventional migration efjaipg

waves.
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Chapter 1

INTRODUCTION

Subsurface imaging falastic sediments by using 3Rismicsurveys has been
proven particularly successful; however, imaging geologreter complex overburdens
such as salt bodlke the Atlantis Sigsbee basin in the deep water of the Gulf of Mexico

is a stil challenge irdeep water (Orange, 2003

Conventional narrowazimuth (NAZ) streamer data can have large -non
illuminated zones beneath complex geology. In this case, recordingazideuth (WAZ)
seismic data can be helpful in reducing Abmminated zones. Vertical semsc profiling
(VSP) andceanbottom seismometer (OB&)BC or OBN) techniques can provide WAZ
data; however, these techniques also have challenges of their own in deep water

(Moldoveanu, 2006).

The onventionaltowed streamer method often provides high ajity seismic
data, but streamers have some limitations due to obstacles such as production
platforms. These limitations motivate a quest for new angraative technologies such
as ocearbottom nodes (OBN) and ocedmottom cables (OBC) (Figure 1) whick the
two main acquisition methods to acquire data on the seafloor. The OBN and OBC
conceps are a development fromocearbottom seismometers (OBS). The motivation

for acquiring data on the sea floor is not only the obstacles. The other important



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).

RecohgingWessel Sourcevessel

Recording vessel

Source vessel

Figurel.l: Oceanbottom cable (OBQYight) and oceanbottom node (OBN) (left)
acquisition. OBC is deployed on the seafloor and connected by electrical wires. OBN is
also deployed on the seafbr; however, they are autonomouscordingsystem.

The other advantage obceanbottom acquisition tetinologies is fleility.
Oceanbottom nodes can bedeployed almost anywhere. This flexibility gives us
opportunity to combinghe ocearrbottom nodes with other surveys such as VSP survey.
There are varies of VSP survey geometry such as 3D VSP withwgikisaway
geometry, far and near offset VSP, and circular geometry (coil shooting, ring shooting,

spiral and spokes shooting).

3D VSP with circular shooting has beedfor 3D imaging near the borehole.
VSP itself, however, still has some limitationstsas poor offset and angular coverage
per bin and limited total bin fold. Thidimitation in the VSP can be enhancég

combining oceafbottom nodes on the sea floor with VSP survey.
2



In this work, many survey designs created in OMNI 3D Survey Dedigarsdby
GEDCOGQGeophysical Exploration and Development)Cdoint OBN and VSP survey

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

The compressionalave images of the subsurface can be obtdirby OBN
seismicdata. Water-layer reverberations are well known problem with conventional
streamer seismic data. The compressiewalve imagesor OBN recordinghave fewer
water layer reverberatios than image obtained from streamer seismic dafde up
going Pwave anddown-going Pwave recorded on the sea floor by muttbomponent
oceantbottom nodes can be separated by combining the vertical component (Z
component) and pressure component (hydrophone). This process is called PZ

summation. Details mthe PZ summation prossare mentioned by Soubarg$996)

The ocearbottom node seismic datawhich are used in this study, were
provided by Seabird Exploratiomhe Atlantis Seatrial 32C OBN survey was acquired
by SeaBird Exploration in 2009 over the Atlantis field at GluMexico.A total of41
nodes were used at 17 locations on receiver dine record the data fromthe sea

bottom.

The SeatriaDBN data set werased to process and image the data fracean
bottom. Since the OBN acquisition has high casspatse recever intervalis usually

usal to acquire the data. This type of acquisition has several prohlesush as



illumination. The illumination, specifically of the shallow surface, is poor because of

sparsereceiver locations (Alerini et al., 2009).

The largereceiver spacing causes the pamntinuity of event in commoishot
gathers, commosmid point (CMP) and commemage gathers (CIGs). Because of this
poor continuity, velocity model estimation will fail or be difficulthese difficulties
motivated me to inage the data in receiver domain frodown-goingwaves. Bothup-
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 witbeanbottom acquisition in
sinde dissertation. In this work, | focused on PZ summation iarating upgoing and
down-goingwavefields (Mirror Imaging) Imaging via KirchhofPre-stackTime Migration
(PSTM) and Reversank Migration (RTM) were performed faynthetic data andeal
datafrom Seatrial Atlantis Field for OBN type data acquisition. Software packKdpts
by GEDCCEchos and GeoD#p by Paradigmwere used in this study to process and
image the dataFor imaging the data sets, Allied Geophysical Laboratories (AGL) and

Paradd YQa L2 gSNFdzZ O2YLJzi SNBE 6SNB dzaSRo

1.1. Motivation to Deploy Oceanbottom Node Technology

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

listed as:



1) The wideoffset and wideazimuth geometry can be designed to illuminate
structures under complex overburderssich as subsalt. The Figure &l€arly 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 caropide fullazimuth coverage with suitable

fold and offset coverage.

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

field sampling.

Figurel.2: Comparison of narrow azimutbwed 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 becarsegh fidelity sensors recording in low

noise environment(Figure 1.3)



Best towed streamer common azimuth wave equatlon mlgratlon H W

sharper individual
reflections associated
with reservoir sand units

Figurel.3: Comparison of extrgalt images at the Miocene level at Atlantis. Higher
resolution and improved fault definition amgpparent in the OBS widgzimuth node
image on the bottom compared to the narreazimuth towed streamer image above
(Howie et al. 2008)

5) Upgoing and dowrgoing waves can be separated at the seafldor

multiplesattenuation or imaging using the muyfies (Maxwell, 2007) (Figufe4).

6) Seismic acquisition is less affected by surface weather conditions.



Time (s)

Figurel.4: Wavefield separation. From left to rigkd,common receiver gather (CRG) for
a) pressire, b) vertical componentf particle velocity, ¢) wgoing wavefield, d) down
going wavefield, and (e) the egown deconvolution result. Events M1 and M2 are the
first and second order watdayer multiples (Wang, 2010).

7) Both Rwavesand Swaves can be reorded.

Analysis of the shear waves is one of the advantages of the daBN The PS
section of the OR 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, thg can help to identify the subsurface image.



Figurel.5: PP and PS imagingrhe PS image (right) reveals details of the reservoir
which are hidden on the PP image (ldit) effects from the sallow gagRonholt et al.,
2008)

Multicomponent acquisition and processing can proviagtter and improved
imaging compared to conventional dafBhe amplitude oP-waves passing through the
gas is attenuatedThis causestructural distortionbecause othe low velocities in the
vicinity of the gas. This affects events beneath the gas giving rise to false structure.
Unlike P-waves, Swave amplitudes are undiminished and so provide clear images under

the gas.

Figure 1.5 shows the example of PP and PSimgalj is clear thathe converted
wave (PS)magesprovide a better continuity of the seismic events beneath thieallow
gas(annotated with red circles)ompared to the compressionBIPimages

8



The other advantages of OBflata aretime-lapse (4D) repdability, vector
fidelity of the seismic wavedld, vector decompositiorgoupling of geophones with the

oceanbottom, andPZ summation



Chapter 2

OBN, VSP and JOINT OBSP SURVEY DESIGNS

2.1. Oceanbottom Acquisition Techniques

To provide largescale information fo crustal studies and lithospheric
investigations, oceabottom seismometers (OB@yigure 2.1have been usedbr many

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

Radio antenna
Hydrophon /

Acoustic release

Transduce
system
SEDIS RADIO
\ IIIIIIIII4— Batteries
)
T~ Geophone housing

Figure2.1: Ocearbottom Seismograph (OBS) consist of 3 congu geophones and a
hydrophone(Modified from GeoPro oceabottom seismograph

The advantages of OB&chniquewere mentioned earlier by Zachariadis dt a

(1983). They indicatethat advantages of OBS techniqueployment and recovergf
10



OBSs are generally straight forwatdw signal to noise may obtained and geophones
may use withhydrophones.This technique also has been overviewedlUmyncarevicet

al. (1983) According to themthis technique was first used in the ril®30s; however,
the expectations were not fulfilled becausé the noise atmarine sites was not much
lower than land surveys. The other problems wamstruments cost, complexit and
unreliability. According to Zachariadis et al. (198B)obil Oil Co. evaluated the use of

academic OBS designs for refraction work in 1975.

Oceanbottom Cable (OBGurveyings modified from conventional streamers to
lie on the sea bottom (Gallant et al926).Figure 2.Zhows the schematic illustration of
OBC receivers array on the sea floor. Usually, at least two vemsalsed to acquire
the data fromoceanbottom in the OBC technique. One of these vessels records the
information from the oceanbottom. Another vessel carries the source. The OBC
techniquecan be used as dualsensor chle laidon the ocean floor, which records
both the velocity and pressure signdlsgure 2.3) The duakensor systems have been
used to attenuate the receiver side glidsom the recorded seismic data (Gallant et al.
1996).

One of the firstacquisitions with OBC technique is reported by Zachariadis and
Bowden (1986). According tbe authors, this technique was used in areakere there
are navigational obstaclesuch asproduction or exploration platforms or buoy3he
authors also mentioned other advantages of OBC technique such as better positioning

and uniform acquisition pattern.

11



Recording vessel Source vessel

\ |

Figure2.2: Schematic illustratiorof OBC receivers lay on the sea bottom. 4C receivers
record the velocity and pressure.

[ Hydrophone X Y Z ]

Figure2.3: Examples of € receivers in aoceanbottom cable (nodified fromCaldwell
et al., 1999. From left to ight, the hydrophone (pressure sensitivegdial (inline),
transverse (crossline) and vertical components.
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The Oceatbottom seismometer technique (OBS) which has been used for

severaldecades was the pi@er in the development of oceamottom node concet.

Top cover allows
internal water
extrusion through
weebp holes

Recorder Module

Base Plate with
Coupling ridges

Battery Module

Battery Module

3C Geophone
module

Figure2.4: Ocearbottom 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 oceabottom node
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The ocearbottom nodes (Figure 2.4)are autonomous seismic recording units
operating on the seafloor while a source vessel shoots lines abidve ocearbottom
nodesrecord 4C (four components) data; threeneponents geophone to record seabed

motions and a hydrophone to record watborne pressure.

Between 2000 and 200®BNweredza SR T2 NJ 0 KS .t Quthe! G | y i
Gulf of Mexico According to Howie et al. (2008), this project vitae worldQ & 3IDA NA& U
deepwater andwide-azimuthocearntbottom seismic acquisitarnThe resultgFigure 2.5)
show that 3D OBN data has higher resolutioexcellent reflector continuity, and
improved structural definitionin Atlantis field compare with the existingtreamerdata

(Howie et al. 2008).

Streamer Migrated Node Migrated

Figure2.5: Imaging comparison at Atlantis of 3D conventional marine seismic (left) and
receiver migrated 3D OBN seismic (rigfit)e node images benefit from an imprale
salt model(Howie etal., 2008) Courtesy BP.
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2.2. VSP Survey Design

Borehole seismic surveys havéaoag history of providing rock properties such as
interval velocity, impedangeand attenuation near the boreholéStewart and Gulati,
1997). To image and ¢snate rock properties near or between wellsin situ
measurements such as VSP, reverse VSP and cross suaveysoven useful(Zhang,

2005).

3D offshore vertical seismicprofile (VSP) has been successfully provdn
improve seismic imaging of complskuctural and stratigraphic features (Ray et al.,
2003; Homby etali nnc 0 FyYyR NBOSyidite KIFIa o0SSy dzaSR

surface seismic coverage (Hornby et al., 2005; Hornby €0l7).

There are varies of VSP survey geometry such asSEDwith grids, walk away
geometry, far and near offset VSP, and circular geometry (coil shooting, ring shooting,
spiral and spokes shooting). In this study, | use circular shooting geometry to create

survey designs.

Burch et al. (2010) reported 3D VSPveyrin 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&shows the circular shot geometry of this

survey.

15



Figure2.6: Map of shots geometry in a circular pattern for 3D VSP (Ba@t))

In this study, OMNI 3D survey design software is used to createsMS8€ys.
OMNI 3D from Geophysical Exploration and Development Co. (GEDCO), Calgary is an

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

Firsta 3DVSP marine survey with circular shooting geometgs created to
assessazimuth 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.
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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
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Figure2.7: DepthFold map of VSP survey designs with differearmeters. 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 thustcof survey, e 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 abesause of
the economical and practical reasonghe shoting interval for each circle is 5.

There are totab0 borehole receivers with 5@ interval (Fyure 2.8.
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Figure2.8: VSP source and receiver positions on 3D view. Red symbols represent shot
locations (10 concentric circles) and blue symbols represent receiver locations.



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 is88 CMP fold.
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Figure2.9: Fold map of 3D VSP survey with circular shooting geonjedrgoncentric
circles) The top shows a plane view of fold distribution and bottom shows 3D view. The
red color indicées maximum fold, blue indicates minimum fold.
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Figure2.10: Azimuth and fold distribution for selected bin grid. Top left shows azimuth,
right shows fold, and bottm shows selected partial bin grid.

From Figure 2.10, it can be noticed that VSP has still limitasiocls as suffering
from restrictedangular coverage per bimoor offset coverage, antimited total bin

fold. Solution for VSP limitations will be dissed in following sections.
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2.3. Oceanbottom Node (OBN}purvey Design

Oceanbottom node surveys areusuallyshot with a dense shot carpeEigure
2.11 shows aexamplewith 16.85m x 46.5nshot interval/source line intervallhe most
common geometries in 3D OB seismic acquisition are orthogonal and parallel
geometry with dense shot carpeBased orthis standard geometry, receiver locations

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

Seabird Atlantis Seatrial 2009 - Shot (black dots) and node positions (blue dots)
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3016000 i~ S /
3014000 /‘/
E /
2
£ 3012000
b
5
3 -
2
3010000 /
’/
3008000 o
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3002000
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Figure2.11: 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, | created survey design for 3D OBN seismic with circular shooting.
This circlar 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 streamerg wet able to
acquire data near or under existing platforms. Because of this limitation Apache decided
to useoceanbottom nodes to image directly under platform (Kostet,al, 2011). A
total of 154 nodes deployed on the sea floor by hexagonal recgi@emetry wit 58m

receiver intervals. 1én shot interval was usetb acquire the data (Figure 2.12

Figure2.12: Hexagonal receiver location (blue dots) under platform witmbihterval,
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 witbbceanbottom survey, first | created
regular OBN survey with orthogonal source and receiver geometmytahdf 100 nodes
are located on the sea floor (500 water depth) with 400m intervals. There is 20
indent between receiver lines. Dense shot carpet geomettyich has orthogonahot
lines, was used to generate source geometry on the nodes. Thendestbetween shots
is 25 m shot interval with 50m 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 geometigure 2.18 Thesurvey parameters
GSNBE Ot Odzt F 1SR oFaSR 2y [/ 2NRaSyQa ONAGSNR

found in Appendix A (fundamental of survey design).
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Figure2.13: Receiver locations (blue doand 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 disadvantag of orthogonalline shooting motivate me to create survey

with circular shooting geometry.

Figure 2.2 shows source and receiver locations for circular shooting geometry
with OBN survey.The sirvey consists of 41188 shots. @bsource interval with 2m
circle interval was used to optimize the area of coveragee ame receiver geometry

and water depth with previous design was used to located nodes on the sea floor.
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Figure2.14: Circular shootingepmetry withoceanbottom nodes. Red dots represent
source locations and blue dots represent receiver locations.
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Fold distribution for bothorthogonallines and circular shooting gewtry can be
seen in Figure 2.19he top ofFigure 2.15shows the fold dstribution for OBN survey
with circular shootingand thebottom part shows the fold distribution for OBN survey
with orthogonallines shooting geometryThe fgure clearly shows that circular shooting
hasmore evenfold distribution thanorthogonal shoting: however orthogonal shooting

has better fold coverage.

Nottring (¥)
2000 3000 4000 5000

1000

-1000

2000

5000

4000

Northing (Y]
2000 2000

1000

-1000

-2000

Figure2.15: Fold distributions for OBN surveys. The top figure shows circular shooting
fold distribution and thebottom shows orthogoal shooting fold distribution.
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Figure2.16: Comparison ofzimuth (bottom) and offset(top) coverage for both
surveys The left charts are offset and azimuth distribution for circular shooting had t
right charts are offset and azimuth distribution for orthogonal shooting.

Azimuth and offset coverage for both surveys aoenpared in Figure 2.1@he
top charts show the number of traces that fall in each range of offset values. The
bottom charts repesent the number of traces that fall in each range of azimuth values.
From Figure 2.16, it can be se#rat circular shooting geometry has better offset and

azimuth distribution than orthogonal survey.

Figure 2.17 shows the comparisonaifcular shootinggeometry and ahogonal

shooting geometry inase diagramThis diagram colored by the number of traces that
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fall in each sedr, defined by offset steps (5M) and azimuth steps (20 Figure 2.17
also shows that azimuth distribution is better in cirgulshooting geometry than

orthogonal shooting geometry.
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Figure2.17: Comparison of circular shooting geometry (top) and orthogonal shooting
geometry (bottom) in rose diagram.
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Figure 2.18 shows alsozimuth and offsetdistribution azimuth and offset
distribution in selected bin grid for circular awmdthogonalshooting geometryCircular
shooting azimuth and offset distribution are shown in top part of the figure. Left top

shows spider diagram of circulahooting, and right top shows offset distribution.
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Figure2.18: Azimuth and offset distribution in selected bin grid for circular and
orthogonalshooting geometry. Top left shows azimutistribution and top right shows
offset distribution for circular shooting. Bottom left represents azimuth distribution and

bottom right offset distribution folorthogonalshooting.
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It can be clearly said thatceanbottom node survey with circular shooig has
better fold and offset distribution tharorthogonal shooting. Another advantage of
circular shooting is that circular shooting needs less time and cost t¢inrogonal

shooting to complete the same survey.

Wide-azimuthdata can be acquired 8+4 seismic vessels to improwhe quality
of complex overburden imaginglowever, in comparison with parallel WAZ acquisition
geometry, a single vessel with circuldrootinggeometry can deliver some advantages

such as a better range of azimuyfiold, and dfset distribution (Moldoveanu, 2008).

2.4. Joint OBNVSP Survey Design

As mentioned earlier in the chapteé8D VSP witkircular shootig has been used
for 3D imaginghowever, it still has some limitations such as poor offset and angular

coverage per bin anlimited total bin fold with 3D VSP survey.

In this study, | created survey design by combining ocebattom nodes with
VSP survey. The idea was that these limitations in the VSP can be overcome by

combining oceatbottom nodes on the sea floor with VSP.

VSP survey desigmas reviewed in section 2.2. To see improvement in azimuth and
offset coverage, | combined oced@ottom nodes with this VSP survey and created a new survey
design. For this new survaye same concentric circles with VSP survey weseduo generate

source geometry, @ 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 totab0 borehole receivers with 5@ interval Oceanbottom nodes geometry
on the sea floor is based on 200 m sparse receiver grid (200x20@ total of 100

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

(w) uolens|l

Elevation (m)

Figure2.19: 3D view of source and receividcations for joint OBN/SP survey. Red
circles shows shots, and blue point shows VSP receiver and-bodam node
locations.

Figure 2.1%howsfold distribution in plain and 3D view for VSP survey itself, and
Figure 2.20 shows fold distribution fgoint OBNVSP 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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Figure2.20: Fold coverge for VSP survey itself in plaview on top and 3D view on
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Joint OBNVSP survey lsaimprovement in azimuth and offsdistribution also.
Figure 2.2khows the comparison of azimuthal coverage in spider diagram for both VSP
itself and joint OBN/SP survey. It is clear that joint survey design has better azimuthal
coverage than VSP survégelf. VSP survey has limited azimuthal coverage in the
direction of borehole; however, VSP survey watteanbottom nodes has full azimuth

coverage.
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Figure2.22: Comparison of azimuthal coverage tooth 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 betteffset coverage than VSP survey itself. The limitations
with VSP seismic such as poor azimuth and offset coverage were overcome by
combining oceatbottom nodes with VSP survey. Deploying nodes on the seafloor might
be time and cost consuming; however,ciéin provide better data to image complex

structures andsome advantages such as a better azinalitfold and offset coverage.
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Figure2.23: Comparison of offset coverage for both surveys in selected.arep shows
offset distribution for VSP survey itself; bottom shows offset distribution for joint
survey.
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Chapter 3

ATLANTIS SEABIRD SEATRIAMC3DBN SURVEY

3.1. Atlantis Field and Deepwater Imaging Challenges

The Atlantis field, discovered in 1998, is locatedragpnately 190 miles south
of New Orleans in the Gulf of Mexico in the southern Green Canyon protraction area

(Howie, 2008) (Figure 3.1).

y g
Thunder Horsé®

Holstein Atlantis
Mad Dog

Figure3.1: Location map of Atlantis field, Gulf of Mexico (Hoedel., 2008).
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According to Howie et al. (2008), Atlantis is giant oil fildte 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 imhge subsalt
portions of the field. One of the main challenges is that northern portions of the
structure locate under a complex allochthonodisy S| y A y 3 & 2 dafiposedrito LJX | OS
G dzil 2 OK (G K 2 y 2 d=alf body. Adothgt challertig®i$§ thab the paft complex
salt body, calledautochthonoussalt, 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 Sigsbearfisent.
Depth of Sigsbee Escarpment changes from 1300 m to 2400 m with slopes up to 30

degrees (Figure 3.3).

Sigsbee Escarpment
Sea Floor S E

Pleistocene
Allochthonous Salt

Pliocene

Autochthonous Salt

Figure3.2: Geological cross section over the Atlantis fi¢kibwie et al., 2008)
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Figue 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 inadequatenayging 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 atisAtialal
motivated BP for using ocedottom nodes at this location. BP deployed over 900
autonomous nodes on the sea floor in water deptnging from 1300 to 2400 rat

Atlantis field in late 2005 to early 2006 (Beaudoin, 2006).
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3.2. Atlantis Seatrial 3R4C OBN Survey

Another ocearbottom survey, Atlantis Seatrial 4C oceaottom 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 receives hieeord
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.

Seabird Atlantis Seatrial 2009 - Shot (black dots) and node positions (blue dots)
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Hgure3.4: Atlantis Seatrial survey. Shot (black dots) and node positions (blue dot)

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

create a new survey in OMNI 3D to see illuation, fold, azimuth, and offset
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distributions. The sae water depths, ranging from 1300 to @2 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 receileeation on the sea floor and the red

dots indicates source location on the sea surface.

Figure3.5: lllumination of Seatrial OBN survey on the sea floor. The black dots inticates
node locations, red ds indicate source locations. The grey surface indicatesir
bottom with elevation range from2400 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) ethcan 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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Figure 3.6: Azimuth and Offset distribution of Seatrial OBN servey. (a) Offset
distribution-trace count. (b) offset distributioq stick diagram. (c) Azimuth distribution
trace count. (d) azimuth distrubitiog spider diagram.

The Seatrial OBN dataset was dige process and image the ocelnttom 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 bottm multiples, P€onverted wavesand Pwave reflections

40



can be seen from Figure 3.6. All processing and imaging steps will be described in the

next chapter.
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Figure3.7: Raw receiver gathers fno Seatrial OBN dataset. From left to right: X, Y, Z
(vertical) and P (pressure) components.
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3.3. Atlantis Field Synthetic Data

As mentioned earlier, narromzimuth conventional streamer data imaging has
some limitations in complex areas such as subsalhe deepwater Gulf of Mexico.
These limitations can be enhanced by using odeathtom nodes on the sea floor to

acquire wideazimuth data (Shoshitaishvili, 2006).

To demonstrate that OBN acquisition geometry with sparse receiver locations
and dense shotocations can provide competence image quality, | creaeynthetic
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oceanbottom seismic dataset usingnite difference modéng of acoustic waves in
Echos software The Seatrial Atlantis OBN survey acquisition geometry was used to
create synthetic datadense source interval and sparse receiver interval. The synthetic

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

| extract the water bottom depths from real Seatrial OBN dataset, to create a
synthetic model with the @ame depth of the sea floor as in real survey. The model

consists of oceatottom and three flat reflectors (Figure 3.8).
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Figure3.8: 2D section of synthetic velocity model.
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Figure3.9: Atlantis field synthetic receiver gathers.

Synthetic data which wergenerated from AMantis field, Gulf of Mexico are
shown in Figre 3.9. Since synthetic data agenerated with free surface, direct arrivals,
reflections from flat layers, first watebottom multiples, receiverand sourceside

multiples can be seen in Figure 3.9.
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Figure3.10: Synthetic upgoing 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 | used the same water bottom

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

dataset. There are no multiples, but only -gping primaries can beesn on the

synthetic data because | crmal the data with no free surface. This is the reason that
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first water bottom multiples, highlighted red in the Seatriablkelata, cannot be seen in
synthetic data. This refers that synthetic data generated with no free surface carries

information from only primaries as ugoing wavefield.
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Figure3.11: Synthetic dowrgoing wavefield data and real dowgoing wavefield data
from Seatrial OBN survey. In dowgoing synthetic data, direct arrivals and receigate
ghost can be clearly seen.
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To generate dowsgoing synthetic data, | used the dowgoing wavefield from
the Seatral OBN real data. The wavefield separation of OBN data intgoum and

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

Figure 3.11 represents synthetic dowgoing wavefield on the left side and real
down-going wavefield from Seatrial OBIMdtdset on the right side. It is clear that down
going wavefield carries information from multiples. Since | used the same water bottom
topography with the real data to generate synthetic data, synthetic data has the same
water bottom multiple with the rebdata. Multiples of the flat layers can be seen under
first water bottom multiples. However there is no primary information from flat layers

in the downgoing wavefield data.

These dowrgoing and upyoing synthetic datasets will be used for imaging in

the next chapter to understand mirror imaging method.
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Chapter 4

OCEANBOTTOM NODE DATA PROCESSINGWNEING

4.1. Motivation

High-quality data from the sea floor can be acquired with océattom node
acquisition techniques. As mentioned earlier, ocdmttom node acquisition can
provide wideazimuth data set with sparse receiver interval and dense source interval.
The ocearbottom nodes are often deployed on and retrieved from the sea floor by
remotely operated vehicles (ROVs). Running ROVs to position nodke 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 ocedottom nodes is now processing and invag 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 interthads is

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

According to Ronen et al. (2005), velocity model estimation of octediom
node data is difficult since poor illumination makes the continuity of events in coramon
shot gathers, commomidpoint gathers, and commocimage gathers difficult to

determine.
47



To estimate the velocity model from Seabird OBN dataset, | tried different
approaches in this study. First, many migration sections were obtained with different
constant velocities (from 1406h/s to 3000 m/s). | then compared these sections with
each other to estimate best velocity model. Another approach to estimate the velocity

model from updating velocities using commaonage gathers.

Water-bottom reverberations are a weknown problem ér marine acquisition.
According to Dash et al. (2009), many researchers have worked on suppressing the
water layer multiplesThe assumption that multiples are noise is the main reason to
suppress the water layer related multiples. However, the only diffee between

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

In this study, | used the water layer multiples (deawming wavefield) to improve
the image quality and illumination at shallow subsurface. Imaging witrddven-going
wavefield is called the mirror imaging method. Kirchhoff -ptack time migration,
Kirchhoff prestack depth migrationand reverse time migration (RTM) adapted for OBN

were used to image the datasets.

4.2. Wavefield Separation

Wavefield separatin techniques have been developed by many researchers, e.g.
Amundsen and Reitan (1995), Osen et al. (1999), and Schalkwijk et al. @899Yling
to Dash et al., (2009), White (1965) was the first to recognize that the receiver side

water layer multiplescan 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 teing (U) or
down-going direction (D), U and D pressure wavefields have the same polarity on the

seafloor pressureecording (Dash, 2009).

Figure 4.1 shows the wugoing and dowrgoing 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 f(Barr et al,

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

Downgoing

Geophone

v = + Hydrophone

Figure4.1: Schematic diagraraf the hydrophone and geophone at theceanbottom
as theyrecord up andlown-goingwavedield.
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Therefore, wavefield separation into tgoing and dowrgoing wavefield on the
oceanbottom can be obtained by combining of hydrophone and geophone (PZ

summation) as:

and (1)

where:
U = the upgoing wavefield,
D = the dowrgoing wavefield,
P = pressure component,
Z =the vertical velocity component,
r 4KS RSyairde 2F 4FGSNI YR

¢ = the acoustic velocity (Dash, 2009).

The watercolumn surface related multiples can be classified in two types:
sourceside and receiveside multiples. Soureside multiples travel beteen ocean

bottom and the sea surface, then reflect from subsurface reflectors before recording.
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Source Source

(@) (b)

Figure4.2: (a) Schematic demonstratiorf sourceside and (b) receiveside multiples
on a 2D model (Modified from Xia, 2006).

Figure4.3: Demonstration of sourcside and receiveside multiples on a 2D synthetic
example (Xia, 2006).
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However, receiveside multiples reflect from subsurface reflector first, then
reflect from sea surface and record (Xia, 2006). Figure 4.2 shows the schematic view of
sourceside (a) and receiveside (b) multiple and Figure 4.3 shows the soesitke and

receiverside multiples in synthetic data.

According to Xia et al. (2006), the-gping field without receiveside side ghost

can be expressed as:

Y O 67 @)

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 upgoing wavefial without receiverside multiples

In this study, instead of using matching filter between components, | designed
and applied a wavelet shaping filter to the both pressure and vertical component before
wavefield separation. After wavelet shaping, PZ saton (wavefield separation) was

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

A. Wauvelet Shaping

As mentioned earlier, the Seatrial OBN data was acquired from Atlantis field,
Gulf of Mexico in 2009 by SeadBiExploration 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 comma@teiver gather domain. Figure 4.4
represents the raw ertical (Z) component in commeneceiver gathers and Figure 4.4

represents the raw pressure (P) component in commeceiver gathers.

After all initial preprocessing steps were done (noise attenuation, despike), |
designed a waveleshaping filter. A shang 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, | used zefphase butterworth wavelet as desired wavelet. The

following equation was used to calculate a Butterworth wavelet:

o-
o

(3)
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where:

fa=the low cutoff frequency,

fp=the high cutoff frequency,

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

M = SH/6 , [SHsithe slope on the highut side (dB/Octave)].
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Figured.4: The raw vertical component (Z) commaogceiver gathers of Seatrial OBN
data from selected shot line.
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Figure4.5: The raw pressure component (P) comm@ateiver gathers of Seatrial OBN
data from selected shot line.
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