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Abstract
Prestack migratiorof converted wave dateequiresaccurateacoustic andshear wave
velocitiesV, and Vs. This thesis presesihew methods to estimathet sheavelocitiesudng a

single converted wave velociti, that combined/, andVs.

The acoustic velogitV,, and a constant value for thg/Vs ratio are used to make an
initial estimate of theeonverted wave velocity/.. Narrow range gathsrare formed using the
initial estimate ol/. that are then processed to obtained a refined valug ofhis refined value
is then used to estimatg. The estimated/s is used withV, in a full prestack migration using
the equivalent offset method (EOMQ form completeprestack migation gathers. Velocity
analyss of these gathers prodgca more accurat¥. which is used to complete the prestack

migration.

The quality of the method is demonstrated for the casesedynthetic dataset and two
real datasetsThe results show superior imag when compared with alternativaigration

algorithms.
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Chapter Onelntroduction
1.1 Background

Seismic exploration, in the search for hydrocarbons, has been concentrated predominately
with acoustic orP-wave seismic reflection surveyor many reasons. The reasons incltide
fact thatthe P-waves arrivefirst, they have high signab-noiseratios, the particle motions
close to rectilinearthey are easily generated by a variety of sources, and propagate in fluid

(Stewart et al., 2002).

Many basins around the world are or will sdmnin a mature stagendit has become
necessary to understanedaextract more information from the fudllastic wavefield that
involves both the P-wave mode and the S-wave mode (Stewart 1994). This information is
requiredto optimize the investment, reduce risks, and estimate the reservoir charaststistic

as rosity, lithology, and pore fluid distributions.

An Swave survey offersome advantages as it responddifferent characteristg
However this method has some limitations: it is not applicable in some environments such as
marine or transition zwesthat do not propagate-Waves in a fluig and its acquisition is

expensive. It may also produce a poexn&ve section in comparison with aRgwve section.

A more economical method to colleciwive information is to use mode converted
waves. Energy arrivig at a reflector or interface may be converted to an alternate mode. If the
incident wave is a+®ave, then some of the energy could be converted itav@s that are also
reflected, and transmitted. Recorditngse converted was¢P-S) is referredto asa RS survey
and is a goodlternative to an -8vave surveyP-S-wave surveys are less expensive thamae
surveys as they only use Pwave sourceBoth require3 component receivers. This type of

survey has more applications than conventioralaRe surveys including applicationsuch as



structural imaging, lithologic estimatiomnisotropy analysisfluid description, and reservoir

monitoring (Stewart et al., 2003).

1.1.1 Body waves

There are two types of body waves that can propagate thtbegbody of an elastic

solid: mmpressional, and shear waves.

Compressional wage(also called longitudinal, primaryor Pwaves) , progagate by
compressional and dilatational strains in the direction of the wave drd@¢ehrey and Brooks,
1999) Thevelocity of propagationy,, of a body Pwave in any material is determined by the

density} , thebulk modulus K, and sheansodulusy, andis given by:

©w — . (1-1)
Shear wave (also called transverse, secondary endéves) fipropagate by @ure shear
strain in a direction perpendicular to the direction of wave téafkatarey ad Brooks, 1999).
The velocityof a shear body wawé; is determined by the dehg andthe shear modulusnly,

andis given by:

W - . (1-2)

In an isotropicmedium where the velocity is independent of the direction, thealke
velocity may be treat® as a scalar quantity, whil&wave propagation is a vector quantity.
Therefore, Svaves may contain more information tharwBves. This information can be
descrbed in terms of its particle motiofhe garticle motion associated withwave propagation

is oriented in the direction of propagation that is defined by the ray geometry.



In an Swave, particle motion is oriented perpendicular to the direction of propaga
The particle motion can be in any direction within the plane normal to the ray and is described by
two ortha@onal coordinates in the plan@hese two coordinates are used to describe the

polarization of the Svave particle motioifTatham and McCormég 1998).

Figure 1.1 shows the geometry of ray propagation and polarization directiondiod B
waves reflected from a horizontal interface. Figure 1.1a showsvave source as a vertical
impulse on the surface, aadaypath is reflected, and then oeded at the surface. Tiparticle
motion isparallel to the propagation direction, iie.the direction of the ray, which lies in the

vertical plane defined by the source and recdiVatham and McCormack, 1998).

For Swave propagation, the sourpeceiver geometryras a considerable effech ahe
polarization.A horizontal impulse oriented perpendicular or transverse to the line is referred
asan SH-wave sourceThe particle motion is normal to the ray propagation direction and normal
to thevertical plane defined by the sag receiver, and reflection poirdsis shown in Figure

1.1h (Tatham and McCormack, 1998)

If the horizontal source impulses oriented in thein-line direction, or paralleto the
seismic line diretion, & shown in Figee 1.1c, the source generatedine SV-waves, or SV-
waves with radial polarization(Tatham and McCormack, 1998)he particle motion is

perpendicular to the raypath, ath@ particle motion is entireip the vertical plane of incidence.

1.2 Vp/Vs

The velaity of the Pwave and the 8vave is governed by the properties of the rock
through which they travel. They can be identified from samples of rock in a laboratory, or from
well logs. Other independent measurements can be made from data, such as vermaoal se

profile (VSP), or Pwave and Svave seismic sections. The relationship of these values to



various rocks can provide useful information about reservoir rock properties (Tatham and

McCormick, 1998).

iP—source

/\ 2R vae\

<—> Particle motion
Seismic line

——> Direction of energy propagation

a) b) C)
Figure 1.1: Description of geometry of ray propagation and polarizabn direction for P-
and Swavereflection from a horizontal interface. After Tatham and McCormack, 1998

Many authors have described relasdretween lithology and seismic velocities. Pickett
(1963) found that clean, wetbnsolidated sandstone, dolomite and limestone could be
distinguishing from each other usiMp/Vsvalues. Domenico (1977) found that the ratip/Vs
can be used aa lithology discriminator between sandstone, calcareous sandstone, shale,
limestone and dolomite, and showed tWatand Vs are higher for clean sandstones than shale

sandstones.

Han et al (1986) indcated that Pand Swave velocities anthe V/Vs ratio decrease with

increasing porosity over a range of lithologies, burial depths, and poradiluichtion

The effect of different hydrocarbon saturasam V, and Vs also has been studied,/Vs
is alko an excellent indicator of gas saturation in the pore space (Tatham and McCormick, 1998,
Castagna et al., 1993, Stewart, 1994). Murphy841%ound thatV, andV,/Vs decrease as gas
saturation increasan tight sandstones/,/Vs could decrease as much as 30 % in consolidated

rocks with increasing gas saturation (Gregory, 19Y9)Vsis much lower (120 %) for gas



saturation than for liquid saturation. Castagna et al. (1985) show that in wet sandgtopes

decreasewith increaing V.

Other authors have found relations between seismic velocities and depth of Nowrial.
and Simmons (1969andWang and Nur (1987have related increasing, andVs valueswith
increasingdepth Sandstone/,/Vs values vary more with increasirdgpth than the limestone

Vp/Vsvalues do

The effect of consolidation o, andVs is finot easy to quantify because there are many
physical changein the sediments during this procé¢¥atham and McCormick, 1998Y,/Vs is
often large in neasurface uncosolidated sedimentdr¢m 3 to 10) but rapidly decreaseth
depth. At depth greater than 10000 ft, quartz sandstones Ngii values between 1.5 to 1.7,

and carbonates range from 1.8 to 1.9.

The effects of temperature on &1d Swave velocities also have been reported in the
literature. Timur (1977) reported thdifor a large set of sedimentary rocks, the average decrease
in velocities was 1.7 percent forvPaves and 0.9 percent for-@aves for a 100° C rise in
t e mp e r. Bhe effeceobtemperature on-gihturated sandstone have been reported by Tosaya
et al. (1984), which suggested that for a 100° C increase, batidFSwave velocities decrease

about 35 percent.

1.3 Thesis objectives

The main objective of this thesis is tiind a simple method foestimaing the converted
or P-S wave velocityV, andthe shear wave velocitys, usingP-P andP-S wave dataandthen
use them witha migration algorithnmknown as Equivalent Offset MigrationA 2D converted
wave prestack migration by equivalent offset developed and implementetihese methods

will be tested on ayntheticdataseaindtwo real dataets



1.4 Datasets used
1.4.1 Synthetic dataet

The Channel Model was created in 2008 by CREWES (Margraale 2008, Lloydand
Margrave 2010) as 8D volume of P and Swave velocity and density. The layer velocities
and depth were based on the Bow River in Calgary, Alberta2Dri@e was extracted from the
3D volume for this thesis. The linkasan N-S aientation and intersecthie channel. More

details are discussed in Chapter

1.4.2 Hussar data set

This seismicdata wereacquired by CREWESNh collaborationwith Husky Energy,
GeoKinetics and Inova in September 201lh. addition to the seismic data, wellglanformation
with compressional and shear $ogerealsoused.Thesedata ardrom the Hussar area, Alberta,
approximately 50 miles easf Calgary. The line is 4.kilometersand runs toNE-SW. This

dataset is further described in Chapter

1.4.3 NortheasternBritish Columbiadata set

This data set was acquired by ®B@ueetics for Nexen Inc in March 2011 as a refraction
survey to provide a detailed description of the rmaface P and Swave velocity-depth
structure inNortheastern British ColumbiaNEBC). The dataset was processed by Sensor
Geophysical. Compressional sonic $and shear sonic legrom a well in the survey areme
taken over the entire length of the wellbore (frééhm to 2054 m). More details dhis ddaset

aregivenin Chapted.

1.5 Software used

Most basic processing of the dataed in this thesis was performed using VISTA

softwareprovided byGedcoand ProMax provided blyandmark Graphics Corporation



MatLab wasused to comput¥, andVs, compute common scatterpoint gathers with the

EOM code. MatLab code from tHeREWEStoolbox was also used.

All figures in this thesis were editig using Microsoft PowerPoinand the text was

processed using Microsoft Word.

1.6 Thesis outline

This thesis review theP-S method, thedevelopmentof two methods to estimaté, and

Vs, and therdemonstrates their applicationvarious datasets.

Chapter 2is a review of the fundamental concepts.sttrs with a review of the P-S
mode conversioand then conside8-S wave processing. After thatreview of conventional
poststack and prestack migrati presented. A summary of Kirchhoff Prestack Migration
concepts base omé Cheop pyramid is shown. The conceptf Equivalent Offset Migration

andof ascatter poinareexplained

Chapter 3contans my theoretical contributions for estimating and using a single
converted wave velocity; and using it to form prestack migration gathers , which are then used
to estimate the shear wave velocities, for a complete prestack migration of convertethtaave

using the equivalent offset method.

A collection of examples that demonstrdte application of the new concepiand

analysis ar@resented in chaptdr

In Chapter 5the conclusios of this thesisand recommendations for future woake

presented.



1.7 My contribution s

1. Prepare seismic data usinge VISTA seismic processingoftware to form CCSP
gathers.

2. Perform \elocity analysis stack and evaluatdhe CCSP gathers to produce dimed
estimated oV, andVs.

3. Create prestack migrations from C&&hers and test for parameters.

4. Develop the theory for using converted wave velocities of forrmiigal estimation of
Ve.

5. Testing and evaluatioresults



Chapter Two Review ofcurrent method
2.1 Converted wave overview

Tessmer et al. 1988ke discussed the geometfyP-S wave raypathand the problem

associated with the gathering of convertemlvedata

P-S wave usually have a #vave source, convert tovBaves at a reflector, andrethen
recrded at the surfacé-S surveys use conventional sources, but requireraetimes more
recording channels per receiving locati@amd some special processing. The data quality of
modern PS sectiongpproachand in some cases exceeds the quality of conventieRadd?smic

data (Stewaret al, 2002).

The reflection/refractin/transmition of acoustic waves has been visualized as a simple
geometry problem following Shell 6s | aw and
/transmitted energy across an interface between two media of contrasting acoustic properties. In
an dastic medium, the problem is more complex, because it involves-ommersion from P

to Swave, or Sto Pwave associated with both the reflection and refraction process.

Figure 21 shows the simplest elastic case of -wd&ve striking a horizontal iatface
between two elastic solids. Four different waves are generated as result of the interaction of a
single Pwave with the interface: a reflectedwve, a reflected modeonverted SWvave, a
transmitted/refracted-Rave and a transmitted/refractedvive. V,; andVs; are the Pand S
wave velocities for the first mediuv,; andVszare the Pand Swave velocities for the second

medium.



Vpl, Vs (rigid)
Vp2, Vs2(rigid)

Figure 2.1: Partitioning of energy into different waves types upon reflection and refraction
while propagating in a solid and intersecting an interface to a different solid. After Tatham
and McCormack, 1998

Figure 21 shows arincident Pwave atan angled; from the verticaland the reflected or

modeconverted Svave ray at an anglé Thetwo angles are relate¢yb Shel | 6s Law:

~

B, (2-1)

whered; is the Pwave angle of refraction, anglis the ray parameter.

In the case when the initial medium is liquid, there is no reflected/homaeerted S
wave, because liqusddonot support Svave propagation. Therefore, only threededeave the
interface: a reflected-Rave, a transmitted/refracteeive and a transmitted/refractedviave.

This situation is common in marine acquisition. (Tatham and McCormack, 1998)

Figure 22 shows the case for aglasticisotropic medium with a flat reflector. It is
possible to observe some characteristics & Ponverted wave reflections that make them

different and of particular interest when compared withtthéitional P-P wave reflegons. The
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ray path geometries of the two types of reflections are different: -eapath is symmetric,

whereas the 8 raypath is asymmetric sindgis lower thanV,. See Figure 2.2

Source CMP CCP Receiver
e :
I 2
: 4
P | J
Z - PAYG
; /
i /s
£ 1 /
L/
| X |
| k |

Figure 2.2: A converted wave (RS) reflection at its common conversion point (CCP)
compared to a pure Pwave reflection at its common midpoint (CMP). d and ( are the P
wave angle of incidence and-8ave angle of reflection, respectively. After Stewart et al.,
2002

The reflection point is known as the common conversion §Gi6P), since this is where
P energy is converted into shear energy. This reflection point is no longer at the common

midpoint (CMP) between the source and receiver, but moves closer to thereceiv

Another difference between Bnd Swaves is their polarization. The polarization for the
P-wave is in the ray path direction while the polarization -ef&ves is perpendicular to the ray
path.Presuming that the ray pass of retuning waves is almostaleas the surface due to the
low velocity of the overburder-waves will move a receiver verticallywhile Swaves will
move a receiver horizontallynly the rays come up verticallit is therefore necessary to use 3
orthogonal component geophonesthvwone vertical component and two horizontal components.

Figure 2.3a showa singlecomponent geophonehich only record the vertical component of

11



the ground motion, dominated bywave energy, and Figure 2.3lnows athree component

geophone which recds the fulltreedimensional ground motion.

) |
Figure 2.3: Geophoneausing in seismic acquisition, a) single component geophorand b)
three component geophone. Taken from htto://www.crewes.org/ResearchLinks
/ConvertedWave/page2.php)

The acquisition of the horizontal component can be done in any two orthogonal spatial
directions, but itmay be necessary to H@ientate these horizontal componemtsa horizontal
planeto align the radial component with the direction of the seismic line and the trasnsverse

component normal to the seismic line.

2.2 P-S wave processing consideration

Although RS wave exploratiotas several benefits thatake it very appealing to the
exploration world, it also offers major challenges at the time of processing. One of them is the
asymmetry ofthe RS raypath. Converted wawstacking requirea CCP to be computed. The
location of a CCP is time variant and depends on the offset and th&/gatioAs events get
deeper, the CCP location tends asymptotically to a position, daléeedsymptotic Common

Conversion Point (ACCP).

12



Consider a single, horizontal, homogeneous layer, with a soecee/er offsethat is
much smaller thathe depth of the awversion point. A firsorder approximation for theistance

from the source t&,, the CCP can be computed fratime simplified relation:

R — (2-2)

whereh is half the distance from the sourcethe receiver. Thiasymptote location may be used
to stack thé>-S data ands calledACCP binning, which was developed by Fromm et al. (1985).
This ACCP algorithm is simple and fast. It is only a fiostler approximation of the true
conversion point (Tessmer et al., 1988jowever, onverted wave data can be stacked using the

location of the CCP, though it is more expensive.

Figure 24 shows some schematic raypaths, converting at various reflector depths. The
vertical dotted line (in red) at the midpoint is the locationR-P reflections. The dashed line at
the right (in blue) is the asymptotic approximation given by the conversion point at infinite

depth.

2h |
Xp |

Midpoint \\% \
= 2\

Asymptotic _
Approximation Conversion
Points

Figure 2.4: Schematic diagram for2D common conversion point (CCP) binning. After
Wang, 1997
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Another consideration that should be taken into account during processing is anisotropy,
however in this thesis, | assume that earth is isotropicir@mmogeneous, anisotropy is not

considered.

There are a number of other problems in processiSgdBta.The change of polarity for
positive versus negative offset, also known as reverse the polarity of the negative offset traces is
a necessary step in seismic processing of converted wave (Brown et al.,|I2G00)sotropic
medium,the recordeds-wave datamay requirethe rotationto align the energy with the radial

and transversal componeli@edco, 2011, Simmons, 1999)

A more accurate moveout correction was develope8lbgboom (1990Wwho derived a
shifted hyperbola equation for-® datathat can corrdcthe offset traveltimes better than a

normal hyperbolic velocity analysis.

Another important consideration, and the most problematic for converted wave
processing, is the estimation of thev@ve statiadue to the very low S velocities thie receiver
sdution. The challenge lies in solving the residuak&ve statics, which is often ten times larger
than Pwave staticsat the same locatiordue to the very low S velocitiefTatham and

McCormack., 1998; Cary et al., 1993).

2.3 Migration

fiThe purpose of migreMn is to construct an image of the subsurface from seismic
reflectiondata ( Ban cr o f tPBrestack migrdtion ,is fdikegtp@®cess that moves each
input sample into all the possible reflection positions, and invokes the principles of comstructi
and destructive interference to recreate the actual iin&gk traces are searched to find energy

that contributes to the output samp{Bancroftet al, 1994).

14



2.3.1 Conventional Migration

Bancroft et al. 1994 described several conventional methodsestfapk and poststack
migration.fiConventional processing has been concentrated on producing a stacked section from
CMP gathers, followed by a poststack migration based on the stacking vefocitié¢sBa ncr o f t
al., 1996) fiThe stacking velocitieare used © remove the normal moveout (NN@at may
vary with dip, even when the propagation velocities are constant. The velocities used for
migration should have these dip effeaemoved; therefore some estititon of migration

velocity isrequired ( B a nal.rlef)t et

Prestack partial migration (Shultz and Sherwood, 1980, Sattlergger et al., 1980) emerged
as aremedy toremove the effecof midpoint smearing after stacking secsomith dipping

events (Yilmaz and Claerbout, 1980).

Prestack migration methedhat permit variable velocities include source (shot) record
migration (Schultz and Sherwood, 1980; Reshef and Kosloff, 1986; Van der Schoot, 1989; Le
and Zhang, 1992; Ng, 1994), prestack constant (or limited) offset migration (Sattlegger, 1980;
Deregowk, 1990; Ehinger et al. 1986), migration by altering downward continuation between
shot gathers and geophone gathers (Denelle, 1986; Diet et al.,1998)Il gmdstack Kichhoff
Migration (Lumley 1989, Lumley and Claerbout]993). The basic theoreticabeelopment of
prestack migration dates in the early 19706s

(1971).

2.3.1.1 Poststack migration

Poststackmigration is performed aftex stack sectiormas been mad&Vhen the velocity

is constant, tb poststack operatonoves the energy from a stacked sample to a-senié on

15



the migrated sectiorAll other stacked sample arenapped in aimilar manner taonstruct the

migrated sectioBancroft et al., 1994)

2.3.1.2 Prestack Source (Shot) Record Migration

Prestack datareacquired inshot records, and each recaah bemigrated separatelyn
a constant velocity environment, the migration of one trace is represented by a series of prestack
migration ellipss with the source and receiver at the foci of the ellipse. The doltect all

migrated traces can be stacked directlgdmplete the migration process (Bancroft et al., 1994).

2.3.1.3 Prestack constant offset migration

Input data can be sortedto sectionwherethe sourceaeceiverdistance, or offsets
constant. A pestack costant offset migratioralso uses @eries of prestack migration ellipse
Prestack shot record migration and prestack constant ofigeation shouldproduce identical

result when the migrated traces are projected to the zero offset §8etramoft et al 1994).

2.3.1.4 Full Prestack Kirchhoff Migration

Full Prestack Kirchhoff migration creates one output migrated trace by summing energy
from all input traces within the migration aperture. In this manner, each sample from a given
input trace could be moved inme and position to all possible output traces in the migration

aperturg Bancroft et al., 1994).

There are many other methods of migration that are available, however the Kirchhoff
method will be used in this thesis for converted wave data and will be presented nhetadie

the next section.

2.4 Kirchhoff Prestack Migration concepts

Kirchhoff prestak migration is based on a model of the subsuréscan organized set of

scattepoints which scatter energy from any source to all receivers. The model assumes that

16



energy may come from a source located anywhere on the surface. The energy on a recerded tra
is locatedin time at the total traveltime along the ray path from the source down to the
scatterpoint and back up to the receiver (Bancroft, 1994). The objective of prestack migration is
to gather all of th scattered energy and relocdte the podion of the scatterpoint$restack
Kirchhoff migration assumes an output location (or scatterpoint), and thesitiserappropriate

energy from all available input traces. This procedure is repeated for every output sample.

The surface location of a veséll array of scatterpoints is referred to as the common
scaterpoint (CSP)The collection of all input traces that record energy from a given scatterpoint
is referred as the migration aperture (Bancsatflal, 1994, 1996). CSP gathers are similar in
function to the CMP gditers of conventional processing, howevache CSP gathers contains all

traces in the migration aperture.

2.4.1 The Cheopspyramid

Most prestack Kirchhoff time migrations assume linear ray gatha time sectiofrom
the source to scatterpojrand from the scatterpoint to the receiver, as illustrated in Figbre 2.
The traveltimet is estimated bydding the timds from the source to the scatterpgiandthe
timet, from thescatterpoint to the receiven;
0O 0 O 8 (2-3)
From the geometry, and assuming that the veldgity constant, the total or twway,

traveltime can be computed from:

o - — - (2-4)
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where z, is the depth of the scatterpoint,is the distance from the midpoint (Mo the
scatterpoint (SP) located a0, ard h is half the sourcereceiver offset. Tis equation is referred

to asthe double square root (DSR) equat{Bancroft et al., 1996).

Extending equation (2) to include lateral velocity variation, the DSR etipra can be

modified to:

o6 - — - — (2-5)

whereVng is the RMS migration velocity approximation of Tanner and Koehle (1969) evaluated
attp, and is assumed to be locally constant. The tym€x=0, h=0) is the tweway zeroeoffset
time and is derived from thagata. Equation (8) definesthe traveltime surface over which the

Kirchhoff summation or integration takes places. We can define the zieggth

a —. (2-6)

sP R P | S

tr

Scatter

point to

®t

Figure 25: Geometry for Kirchhoff prestack time migration with source S and receiver R.
The total traveltime is the sum of source to scatterpoint timets, and the scatterpoint to
receiver time, t;. After Bancroft et al., 1998.
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The DSR equation may be used to compute the traveltifioe one scatterpoint ag into
a continuum of P x and h locations.This surface is known aSheops pyramidClaerbout
1984). A CMP gather that is located at scatterpoitQ), intersects Chegppyramidon a
hyperbolic path and allows conventional NMO correction. However, when the intersections of
all other CMP gathers<( ) haw® nonhyperbolic paths, the energy will be mispositioned with

hyperbolic NMO correctiooér ( Bancr of.t et al ., 1998)

fThe Cheopspyramid is the prestack migration equivalent to the zero offset hyperbola of
2D poststack migratiam  ( Ba n cr o f t Prestack mifjratiomefetsot® tee) process by
which energy distributed oveZheopspyramid issummed orcollapsed back to the scatteint

| ocati on at t(Baecrofpetal alfd6)ddshowa lEelow.

Offset h,

Displacement x -

Figure 2.6: Cheops pyramid for continuous range of midpoints and offsets from one
scatterpoint is referred to a Cheops pyramid. Taken from Bancroft, 2012
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2.5 Equivalent Offset Migration

Equivalent Offset Migration (EOM) is a fast method for performing a Kirchhoff
migration and computes an equivalent offset for a trace based on the acquisition geometry

relative to a scatterpoint location.

The equivalent offset is defined by conwvegtithe DSR equation {2) into an equivalent
single square root or hyperbolic form (Bancroft et al., 1996). Téfisrmulation achievedby
defining a new source and receiver collocated at the equivalent offset position E as illustrated in
Figure 27. For convenience, the CSP gather is located@t The equivalent offsét, is chosen
to maintain theyield traveltimeas defined irequation (23):
0O ¢0 0 oO. (2-7)

This traveltimes can be written as:

¢ — - - — . (29

This equation may be solved for the equivalent ofiséb get:

N o Q0 — . (2-9)

A derivation of this equation may be found in Bancroft et al., 1988.equivalent offset
is roughly a quadratic sum of the distarxceetween the CSP and the CMP, dmdhe source
receiver half offset. Thparenthesizedross term in equation @ contributes a small time and

velocity dependence to the equivalent off&ncroft et al., 1996).
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2.6 Common scatterpoint gathers

The following description is takefrom Bancroft et al., 1996vith minimal changes.
Equation (29) shows that scattered energy from a particular scatterpoint, when considered as a

function of equivalet offset will be distributed along a hyperbolic path on a CSP gather.

Start of quotationThis new type of prestack migration gather can be formed by ordering
all traces according to their equivalent offset from a presumed scatterpoint location. Tye ener

in each input trace will be copied to all CSP gathers without time shifting.

hyperbola

Figure 2.7: The equivalent offset he is defined as the offset from the surface to a collocated
sourcereceiver having he at same traveltime as the original sourceeceiver. Scattered
energy from all source pairs lies along the hyperbola at their equivalent offset. After
Bancroft et al., 1998.

The equivalent offset is quantizedo discrete binsand all energy whiclalls into a bin
is summed. Therefore, an input trace mayehits samples spread over a number of offset bins.
The first useful energy in the input trace comes from a zero depth scatterpoint at the CSP

location(x=0, t= 0) and has an equivalent off$gtigefined by
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0 @ (2-10)

The starting timd of this useful energy is given by

Y — (2-11)
Energy at this point will migrate to the surface of the CSP trace with a dip of 90 degrees.

When the input time tends to a large value, the equivalent offset tends to a vertical asigmptote

given by

Q ®» Q. (2-12)

It may appear from equation-@ that the equivalent offset neetb be computed for
each sample in each input trace. Howesgarcethe CSP gather is formed by combining traces
into equivalent offset bins with a spaciaghonly times at which the input starh a new offset
bin need to be computed. The initial equivalent offgggmay be computed using equation (2
10) and assigned to an appropriate offset bin. The following sarydes added to this bin until
the eaiivalent offset increases to the next bin boundary, at which point the input sample are
added to the next bin. The timaéwhich this transition occurs i, wheren is the bin index and

may be foundy rearranging equation {2) to yield

Y - (2-13)

wherehen is the equivalent offset of th&" bin boundary. The transition times of each offset bin
for a given input trace may be computed to allow efficient copying of @nepke into the

respective bingnd of quotatiorfrom Bancroft et al., 1996

The CSPgathers have high fold and offsets that can be greater than the maximum source
receiver offset. This high fold improves the resolution of velocity analysis over conventional

CMP gathers. After velocity analysis, NMO asthcking completes the prestack migration.
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EOM resuls will be the same as prestack Kirchhoff time migration, but with shorter run times.
The method is easy to implement, and usesidardprocessing algorithersuch as velocity

analysig(Bancroft et al., 295).
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Chapter ThreeConverted wave migration usingthe EO concept
3.1 Introduction

The prestack migration by equivalent offset and common scatter point is an alternative
method to conventional prestack migration. This methodlgs ideally suited for converted

wave procssing.

Converted wave processing assurtied the dowward propagating energy is anRwve
and the reflected energy a shear wave. This-®ave is recated wih 3-component receivers
(Bancroft et al., 1994, Wang, 1997). The processing metstadsvith the DSR equation ¢2)
or (28), with the appropriate P and S velocities for each leg of the ray path, as illustrated in

Figure3.1.

From equation (5) and using the concepts of prestack time migration and RMS

velocities for both, the-Wave and Svaveenergy, the traveltime is defined by:

o -  — — — h (3-1)

whereV,.msandVsims are the respective RMS velocities for P and S waves. The vertical zero
offset traveltimeof the source raypath ig, andthe vertical zeraffset traveltime of the receiver
raypath istos. The distancebs andh, are shown in Figur8.1. The depth of the conversion point

IS Zo and corresponds tg, andty, i. €.,

a . (3-2)

Replacingt by 7, yields
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+ t
Figure 3.1: The raypaths and traveltime for a scatter or conversion point.

4 7
o) _— ——  h (3-3)

or

o 0 0 . (34)

The same traveltimefor the equivalent offsét. is given by:

o 0 Q. (35

If we assume the ratio die RMS and average velociti@g;,s and V. for the P and S

wave velocitieso beconstantthe constark may be defing as

(0 , (3-6)

This allows for the definition o pseudo depth
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@HJ d N (3'7)

for each square roegjuation 8-5) can be writteras

6 — & Q — o Q. (3-8)

The squaregoot portions are equal, giving the hyperbolic traveltime equation

6o — — U Q. (3-9)

This equation can also be written as

O — du Q Th (3-10)

whereV, is defined as

@ . (3-11)

Theratio of the P and &RMS velocities @vmsis definedby

. —s8 (3-12)

The equivalent offsédt. for converted wavecanbewritten as:
N — o (3-13)

From equation 8-13), the converted wave data ithe prestack migration gathewsl|

have wave reflection energy with hyperbolic moveout defined with the velMgcity

At this point, V. can be only be used after the gathers are formed. Howientsal
estimatesof V; can be formed and used to estimdtevhich is thenusedto form the common

conversion scatterpoint (CSP gathers.
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After P-S data are transformento CCSPgathers by equivalent offsethe asymmetry of
the RS ray pathss removed and conventional velocity analysis will provide a more accurate

estimate ol..

We obtain V; from equating the zero offset traveltimes with the original offset

traveltimes, i.e.

O — U Q — U Q — — U Q — aU Q314

where,he can also be redefined as

MM — — au’Q — U Q oHU (3-15)
From the equation (35), he varies with the trace geometny, andh;, but also varies with

depth U and the velocity(z,), asV,can also be a function of depth.

3.2 Mapping input data to a CSP gather using the equivalent offset

We nowaskthe limits d he as depth tend®wards eitheeero or infinity. The first usable

time sample may be found whegapproachesera
Substituting(3-11) in 3-15) hecan be defined as:
Q _ (3-16)
Details are shown in Appendix A.
When z, goes to infinity,the equivalent offset tends to an asymptatewhich may be

defined as

o J— (3-17)

Detailsanddefinitions are shown in AppendB
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The first sample andsymptotic function similato conventional HP equivalent offset

asymptotes and define the range of offsetsifersamples in the input trace.

Figure 3.2 shows a CSP gather with one trastngthe valuesv,=4000 m/s,Vs=2000
m/s, the distance between the CSP and @sM=100 m, anda sourcereceiver half offsebf h=

50 m. The equivalent offsdi. has a rangbetween 83.33 mh{ yand 95.74 mit 5.

CSP gather with one trace, x= 100m, h=50m
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Figure 3.2: Equivalent offset for constant velocityVp=4000 m/sVs=2000 m/sx=100 m,
h=50 m

Figure 3.3 shows. curves for the same input trace at different CSP surface locations.
Using same the values fo andVs, the distance between the CMP and the CSPRerémogh 200
< x < 2000 m with incremesif 200 m, andasourcereceiver half offsebf h= 200 m Note how
the equivalent offset tends to the asymptotic valuesiasreasesNote dso, howh, starts at

differenttyasx increases
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CSP gather for different x values
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Figure 3.3: Equivalent offsetsfor one input trace with Vp=4000 m/sVs=2000 m/sx=from
200 to 2000mand h=200m.

3.3 Extending the use of the converted wave velociy..

The velocityV. is used to apply moveout correction on the converted wave CSP gathers.
This raiseghe question whethet is possible to ignor&, andVs and simply us&/; as a velocity
for a limited range ofnput dataWe now want to know how much input data can be used with

this assumption. Then, veanestimateVsusingV, andV. in equation(3-11).

We knowfrom the equatioif3-4) that

o - & 9 - & (3-19)

and now we definatime tycassuminga singlevelocity of the meaim, V., we replacev, andVs

with V,, i.e.,

0 - a Q - a Q. (3-19
How close gty to tp.s? Givenhs= x + h andh, = X T h (as shown irFigures 3.1), and if

we assume eithee= 0 orh= 0, theno 0 . For all other conditions,
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0 o . (3-20)
However, tlere is a short range okabledata wherthe CMP displacemenx, is small.
Using this small range of we can get an initial estimate \8f from the data that will lead to a

simple estimate of the shear velodity

The time difference between equasdB-18) and(3-19) can give us difference in sign
that is dependent oihe polarity of x, and will tend to remove any bias in the sum wixen

becoms larger, allowing a greater range for gathering.
The difference betweeg. andt,.sis defined asi and is given by
1 00 0 (3-22)
Figure 3.4 was created to illustrate the ertothat can be expected for offset ranges
and depthe, using the value®/,=4000 m/s,Vs=2000 m/s,a distance between the CSP and the

CMP of x= 100 m, anda sourcereceiver half offseth from 0 to 200 m This figure also

illustratesthe error as a function of depth.

In this figure,we can tolerate a small error i for example5 ms or 10 ms that will
allow us to collect near offset traces into a gather for velocity analysis. If snawget enough

traces into a limited converted wave CSP (LCCSP) gather to quickly and accurately egtimate

We now assume a vertical array of scatterpoints at defpdim O to 1000 m, that are at a
spatial location ok = 0. A range of migpoint locdions are located to the left and right of this
vertical array, of a distance i.e.x = -1000 to 1000 m. We assume a fixed value for a half
offset,h. Two-way traveltimes (equation 3.18) are then computed to and from the scatterpoint as
a function ofx andz, i.e.t(x,z,h) This is repeated fdy. (equation 3.19), and the plots are shown

in Figure 3.5, wheré was chosen to be 50 m.
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Figure 3.4: Error time for different source-receiver half offses h (from 0 to 200 m), in

increments of 20 m for constant velocities.Vp=4000 m/s,Vs=2000 m/s, distance between
the CSP and CMPx=100 m.
With a halfoffset of 50 m, the difference in the two traveltimes is difficult to view. The

following plot (Figure 3.6) shows traveltimes, and the magnitudeeoflifference in traveltimes.

-1000 ‘1000 800 600  -400 -200 O

Figure 3.5: Traveltime for one vertical array of scatterpoints at x = 0, with a) the true
traveltimes (t,.s) and b) the traveltimes computed assuming a constant converted wave
velocity (tvc) for h = 50m.
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Figure 3.6: Traveltime differences with a) the actual traveltime and b) the magnitude of the
calculatedtraveltime.

Figure3.6ashowsthe traveltime erroto rangefrom -15 msto approximately +15 ms. If
we limit the absolute traveltime difference in Fig@réb to a maximum of 10 ms, then the data
in traces that have geometryarblue hue could be used. Fig®&a illustrateghatthere is an
opposite polarity of the timermr. Stacking traces with an opposing time differences will lower
the frequency content of these traces, but will not introduce a time shift bias in the data.

Consequently, a larger time difference, say 20 ms, may be usable.

The absolute traveltime islgited below in a plan view with the colour defining the
absolute time difference, in FigueZ. Thecoordinate®f this pld are in space and depth (x, z),
representing the location of the midpoint and the depth of the scatterpoint for a fixed source
receiver offseth. These coordinates are not convenient for evaluating a LCCSP gather. We
remap the data first to twway time in Figure3.8, and then to equivalent offset in Figu:8.

This figure now represents the location of energy @tS&gather and showswhere the limited
offset data will lie. Note, the reflected energy of the converted wave is zero when the offset is

Zero.
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Figure 3.7: Plan (or map view) of the absolute value of the traveltime difference.
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Figure 3.8: Traveltime error plotted as twoway time and depth.
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Absolute traveltime error on CSPg for h =50 m 3
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Figure 3.9: Traveltime error plotted as twoway time and equivalent offset.

The following Figure 3.10 shows the traveltime erforsCSP gatherwiith offsets of h =
50, 100, 200, and 500. The source is on the left and the receiver is on the right. The converted
wave raypaths are asymmetrical and produces an image that is asymmetricalxabdut
Swapping the soureeceiver locations will reverse géhequivalent offsets. A center spread
acquisition system will produce LCCSP gathers with opposite polarities of the traveltime

difference that will tend to sum to zero and remove any bias in the gather.

A limiting value for the time difference could beusd| to half the size of the positive part

of the wavelepeak. Equal half shifts iopposite directiommay tend to cancel the wavelets.

3.4 Velocity consideration

One of the major problems of converted wave processing is the scale of the axis that
defines tle velocities. This scale may be in time or depth, and the time scale could feaire P

times, Swave times, or @vave times.
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There are numerous properties that use the term velocity which are related to the actual
velocity of the medium. These are reéet to as velocity types, with tmeainf o welocifi e s 0

referred to asinterval, average, roaheansquared, and stacking velocities.

Absolute traveltime error on CSPg for h = 50m «10(S) Absolute traveltime error on CSPg for h =100 m
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Figure 3.10: Traveltime difference on a CSP gather for various half offsetsequal to: a)
50 m, b) 100 m, ¢) 200 m, and d) 500 m. Note that the values on the colour bar vary for
each figure.

The awerage velocity is the ratio dhe distance along a certain path to the time to
traverse this path. Vertical twway traveltimesty are related to vertical deptls with the

average velocitWaye
W Ok ia —ah (3-22)
where the average velocity may be defined in time or space, depending on the direction of the

conversion. It is defined from the instantaneouseig} Vi (N) and interval time, defined in

then™layer by
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o 0 — (3-24)
When usingherootmean square (RMS) velocitnms, the scale is in vertical time. These

velocities are also computed from theéerval velocities using

® o . (3-25)
Equations(3-24) and (3-25) can be modified to compute the interval velocitgnf
average or RMS velocitiea]lowing one type ofvelocity to be converted into anothéflith one

mode,velocitiescan be expressed in time or, if necessary, in depth.

3.5 Introducing an new value foro based on RMS velocities

The ratio between-R®ave and Svave velocities as been defined in equa(@®i2) but

should be written as a function of depth using interval velocities

ra —38 (3-26)
We can have RMS velocitiesrf®-wave, Swave and also for @ave,and henceould

write a relationship o b ecities.eHowevet, the timesoof thee s p o n

corresponding velocities are differentei,

-

& acie ——h (3-27)
Where the timeg, andts are at the same depth.
Ideally we slould continue to use depth agettommon parameters to compali&erent
modesof propagation however itis convenient to use one common time scale. Here, we are
going to use Rvave timet,, as the Rvave velocities are usually defined first, and are more

reliable. Then, scale the S andi&a to align events on the same display.
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This requires converting thevave velocity fronts time tot, time, i, e.,

S 6 ——8 (3-28)
The following section will consider practical methods for estimaedy using a small
range ofx and allowsh to range from zero tmaximumvaluesof hnaxaccordingto the geometry

shown in Figure 3.1.

3.6 Estimating an initial value for V..

One method of aoputing an initial velocity folV. is to scalev, with an assunevalue
for ﬁ Thisrequires adjustingf the velocityV,, and shiftingthe timetg, to alargertime of to,

i.e.,
&) o —w o h (3-29)
where
0 —0 . (3-30)

Tests couldbe run with different values (ﬁto establisrmore accurate values bf that
vary with timeto.
Another method for estimating/; is to use the equivalent offset method with short

offsets. Consider again equati@®1), but now expressed irthe midpoint locatiorx and half

offseth

o — — — —— 8 (33)

Using a pseudo depth, we have
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0 o+ = o 0w Q = ol w Q . (332
Whenx is small relative td, we can assume
EANN T Ao e (3-33)

And we combine the two squareots, and convert the S velocity &P velocity giving

0p ~— @ Q, (3-39
where ﬁmsis the ratio
= , H
Grns U ———. (3-39)

Equation (334) can bewritten in terns of a RMS converted waweelocity

0L — o Q, (3-36)

giving a converted wave velocitms (U , as

®»  aH

W oHU. (3-37)
The equation(3-37) tells us that we can approximate an initial equivalent ofigetith

an estimate o¥..msto form gathers with short displacements

There will be no energy at zero offset, but if a gather can be formedawstiort
displacemenk, then a simple velocity analysis will providenzore accurateonverted wave
velocity V. . This velocity may also be used for moveout corredbonmore importantly can be
used for an initial @snationof Vs, which canthenbe used to fornrsompleteCSPgathersThis is
similar to conventional data processing where a supergather CMP is formed by stacking

neighbouring CMP gathers. The differefmavever is that the actual equivalent offiseis used

when forming the CSP gathek&e may also try an approximatid@® to the equivalent offset.
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N o Q. (3-38)
If xis very small, equatio(B-38) reduces t@ super CMP gather to find the velocities. If
the displacement is too small, there may not be enough energy as the amplitude of a converted

wave is zero wher = 0.

3.7 Extending to all offsets

Given the Pwave veleity and a goocdestimate of the 8vave velocity, the source and
receiver traveltimes can be computed forE8®M that encompasses! offsets.Equation(3-32)
may be used to compute a converted wave travelimaes repeated with the actual times of the

velocity,

o0 fif —— @ ® @ —— WU @ Q (339

that is equated to an equivalent offset for a collocated source and receiver,

00 i —— U Q —— 04U 0, (340

or
0 6 HhQ au Q (3-41)

or
06 g —— U Q. (3-42)

This equation tellsis that we can compute a converted traveltusiag equatior{3-39),
and assign it an equivalent offsgtusing equatior{3-42). A prestack migration gather can be
formed usingV,.ms and Vsms, and thenbeenprocessedike conventional data usinge.ms This

process is referred to as converted wave equivalent offset migratie® Q.
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Note howeverthat the times of the velocities in equat(@?39) are different and need to
bealigned This is discussed in the following section where | makhehtraveltime for PSand

C wave data

3.8 Matching the traveltime for P-, and C-wave data.

The objective is to map the traveltimes between various velocities for the different
modes. In the casgherewe want to map P velocities toatchan initial guesof V., we start
with Vp.ms (top). Then,scale the amplitude and times to an estimated converted wave v#&ocity
ms (foc) 10 top times Vems (top). | shall use real data in the following sections to illustrate the
progress of the methods. The input velocities that were picked from thaataatere smoothed

for easier viewing.

Please note that some migration methods use interval velocities, but a Kirchhoff
migration requires the velocities to be in an RMS form. The velocities may lvertesh from
one form toanother. The function is usubly defined for layers in depth with defined interval

velocities. A correspondingican be defined for RMS velocities.

3.8.1 Method 1

This method stastwith the RMS P velocities(Vp.ms) and converts then tmterval P

velocity (Vpnt), then (Veant) thento the RMS C velocitieSVg.ms).

1. ConvertVpms(top) to intervalvelocitiesVp.n(to-p)

o ¢ . (3-43)

RMS, interval, andaverage P velocities\V.ms (top), Vpint(top) and Vpavdtop) are
illustrated in Figure 3.11a.

2. Use the interval velocities to map the times to dépth zo.
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a - Ez0 0 . (3-44)
3. Scale the amplitude &fc.in to Vp-int at z (same aso.p) usingy, (as illustrated in Figure

3.11bwhere Vy.int (2) is inblue and V¢ (GZ) is ingreen),

&) arE 1o —® G 1o . (3-45)
4. UseV.n (z)and the corresponding depth increments, compute the C times at each depth
[ 0 W a . (3-46)
5. Resamplé/.; from irregular timegat depth to equal time increments
[ 0 bW €] O (3-47)
6. Convert the interval C velocitW{.;n;) to RMS C velocities\c.rms),

o & I (3-48)

as illustrated in Figure 3.11c ¥g/mg.

3.8.2 Method 2

This method uses a single approximation, is much simpler than methmgd Aasa
similar accuracy.Using the corresponding average velogity get the depthyZrom
Ca 0 a 0 o ah (3-49)
and assumingheratio of average P and C velocitigsbesimilar to the ratio of P and C RMS

velocities

0 0

o ——, (3-50)

we relate the tim&, andto: with 9, usirg equation(3-45), i. e.,
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0 0o —8 (3-5))
Equation(3-51) allows us 0 simply map the Rvave times to converted wave times without the
need to convert to interval velocities. We can getGheelocity valuedy convertingVp.ms (to)

on approximate depth using the RMS velociWgsns (2) using
W G —w a8 (3-52
The estimatedV...ms velocities in approximate depth are then converted back into thme
complete mapping equation
[ 0 — 0 8 (3-53
If we are gien the Pwave velocities, and a chosenp e c i f i €, we ¢amo scalef o r

the P velocities to C velocities, and then map the P times to theme&s.in summary he

processing steps are:

1. Create an initial array @b ¢ by scalingthe amplitude ofw € using
W E —w €8 (3-59)
2. Resamplen (m) tow (n) using equal increments of nvhere
a — &8 (3-59
The second method is illustrated in Figure 3.11c wkiahees fromthe fast methodre
also plotted iryellow colour Vo.rme). Note thatthe timeuses bythe fast method is less than that

of the exact methoend only extend to 4 seclhe error between the two methods is shown in

Figure 311d and is less than 0.1%.

Once we have an initial estimate g, then we can create LCCSP gathers at a few

locations to get an improved estimate\@ffrom a semblance amgsis of the gathers. These
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improved or picked/; velocities were converted to interval velocitiasd then deptland are

displayed ashe red curve in Figure 3.1M.in(Pz).

3.9 Estimating the S velocities
3.9.1 Introduction

The previous section of estimating the C velocities in now used to estimate the S

velocities for the full prestack migration that uses the DSR equEi8a).

C velocities are wuseful -waw weloegted HowaveriGh g a
velocitiesare not useful for forming CSP gather for a complete prestack migratiots afa®a.
After the LCCSP gathers have been formed, a new estim&tecah be picked from the LCCSP

gathers for moveout correction to complete the prestack migration.

The full prestack migration requires P and S velocities that use the DSR ed8a8R)n
defined at the same depths. Depth arrays are computed from the P and C velocities respectively.
The depths of the C velocities are matched to the depths of thedrigsldAt a defined depth, P
and C velocities are used to compute the S velocities, which are then mapped to the
corresponding time of the P velocity. Now, when the DSR equéBi®d) is used to compute a
traveltime, thetp time can be used for both tieand S velocities. When the S velocities are
mapped td,, times, and using the same pseudo depthim each of the square roots, equation

(3-32) becomes

oat — U O Q — U ®»w Q ,(356)
This equation is then used to compute the times and equivalent offset for forming the

CSP gathersAfter these gathers are formed a third estimate®.aé obtained from velocity
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analysis to apply moveout correction, amplitude scaling, and stacking tdetertipe prestack

migration.

Comparison of Vp-rms, Vp-int, and Vp-ave. Comparison of interval velocities in depth
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Figure 3.11 Plots of initial estimates of the converted wave velocity. with a) the RMS,
interval, and average P velocities, b) the interval P and C velocities in depth, c) the P RMS
velocities and the two methods of computing the C RMS velocities in time, and d) the error

in the two methods of computingC RMS velocity V..
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3.9.2 Computing the S velocities

The interval S velocitie¥s, are computedimilar to theV; processisingVp.int andVe.int

from equation(3-26 at the same deptih from

NI I — (3-57)

The interval velocitie¥y.int, Vsint andVene in time are shown in Figure 3.12a.
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The interval S velocitie¥s,,; are then converted to RMS velociti&sms, and mapped to

P imes at the corresponding depth.

3.9.3 Fast methods of Vs

The comparison required byistprocess can beerformedmore efficiently gmilar to the

V. processwith the assumptiaof & that is @mputed from the RMS velociti&4,ims andVe.rms

when
oHU o} oHu o , (3-58)
then
W o} W o , (3-59)
and we estimat&/s.msfrom
® 0 i . (3-60)

Figure 3.12b shows this RMS Velockms using the method Msms exac@Nd method 2,
Vsmms fast Figure 12.3c shows the RMS velocities for P, S andMgumk Vsims, Ve-rms @Nd Vsms
(to)-

Theimproved estimatef V; is used foras initial estimatef Vs for the formation of the

unlimited CCSP gathers. Thg andV;s velocities int,, times can then be used to compute the

RMS velocity value faor fonct Fogufeom2ttud, s hows

fromthe RMS velocities in greerand fromawell log in red.
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Figure 3.12: Plots of initial estimates of the converted wave velocityswith a) the Interval
P, C and Svelocities, b) theRMS S velocity using two methods of computing the RMS
velocities in time, c¢) theRMS velocities B S and d) Gamma functions from interval
velocities, RMS velocitiesand the well log.

46



Chapter Four Results
4.1 Introduction

The theory preseatl in Chapter 3 was testedth syntheticdata and real data from

HussarandNortheastern British Columbmreas.

In each cas¥, was first estimated frori, using a constarts, thenLCCSP gathersvere
formed New V. velocities were picked from these gathers. Yhand newV; velocities were
then used to compute the S velocitigsBoth V, andVswhere then used faZ-EOM method of

prestack migration of the converted wave data.

4.2 Data
4.2.1 Hussar
4.2.1.1 Acquisition

These seismic data weazquired by CREWES collaborationwith Husky Energy,
GeoKinetics and Inova in September 20Ihe experiment was conducted near Husgdberta.
Figure 4.1 showthe location of the study areand the direction of th&D line with the well
locatiors nearby.The survey was designed to test tise of different sources and receivers to
investigate the extension of the seismic broadband as far into the low frequency range as possible
without sacrificing the higher frequenciésaac et al.,, 2011; Margrave et al., 201Rdth
dynamite and Vibrossisourca with five different types of receivers were used in this

experiment.

The sources included dynamii2 kg) and two differentVibroseis: NOVA6 s AWV
(model 364), and conventionalEagle Failing Vibroseis (Y2400) with low-dwell sweep The

INOVA 364 vibrator isspeciallydesignedd operateatlow frequenciesThe line wasshot twice
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with different sweeps using this vibrator: a special-tbmell sweep and a normal linear sweep,

both extending from 1 to 100 Hz.

The type of receiversused were3C 10Hz Sensor SMgeophones1C 4.5 Hz Sunful
geophones3C VectorseisaccelerometerdNanometricsTrillium seismometersand 1C 10 Hz

SM24 high sensitivityyeophones.

The combination of all of these sources and receivers rgsaltquite large dataset

consisting inatotal of 12 PP section and 83%5ectiongMargrave et al., 2091

The data weregecorded to 10 seconds$sample rate of 2 msethe line is 4.5 k long
andruns NESW. Figure4.1 shows the location ahe study areaand the Hasar seismidine

with the welllocatiors nearby

The analysis to be shown this section idor the dataes acquired with3C SM7 10 Hz
geophonesand an NOVA 364 Vibroseisa with a custom lowdwell sweepas a source The
sweep length was 24 seconds with a 10 sedieteh time. The sourcespacing was 20 rand
the receiverspacing was 10 nin addition to the seismic data, well information was added to
this thesisCompressional sonic lsgand shear sonic Isgrom a well (from 208 m to 1569 m

depth)overthe 2D line arealso considered in this study.

4.2.1.2 Processing

The RP and RS radialdataset wreprocessed at the University of Calgdmy Dr. Helen
Isaacat the University of Calgary through a standard processing sequileistatedin Figure
4.2 and 4.3 respectly, usingProMAX processing softwarélhe data was preprocessed to a
horizontal datum at the mid elevation of the topography. The standard processing steps of noise

removal, amplitude recovery, and deconvolution were also applied. The receiver stéties of
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converted wave data required special attention and were estimated by investing the lateral

variability in the time events identified on the common receiver stacks (CRS)( lon and Galbraith,

2011).
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Figure 4.1: Area of studyincluding the Hussar seismidine and the location of nearby wells.

After Margrave et al., 2011.
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TraC(le edit
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Gabor Dec|:|onvolution

Velocity analysis
I

NMO correction Residual Statics

EOM

Stack
|

Migration

Figure 4.2: Processing flow for the PP Hussar seismic datasdétlelen Isaac, 2012 personal
communication)

After the velocity analysis, the datasetpiertedto MatLab to apply EOM codehich
generates CSP gathetisat werethen ported to Vista software for velocity analysis, NMO
correction and StacK.he prestack migration omplete at this stepFigure 4.4 shows the flow

processing for EOM data

A more accurate and simple method to estimatesing the equivalent offset method

with short offsets was explained in Chapter 3. The radial component line was processed with the
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Equivalent Offset algorithm. The equivalent offset gathers were formedawithited range of

lateral displacements.

Rotation into radial component
Asymptotic |CCP binning
Geometry Spreaclling compensation

Import P-wave sh(l)t static and applied
Calculate and applied retl‘,eiver elevation S statics
Edit batlj traces
Noise attenuati|on: Radialfilter

Gabor Declonvolution

Surface wave noise attenuation
|

Velocity analysis, Initial Vc
I

Common Receiver Brute Stack (CRS)
|

Estimate S-wave receiver statics from CRS
I

Checkthe CRS foradditional significantreceiver statics
—=

Repeat S-wavereceiver statics

EOM

PS wave Stack
|
Migration

Figure 4.3: Processing flow for the PS Hussar seismic datase{Helen Isaac, 2012 personal
communication)
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Generation of CSP gathers
|

Velocity analysis
I

NMO correction
|

Stack

Figure 4.4: Processing flow forEOM.

4.2.1.3 First estimateof V.
As was mentioned e#l, there is a shorrange ofusable data when the CMP
displacementx is small, thereforea simple velocity analysis will provide a converted wave

velocity V..

Tests to find a best displacementwas conducted using eighteen traces spaced evenly

across the lineThese testwere done using three methods:

1. Supergather
2. EO using a simplifiedequation(2-12) or (338))

3. A Full EO methodequation(2-9))

The test was conducted using eighteen supergaspezad evenly across the line. This
was repeatedsing values okna rangingfrom 25, 50, 100, 200, 406 800 m, and thentacked
with the first estimat®f Ve.msusing theVpmsv €1l oci ty and 2=2. The resu
4.5 which shows the eighteen stacked traces, (rstaok), for eachmax The quality of the
tracesimproves with increasedand could be used for an initial estimaté/gf However, tlese

dataarevery flat and not alupergathers of this size arged as they dependn offset.
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The test was repeated usimgthods 2 and 3, using the same valuesgf as shown in
Figure 4.6 and Figure 4.7 respectively. The panel with100 m shows the better image of the
reflectors mainly in the shallow part of the sections aldh@esec and tended to produce more
coherent energy. An example of one limita€iCSPgather is shown in Figure 4{8r Xnax= 100

m, in the central portion of the line

The CSP gathers were formed amokmal moveout wsapplied usinghe first estimate of
Verms@a N d 2 = Zhe meshods desctibed in chapteFgjure 4.8 shows the@QCSPgathers
formed by a supergatheising a maximum displacemextof100 m ¢op). The sameLCCSP
gatherssectionwith NMO correction pottom). Figure 4.9 and 4.10 shows the LCCSP gathers
formed by EO simplifiedmethod andFull EO method, respectively, using a maximum

displacemenk of 100 m (top).The same LCCSP gathers section with NMO correction (bottom)

The following desabes the process of forming theelocities by matching traveltirasof
the velociy procedureexplaned in chapter 3Figure 411a shows a comparison of-Wave
velocities: RMS, interval velocity and average veloGityp.ims, Vpint and Vpave (step 1,using
method }. Figure 411b shows a comparisohetween interval velocity for-Pand Gwaves,
usingd =2 (st ep Rgure4hk showsalcomparison of interval velocities in depth for
P- and Gwave datg Vp.int and Vi arein blue and green respectivellyigure 411d shows a
comparison oRMS velocities for Gwave using method, Mc.ms1 (in blue), and method, 2/..
ms2 (N yellow).
4.2.1.4 Second estimation of; Velocities

After an initial estimate ol,, LCCSP gathers at a few locations allow us to get an
improved estimate oW, from a semblance analysis of the gathers. Figure 4.12 shows a

semblance panel for a CSP located in the middle of the line, formedxwith 100 m and
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Figure 4.8: Limited converted wave CSP gathex(LCCSP) (top) and after applied NMO
correction (bottom) formed by a supergather.
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Comparison of Vp-rms, Vp-int, and Vp-ave. Comparison of Vp-int and Vc-int
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Figure 4.11: Sequence delineating progress fromRMS P velocities to interval P and C
velocities then back to RMS C velocities. a) a comparison of fvave velocities: RMS,
interval velocity and average velocity, (b) velcity for P- and C-wave, usingo = 2 ,
comparison of interval velocities in depth for P and C-wave, and d) a comparison of RMS
velocities for Gwave using method 1 (in blue), and method 2 (ipellow).
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Velocity analysis of the LCCSP gathers produced a more accurate velocity estiMate of

I 2 [P 1= (PR | > |
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Figure 4.12: Three semblance panels formed witkma= 100 m and from O to 4000 ms. The
left panel a) was obtained with supergathersh) the middle uses EO simplified, anct) the

right is uses the full EO. The ame semblanceplots d), e), and f) are corresponding
expanded viewdrom 0 to 600 msec

ms (P) thanVe.ms (G) computed fronV,.ms  These velocities are compared in Figure34,1
showing the originaVy.ms velocity in blue,Ve.ms (G) computed fromVp.ms in green, and the
more accurat®.ms(P) in red. It is interesting to note that the two converted wave velocities are

equally close to a time of 1 to 1.5 sec, corresponding to the best horizontal fit of the moveout



data in Figure 4@ Figure 4.4b shows a comparison between interval velocfoe$-wave and
converted wave data derived frommPave data and using 2=2 and pi
(b), and (c) in depth.

Vp-rms, Vc-rms(G) for v = 2 and picked Vc-rms(P) Comparison of interval velocities
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Figure 4.13: a) Comparison of the velocitiesVp.ims, and Veims (G) computed from Vpims ,
and more accurateVems (P), b) Comparison betweenP-wave interval velocities V., and
converted wavevelocitiesderived from P-wa v e u s Vo 6G), are accurate Ve (P),

in time, c) in depth

Now that an improve®..msis obtained shear velocies can be estimated. Figure 44
shows interval velocities for-P C-, and Swave velocities in time and the same interval
velocities in depth is shown in Figure 4.4. Figure 4.4c shows the RMS velocities for,FC-,

and Swaves. Thelast velocity mentioned is showntigtime as the cyaourve
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Figure 4.14: a) Comparison between interval velocities for Rvave V., , C-wave and S
wavein time, b) the samein depth. ¢) Comparison of RMS velocities for P, C and SYp.rms,

Vc—rms,, and Vs—rms-

The interval velocities derived from picked velocities are compared with velocities
measurements from a well log, as illustrated in Figure 4.15a-RdBta, and (b) for-B data.
Using these velocities, awe e st i maan de abthined Figurd.15¢c shows the new
e st i miadeptlthndd h e | usedfTheadw estimate f 0 tbehighbisthah 20 near
the surface, and lower than 2.0 deeper in the section agated; though these are only initial
estimatesThe new gamma function derived frov.ms fromVpmsu si ng 2 =2Vemsa n d
picked is now readye to compard with the logs ofwWell 12-27, whichcontainsinformation

from 208 to 1585 meters.
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Comparison of P-P log and picked Vp 4ogéomparison of Slog and Vs using Vp and Vc
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Figure 4.15: Comparison between interval velocities from well logs and estimated values
with a) Vp and, b) Vs,andc)compari son of estimated o9 funct.
|l ogs, the assumed initial v aHandkCveldcites.=2, and 0

The new velocityV.ms Was used toepeatthe test with a supergather of eighteen traces
using various values of,ax from 25, 50, 100, 200, 400, and 800 m, as indicatéde top of the

panels in Figure 46L The supergathsishowbetter image of the reflectors with increasingax

Again, the test was repeated using gimplified andthe full EO method, andising the
same values of,ay to derive the resultshownin Figures 4.17 and Figure 4L8 respectively. The
panelswith xnax100and 200 nshowbetter image of the reflectors mainly in the shallow part of

the sectionsabovel.O sec.

The full EO method was applied form all CCSP gathers usinthe bestvelocity V..

After the gathers were formed, new velocitiésms were piked, andNMO with astretch mute
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of 60 % for RP data and 1@ % for P-S datawas applkd. The gathers were then staElgure

4.19a shows a CSP gather around in the middle of the line, with NMO applied in (c) and after
applying stretch mute of 60 % in (é&igure 4.19b shows a CCSP gather around in the middle of
the line, with NMO applied in (d) and aft8&fMO correction anépplying stretch mute of 100 %

in (e).

Figure 420a shows thdinal stacked FP and (b) the £ sectionsafter EOM Figure
4.21a shows the FP poststack migrated section (b) th& Poststack migrated section, processed
by Dr. Helen Isacusing a Finite Difference algorithrithe final stacked of Figure 4.20 and 4.21
have the same band pass Ormsby filter-aD%0-80 Hz, and the AG@ain scaling for purpose
display. Figure 422 shows bothfinal stack sectionsafter EOM with P-S scaled to an
approximateP-P time.Figure 4.23 shows an amplitude spectrum gifaplunfiltered final stack

after EOMfor (a) P-P datg and(b) P-S data.
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Figure 4.18: Six micro-stacks formed for variousxmax as identified by the distance in
meters on the top of each panel. The CSP gathers were formed using EOM type 4 and
the new velocityV¢rms.. The bottom of each panel indentifies the CMP number of the
stacked traces. Each panel, (micrstack), contains eighteen traces taken at equal
increments across the converted wave line.
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