UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

LONG OFFSETSEISMICDATA ANALYSIS FOR RESOURCE PLAYS

A DISSERTATION
SUBMITTED TO THE GRAUATE FACULTY
in partialfulfillment of the requirements for the
Degree of

DOCTOR OF PHILOSOPHY

By

BO ZHANG
Norman, Oklahoma
2014



LONG OFFSETSEISMICDATA ANALYSIS FOR RESOURCE PLAYS

A DISSERTATIONAPPROVED FOR THE
CONOCOPHILLIPS SCHOO OF GEOLOGY AND GEOPHSICS

BY

Dr. Kurt J. Marfurt, Chair

Dr.Zebdbev Reches

Dr. BenjaminShiau

Dr. Isaac Hall

Dr. JamieRich



© Copyright byBO ZHANG 2014
All Rights Reserved.



| would like to dedicate this dissertation to my family and friends whose support,
patience, and persistent encouragement was instrumental in allowing me to complete this

degreeprogram.



Acknowledgements

| would never have been able toifih mydissertation without théelp, support,
patient guidance from my principal supervisor, Kurt Marfdittrough the four years, He
provided me withthe freedom and unwavering continuous support for doing research
Thank you fordeveloping my geophysics skilend the help on my life sidéour
knowledge and noble qualities will be lifetime wealth for me.

| would like to extend my sincere gratitude to the members of my commateeb e v
RechesBenjamin Shiaulsaac Hall, Jamie Richand Xingru Wu for their aomitment to
serve on my committee and their inspiring comments on my research. Thanks to Tim
Kwiatkowskiin extending my abilityn programmingmathematical and geophysical skills.
His encouraging words inspired me to write the prototype interactiveuedsialocity
analysis interface which is now used for velocity analysis in the AASPI consortium.

| appreciate the time arsdipport fronfellow students and friends in the AASPI team
including Bradley Wallet, Supratik Sarkar, Roderick Perez, Oswaldo Dattogwictor
Pena, Miguel Angelo, Xavier Refunjol, Ha Mderemy FiskAtish Roy, Ozan Elis, Sunday
Amoyedo, Lanre Aboaba, Marcus Cahoj, Thang HWHredo Fernandez AbadRachel
Barber, and many others not listed for their great help. My sincere thané&ghgoChinese
club (Zhonghong Wan, Deshuang Chang, Kui Zhang, Huailai Zhou, Yanxia Guo, Shiguang
Guo, Tengfei Lin, Fangyu Li, Jie Qi, and Tao Zhao) of AASPI. They provided key help
during these years.

| would like to express my deeply gratitude to my ilgg;mnmy parents, and my
grandma in law. Their help and support always was there for me. | deeply apologize that

| candt be physically nearer to them.



| would like to express my deepdste to mykids Linyue ZhangLinwan Zhang
and Linwu Zhang. Your comgninto the world bring me a lot of jag my life.

Finally, I am deeply indebted to my beloved oi¥en Lin for all her support red
personal sacrifice ithe family. You were always there cheering me up and stood by me
through the good times and bauithout your support and endless love, this work would not

have been complete.



Table of Contents

ACKNOWLEDGEMENTS. ... . \Y
TABLE OF CONTENTS ... e Vi
LIST OF FIGURES..... ..o X
AB ST RA CT . et XiX

Chapter 1: Nosstretching NMO correction of prestack timegrated gathers using a

matchingpursuit algorithm.... ..o 1.
AB S T R A C T e e ————————————— 2

N I @ 1 1 L @ I 1\ 3
CONVENTIONAL NMO CORRECTION AND STRETCH......ccoeiiiiiiiiiieeeeeeieee 7
NONSTRETCH NMO CORRECTION......cciiiiiiiiiieeiieiiimceii e eeee 38
The Blockbased moveout NMO COITECHON..........coovvviiiiiiiiicce e 8

The matching pursuit NMO COIMTECHION...........uuuuiiiiiiiiieieeeiiiiiiieeeee e 9

N e o (@ N I 0 ]\ RPN 13
LIMITATIONS oo e e e e e et e e e e e e eenmeeans 15
CONCLUSIONS ...t e et e e e e e et e e e e eessmmmees 16
ACKNOWLEDGEMENTS. ... eremr e e e e 16
REFERENGCES........o it erree et eeene e 37
Chapter 2: Horizoibased sermautomated nonhyperbolic velocity analysis..........41
ABSTRACT ettt e ettt e e e et e e et nnneearaa s 42
INTRODUCTION. ...t e e et e e e e e e aan e emens 43
AUTOMATED NONHYPERBOLIC VELOCITY ANALYSIS....cccoooiiiiiiiieeeeees 46
Travel tiMe eQUALIONS........eeviiiiiiiiiieiee e smmme e T

Vi



Differential evolution (DE) optimization..............ccoovvviiiiiimmnneeeeeeeeeeeeiiiiinens 48

The Objective TUNCLION............ooiiiieii e 48
MINIMIZE THE STRETCHASSOCIATED WITH FAR OFFSET.................... S0
APPLICATION . ...ttt e e e e e e e e e e e ammmeneas 50
CONCLUSIONS ...t e ettt e e e e et e e e e eeesmmmees 53
ACKNOWLEDGEMENTS. ... 24
APPEND X A e e nmara s 55
REFERENGCES ...t 72

Chapter 3: Improving the confidence of prestack inversion by preserving the data fidelity

N TONQ OFFSEL. ..t 75
ABST R A CT e ettt e e et e 76
INTRODUGCTION. ...ttt e e st e e e e e ab e e e e e eeaanmmnes 77
STRATEGIES TO PRESERVE THE DATA FIDELITY AT FAR OFFSET.....79

Mitigating t he Ahockey sticko using

ANAIYSIS .. e 79
Minimizing the stretchat far OffSet...........ooooiii i e 80
IMPrOVING SNR.....oiii s 80
Prestack seismic data conditioning WOrkflow...............cc.uvvvvieeeniiiiinnnnne. 81
7 o e I [ 2 I [ 1 RSP 81
CONCLUSION. ..t erre et e e e e et e e ennen e 84
ACKNOWLEDGEMENTS ...ttt eeme ettt eneme et eeeees 85
REFERENGCES........o it ereee et enene e 97

vii



Chapter 4: Brittleness evaluation of resource plays by integrating petrophysics and

SEISMIC data @NalYSIS......cooi i 98
AB ST R A C T e et e et e e e e a b e 99
INTRODUGCTION. ...ttt e e imr e e e e e eaaaa e e e e e eeesmae 100
BRITTLENESS DEFINITION. ...t 102
PRESTACK SEISMIC DATA CONDITIONING......cccouuiiiiiiiiiiiiiiee e 104

L= | PP TP PP PP USUTPPPPPRP 107
Simultaneous prestack inversion and 3D brittleness evaluation............ 108
CONCLUSION. e eerer e e e et rre e e e e e e e e e e eaan e e e ennmees 110
ACKNOWLEDGEMENTS. ... eeemr e e 111
AP P END DX A e ——————— 112
e N [ P 126
Chapter 5: Sermutomated fault interpretation based on seismic attributes......129
AB S T R A CT et eee e e e e e e e e 130
INTRODUCGCTION. ....uiiiiii e ceeee e e e e e et e et e e e e e eaaaeeenen 131
1 N [ 5 PP 133
Seismic Attribute CoNAitioNING.........ccvviiiiiiiiiiiiiiee e 133
Thinning and Connected Component AnalysSis............cccccvvvvimennnnninnnns 136
Interactive Fault Surface Generation...............ooooiiiiieeni e 138

viii



APPLICATION ...ttt e e e e e e e e e enee s 139
DISCUSSION. ...ttt e e e e e neeeens s 140
CONCLUSIONS ...t e e e e e e e e e e aennas 141
ACKNOWLEDGEMENTS. ... ..o 141
REFERENCES ... .. e 156



List of Figures

Figure 1.1. Schematic diagrams showing conventional NMO correction for two reflection
events (R1 and R2) (a) before (b) after NMO correction. Onlyéneoffset samples
maintain the same waveform before and after correction; the degree of stretch increases
with increasing offset. Shallower events undergo greater stretch than deeper events. The
maximum stretch occurs at the crossing point, beyond whiche s ampl es dé chr o
(o]0 = RS R €= T ST o R 17
Figurel.2. Cartoons illustrating the implementation and limitation of the {iaskd

NMO correction. (a) The zeroffset time is divided into adjacent data blocks of variable
time duration { and 3). The samples within each block have the same amount of
moveout correction. If the NMO correction velocity increases with depth (oraffset

travel time), the travel time will be compressed with increasing offset, giving rise to
overlap (indicated by the green area) at the boundary between the two adjacent blocks.
(b) Two interfering reflection events after blebksed nonstretch NM@orrection.
Because of the compression of travel time with depth, the samples indicated by green
amplitude values located in the overlapping area of adjacent block will be used twice,
giving rise to wavelet repetition and diSCONtINUITIES............c.vvvveeeiiiicemriiiiieeeeeee 18

Figure 1.3. Flowchart showing the nonstretch NMO correction workflow based on the
matchingpursuit wavelet decomposition technique. Insteadashpleby-sample, the
correction is implemented on a wavelbgtwavelet basis................ccccccieeens 19

Figure 1.4. A synthetic input gather and cormegpng corrected gathers after (b)

conventional NMO and (C) MPNMO COIMEeCHONS..........uuuureiiieeeseeereenennnnneeeeaeenns 21



Figure 1.5. Representative spectra as a funofioffset for conventional NMO corrected
gathers for the (a) first, (b) second, (c) third, (d) fourth, and (e) fifth corrected reflection
events shown in FIQUre 1.4D...........oii e 24
Figure 1.6. Representative spectra as a function of offset for MPMO corrected gathers for
the (a) first, (b) second, (c) third, (d) fourth, and (e) fifth corrected reflection events shown
T o T8 =00 0 o T USSR PPURTR 27
Figure 1.7. Crossorrelation coefficients between the zeftset trace and finiteffset
corrected using (a) conventional NMO and BPNMO applied to the gather shown
FIQUIE L@ ettt ettt ettt ettt e e e e e e e e e ammr et e e e e e e e e e e e ns 28
Figure 1.8. A synthetic gather with random noise (a) before and (b) after MPNMO
(o =Y o1 1 0] o TSRS 29
Figure 1.9. Although MPNMO minimizes stretch effects, it does not correct for errors in
velocity. Here the gatheshown in Figure 1.4ais corrected with MPNMO using a velocity
that was 10% too slow, thereby overcorrecting the data................cccccoeeeeeennnns 30
Figure 110. Applying (b) conventional NMO and (c) MPNMO correction to a
representative prstack time migrated gather (a) from the Chicontepec Basin, Mexico
(CMP NO. 10N FIQUIE L.13).. . iiiiiiiiiiiiiiieeee ettt ettt et e e e e e e e s e e e e e e e e e e e 32
Figure 1.11. Spectra of nedred), middle and farangle range stacked traces from (a)
conventional NMO and (b) MPNMO correctian............ccoevvvvvviviieeeeeeeeeeeeeeeeeiiiens 33
Figure 1.12. Correlation coefficients between (a) the-reead midangle stacks and (b)

the near and farangle stacks using conventional NMO (in blue) and MPNMO (in

Xi



Figure 1.13. Stacked sections after (a) conventional NMO correction with 150% muting
criteria and (b) MPNMO correction algorithm shown in Figure 1.3. The target Paleocene
Eocene Chicontepec formation lies betw&eh 8 andt=1.2s (Sarkar, 2011). Note the
improved resolution (such as the events marked by the red circle) and continuity (such as
the event marked by the red rectangle) of the reflection events using MPNMO correction
1= 10 o o 1R U PP 35

Figure 1.14. Average amplitude spectra for stacked sections shown in Figure 1.13
corresponding to the conventional NMO corrected gathers in blue, and MPNMO
corrected gathers IN FeM... ...t e e e e e e e e e e e e e e e e e ans 36

Figure 2.1. Flowchart showing the automated nonhyperbolic velocity analysis. The model
parameters consist of interval NMO velocity and angdlity. The objective is to find a
model that gives the maximum stacking power using a global optimization strategy called
differential @VOIULION.............uuiieiiiie e e 57

Figure 2.2. Simplified stratigraphic column of the Fort Worth Basin in Wise County (da
Silva, 2013). The Barnett Shale lies between the Marble Falls andlVioéstone in our
SUIVEY GIC@.....ceeerruueeeeeeenn s amaa st e e eeeesn s e e e e eeena s smmns st e e e e e nen s e e e e eeensmmmrn e e e e ennnnans 58

Figure 2.3. A representative tinmeigrated CMP gather using two term hyperbolic travel
tmeequai on and the migration velocity shown
and stretch indicated by the white arrows at far offSet...........ccccovvviiiicecicinnnn. 59

Figure 2.4. The gather shown in Figure 2.3 after muting. The wavelet is not allowed to
stretch more than 130%, resulting in the loss of information in the far offset......60

Figure 2.5. The gather shown in Figure 2.3 after applying reverse NMO. This gather

server as input to automatic nonhyperbolic velocity analysis.............ccccoovvieee. 61

Xii



Figure 2.6. Velocity analysis results performed on the coarse grid (20x20) super gathers.
(&) RMS velocity from hyperbolic velocity analysis on the offset truncated gathers and
(b) intervalvelocity converted from the RMS velocity. This interval velocity is used for
generating the initial target interval velocity. The initial interval anellipticity is set to

O PO UUPPUTTRRR PSRRI 62

Figure 2.7. Horizons used in parameterizing the model. We interpreted these 18 horizons
on the stacked volume of neaffset time migrated gathers (Figure 2.4). The named
horizons are tied to wells. Unnamearizons provide further constraints............... 63

Figure 2.8. Flattened representative gathers using the workflow shown in Figure 2.1. Note
the Aihockey sticko .i.s..go.ne..but..not.68he str
Figure 2.9. Optimized model results using the workflow shown in Figure 2ringothe
optimization procedure, we first the update interval NMO velocityoga)1 =and (b)

t_ =, ten calculate the corresponding (c) RMS velocity and (d) effective anellipticity.
The optimal interval velocity has higher resolution than itligal interval velocity
(LT UL I22 <] o) T 66

Figure 2.10. Antistretch processing applied to prestack gathers. Representative gathe
after (a) muting and (b) reverse NMO correction. The muting is applied on the time
migrated gathers shown in Figure 2.3 where the wavelet is not allowed to stretch more
180%. Reverse NMO is applied to the muted gather. (c) Thestetching processed
results. Note we minimize the stretch at far offSets...........ccccoice 68

Figure 2.11. Stacked sections after (a) conventional migrated gatheds3@®h muting

criteria and (b) MPNMO correction gathers with 180% muting criterion. The target

Xiii



Barnett Shale lies betwegrl.1sandt=1.3s. Note the improved stacking power indicated

by the red arrows and vertical resolution indicated by yellow arrow................... 69

Figure 2.12. Zoom in display the stacked section of target reservoirs from (b)
conventional (a) and (b) proposed residual veloarglysis workflow. Note we have

more continuous reflection events (red arrows) and improved resolution (yellow

=L (01,7 PP PSO 70

Figure2.13. Spectra of stacked section from conventiofidlie) and proposedrea)
processing. Not¢ he spectrum of new stacked sectio
high to | ow..fireguUuenCl.B.S s 71

Figure 3.1.Fl owchart showing the three data con
fidelity at far offset: 1) automastcemamhy
procesasthg ©ime migrated gathers, .86d 3) ¢
Figure3.2 Representative g@gatnlgerstepeswisrhg winhe np
The time migrated gather from the convent
applying 130% stretch mute. (c) The correc
ani sotropy obtai ned fwvreolno caiuttyo maant a iy sni@sn.d ty(pde
processing result applied to (a) wusing the

The SNR improved gather applied to (d) wus

The rejected. .. .random.no.i.S. . iiiiiiieeinnnnnn, 89
Figure 3.3.St at i sti cal extracted wavelets from
conditioned angle gathers. The correspondi

shown in Figures 3.3a and 3. 3b. The red,

i nt er nenddi altaer,ge angl e..wawv.el.et.s..and..8pectr a

Xiv



Figure 34.Compari son afmpedaaceed rBm (a) conv
Ppr ecomedd tgaot. . el .S e 92

Figure 35.Compari son afmpedaaceedr 8m (a) conv

preconditi.oned..gab.he . S 93
Figure3.6Compari son of inverted density form (
[0 = S 1 =T = PP 924
Figure 3.7.Qual ity control of the inverted resu

mi ddl e, and ri ghitmppeadmenimgeesidBowe , t A@edPdensi
bl ack, bl ue, green, and red curves shows
resuto®m conventional and..pr.ec.ondi.t.i9%ned ga
Figure4.1Fl owchart showing steps to Iptr ecsoenrtvael nt:
three main steps 1) automati c normhypdrchol
processing on the time migrated g.allhAer s, 3
Figure 42F|1 owchart showing steps to estimate
containing two main parts 1) obtaining the
and Bl frok Wwehth mad 2) inverting rock pe

3D Bl by applying the cl ass..f.i.cat.i.blB patt e

Figure 430ut |l i ne of seismic survey |l ocated 1in
resulting from 3D seismic acquisition. Sur
bench mar k well used i n t5hmilestopha @theastaf s | oc
SCISITHC SUIVEBY . .tttteiiitei et e e e e e e e e e e e et e e e e e e e e e e e e e e e m e e s s e s s bbbt s e e e e enenassbenee e 116

XV



Figure 44.Ga mma Ray, clay mineral, TOC, guart
brittleness index | ogs corresponding to We
using Wang and Ga.l.e.d.s...e.qu.a.t.i.o.n..(.2.0.019) .

Figure 4.5 Gamma-aRmady | ¢2:?Pedanc e, P o sLsainobndGas rraattiio
normalized Bl and new classified Blor r es pond.i..n.g...t.a..We.118 A

Figure 4.6 Cartoon illustrating the strategy t
mi ner al content wusing Wan.g..and..Gal.21®s equa
Figure 47Repr esent ative gather showing the pr
Nor mall vy, we need to mute the serious str
mi grated gather in the conventional proce:¢
af tpeprl yah ng automatic nonhypstbekicbingl pciot
(c) The SNR improved gather applied to (c
(d) The r ej.ecl.e.d N0 .S e s 121

Figure 4.8.Si mul t aneous presmped#ancempre(deafhcBa) (
Poi ssonds r dtaimdb,d aamd.t.f.b)... . Mu. ... 123

Figure49 Qual ity control the inverted result:
third, and fourth -paped ainmmeed MBnedsepnescittiyv el otgl
Poi sson6s ratio. The blue, black, and red
model , and inverted r.es.ul.t.s..f.r.om.s.&84smic ¢
Figure 4.10Br i ttl eness estimation by applying t|
rock properties volumes. We obtained the

properties and Bl ifrg nP.9\eM.c.h...ma.r.k...®281 | s u s

XVi



Figure 5.1. Patterns comparison between (a) seismic discontinuity attribute on time slice
and (b) binarized vein phee (Modified from Miura et al., 2007). Those two objectives
from different field show similar features in the plane..............ccccvvviiieeeiiiinnne. 142

Figure 5.2. Diagrams showing the procedure of seismic attribute conditioning. The
attributes value comes from the red line shown in Figure 5.1a. (a) Cohes¥ues as

the input for the fault sensitive attribute. (b) The curvature computed from coherence
attribute. (c) The score values used to output binary fault sticks...................... 144

Figure 5.3. Capability time slice computed from the attribute slice shown in Figure 5.1a
using the strategy Of @QUALION.3...........uuiiiiiiiiiii e 144

Figure 5.4. Confidence time slices encountering a fault at’(p90, (c) 4% and (d)

135 using equations 4a to 4d applying on the capability time slice shown in Figure
LG 70 S 146

Figure 5.5. The final confidence estimated from Figures 5.4 using equation 5. We scale
it to range between 0 and. L........coooiiiiiiiiiieee e 147

Figure 5.6. (a) Binarized slice after (b) thinning, and (c) trimming processes. The
binarization processing is applied on the time slice shown in Figurdae5threshold
value used in generating Figure 5.6 1S 0.95...........covvviiiiiiieei e 149

Figure 5.7. Flowchart showing the seaunitomated fault interpretah based on seismic
attributes. The whole procedure only requires three parameters which simplify the
EXErACION PrOCESSING. .. i iiieeeeeeeieiee e meee e e et et eeee bbb e s e e e et e e e e e e aeans 150

Figure 5.8. (a) Seismic amplitude and (b) coherence cube used for the algorithm

102153 1] o 151

XVii



Figure 5.9. (a) Capability and (b)narized cube computed from coherence attribute
SNOWN IN FIQUIE 5.8D.....co e e e 152
Figure 5.10. 3D view of trimmed fault sticks amidginal seismic data.................. 153
Figure 5.11. Visualization of the fault surfaces and original seismic data. Different color
means diférent fault systems. (a) Extracted fault surfaces using the workflow shown in
Figure 5.7. (b) Attributdbased manually interpreted fault surfaces. (c) Vertical section
view of extracted fault surfaces. (d) Vertical section view of manually interpreted faul

Y0 [ 7= (o] <1 TP PP ROPRURRRRN 155

xviii



Abstract

Wide-azimuth, longoffsetseismicsurveys are becoming increasingly common in
unconventional exploration plays, where ththe key objectives are to estimate the
direction of maximum horizontal stregs predictthe intensity and orientatioonf any
fractures and to differentiatérittle from ductile lithology.

Minimization of NMO and migration stretch, which usually appears af tdfset,
is one of the main issues for lcoffset seismic processing. Teaetch not only lower
the seismic resolution, but also hinsleubsequent prestack inversion such as laabda
(&), mur h o , &nd amplitude variation with offset and azim(#VAz) analysis of
the longoffset signal.The first part of his dissertation usea matching pursuit based
normal moveout correction (MPNMO) to reduce NA@etch effect in long offset data.

Nonhyperbolic velocity analysis is components for longoffset seismic
processing. Conventi@hmigration velocity analysisiainly has two limitations. First we
need to interpolate the velocayd anisotropy parametei®ng spatial and temporal axes
between adjacent manually picked locations. Such interpolatiorsroanth over any
intermediate velocityand anisotropyanomalies contained in the gathe&econd,
smoothed RMS velocitiesan give rise to unacceptable interval velocitisgg the
simple Dix equation.dlevelogdan automatedonhyperbolic velocity analisworkflow
in the second part of thdissertationthat uss the conventional analysis as a starting
estimate

The third part of this dissertatioflustrates a workflow to preserve the data
fidelity for far offset seismigathersThe workflow begins by performing reverse NMO

on the time migrated gathers usingitiigal migration velocity. Ther obtain the optimal

XiX



velocity and anellipticity modeusing a differential evolutionary automatic algorithm.
Next | apply nonstretch NMO arrectionto the time migrated gathers usitige new
velocity and anellipticity model resulting in flattened nonstretched prestack gathers.
Finally, | apply prestack structure oriented smoothing algoritionfurther improve the
signal to noise ratioln this manner, both stacking power and vertical resolution are
improved by aligning the data abhg avoiding stretch, and removing migration aliasing
artifacts.

The fourth part of this dissertatiggmoposed a strategy to evaluate brittleness of
unconventionatesources plays by integrating petrophysics and seismic data anlalysis.
start by computing rock properties and brittleness index (Bl) from mineral content logs.
Then| define a classificatiopattern between rock properties and uing proximal
support vector machine training and testingtoa seleced benchmark wells. Nextl
perform simultaneous prestack inversion using commercial softwaréhe prestack
conditioned seismic gatherSinally, | estimate3D brittleness evaluation ifahe target
reservoirs by applying the recognized classification patternte prestack inversion
volumes.

The final part of my dissertaticiocuseson automaticfault sufacesextracting
using seismic attribute$heextractingprocedure is modeled afta biometric algorithm
to recognize capillary vein patterns in human fingers. First, a coherence or discontinuity
volume is converted to binary form indicating possible fault locations. This binary
volume is then skeletonized to produce a suite of fagkss Finally, the fault sticks are

grouped to construct fault surfaces using a classic triangulation method. The processing

XX



in the first two steps is applied time slice by time slice, thereby minimizing the influence

of staircase artifacts seen in distiauity volumes.
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Title: Non-stretching NMO correction of prestack timegrated gathersusing a
matchingpursuit algorithm
ABSTRACT

Wide-azimuth, longoffset surveys are becoming increasingly common in
unconventional exploration plays, where two key objectives are to estimate azimuthal
anisotropy to predict the direction of maximum horizostedss, and to differentiate high
total organic car bon (T @@dcaribonatenh stnatarTee fif r ac
conventional NMO correction which processes the data saoysample results in the
well-known decrease of frequency content and lange distortion through stretch,
which both lowers the seismic resolution and hinders lamlboa mu-rho (@-4¢ ) and
amplitude variation with offset and azimuth (AVAz) analysis of the lofiget signal.
To mitigate the stretch typically associated wdh offses, we use a matching pursuit
based normal moveout correction (MPNMO) to reduce N&ti®@tch effect in long offset
data. MPNMO corrects the data wavedgtwavelet rather than samptg-sample,
thereby avoiding stretch. We apply our techniqueaas gf a residual velocity analysis
workflow to a prestack timemigrated data volume acquired over the Northern
Chicontepec Basin, Mexico. The results show higher resolution both on tséapke

gathers ad on the stacked data volume.



INTRODUCTION

Normalmoveout (NMO) correction applied to commondpoint (CMP) gathers
are one of the most important routine processes applied to seismic data and is a
prerequisite for CMP stack and many other procedures (Shatilo and Aminzadeh, 2000).
The objective of th&IMO correction is to resample a finitéfset trace in a CMP gather
to approximate the kinematics of a zeffset trace. The standard NMO correction causes
wavelet stretching which lowers the frequency content of the corrected reflection event
at far offet. This stretching will affect all subsequent processing and inversion. For
example, unmuted stacked traces exhibit lower frequency content, and therefore have
lower resolution and hinder the search for subtle traps (Noah, 1996). NMO stretch also
affectsAVO analysis by distorting the AVO gradient (Swan 1988, 1997; Ursin and Ekren,
1995).

In flat layers, only the zeroffset traces strictly represent the correct sequence of
reflection coefficients (reflectivity functionptherfinite-offsetcorrected traces contain
a distortion of the vertical reflectivity function where wavelets have been stretched or
even reversed. Buchholtz (1972) was one of the first authors to quantify the artifacts
introduced by the NMO correction. Dunkamd Levin (1973) studied the effect of stretch
in frequency domain and concluded that usual NMO correction stretches the wavelet in
such a way that the spectrum of the NM@rected wavelet is a linearbompressed
version of the original spectrum. The @ummt of compression depends xyrthe source
det ector separ ¥t)ithe neloaty modebat rforsnal inddereentwiay
travel timeto. Barnes (1992) analyzed the correction distortion in instantaneous frequency

and instantaneous power domaand found a time&ariant frequency distortion caused

3



by the NMO correction. Miller (1992) studied the impact of muting on the frequency
content of stacked images. Owusu and Spencer (1995) analyzed the VSP moveout stretch
for a horizontally stratified neei u m. I n Noahdos (1996) exampl
frequency caused by the NMO correction have a major impact on the interpretation.

As offset increases we often encounter nonhyperbolic moveout in both isotropic and
anisotropic media (de Bazelaire, B98le Bazelaire and Viallix, 1994; Castle, 1994;
Bolshykh, 1956; Dix, 1955; Ursin and Stovas, 2006; Alkhalifah, 1997, 1998; Fomel and
Stovas, 2010). Such loraffset data are critical for extending the accuracy of AVO and
extracting more rock property infmation. Dynamic correction of these kinds of wide
incidence angle gathers using the hyperbolic equation will introduce not only stretch, but
also | arge time Dbias which appear on NMC
Unfortunately flattening such hockesticks still results in NMO stretch. In general,
severely stretched traces are simply muted out as noise, thus sacrificing the crucial
information contained in long offset data. Although estimation of such anisotropy and
long offset AVO analysis and gt&ack impedance inversion is our primary objective, in
this paper we focus on eliminating the limitations on such analysis due to wavelet stretch.

Rupert and Ch u-MdaveSurg (BMSI)Snethod i8 perhapk the first
non-muting solution to address stch in the NMO correction. The BMS method treats
data blocks which are moved as a unit with a single dynamic correction, thus eliminating
trace stretching and reducing trace distortion. The drawback to this method is that it
introduces wavelet replicatioand discontinuity between adjacent blocks atoffset
traces where the data blocks overlap. Byun and Nelan (1997) applied\atyirey filter

based on a stretch coefficient analysis to the Ndd@ected traces to reduce the loss of



high frequencies. ichman (2000) presented a Phase Moveout method where he
substituted the phase spectrum of the mininuffsettrace for the phase spectra of each
finite offset trace, thereby avoiding the usual wavelet stretch. Based on the assumption
that all time samplesf a digital reflected wavelet at a particular offset have the same
normal moveout, Shatilo and Aminzadeh (2000) proposed a Constant Normal Moveout
correction strategy which applied a constant moveout for a finite time window of a
seismic trace, protectingpe corrected traces from stretching and distortion. The most
critical factors for successful application of this method are to have an-\Oity
accuracy better than 1% and an accurate estimate of the window length containing the
reflection event. Thi technique may also produce some corresponding amplitude
distortion in the overlapping intervals. Hicks (2001) described a method for removing
NMO stretch during stack that uses the Parabolic Radon Transform. He also introduced
a new transform, which is @mbination of Radon and Spatial Fourier Transforms, to
remove stretch from the NMCorrected CMP gathers. The drawbacks of this approach
have been discussed by Trickett (2003).

Brouwer (2002) expanded on the bladloveout technique and suggested an
alternative approach based on the correction of tapered blocks of seismic data, followed
by a coherence filter (Bruland and Johansen, 1994) to compensate for the specific artifacts
thus introduced. Trickett (2003) developed a stréted stack process; theethod
replaces the two steps of NMO correction and stacking with a sstegeinversion to
zero offset. The main disadvantage of this procedure is that an-&dvi€cted CMP

gather which is useful for AVO analysis is never formed. Hunt et al. (2003edreat



pseudeNMO-corrected gathers, and then identified numerous new prospects using the
stretchfree stacking process and AVO analysis.

Hilterman and Van Schuyver (2003) developed a processing and interpretation
approach for widengle gathers, named SeisiVide-Angle Processing, to avoid NMO
stretch for a specified target horizon. This method firstsprek migrates blocks of
seismic data in the commanifset domain using eveillased traveltime rather than
samplebased traveltime tables. The travel tinage based on a reflection ragcing
model for each offset. The disadvantage is that only the target horizon is truly flat in the
CMP gathers after the processing. Perroud and Tygel (2004) developed -atgtiasi
NMO shift approach, which can be obtairfeain the usual dynamic NMO process in a
manner similar to a bloekoveout process, to avoid stretch as much as possible. This
method first requires performing the usual NMO velocity analysis, which estitpates
V(to) for each reflection event. They jast V(to) to maintain the local travel time
parallelism for each usedentified bandimited reflection event. Unfortunately, this
adjustment increases the NMO stretch effect between the identified reflection events.
More recently, Masoomzadeh et al. {B) carefully studied the influence of the data
block size to the distortion of the signal and noted that smaller block sizes introduce
stretch while larger block sizes generate image discontinuities at the block boundaries.
They proposed using ismoveoutcurves (lines of equal moveout) in the thveocity
panel to achieve mutblock constant moveout for the selected individual events, leading
to a nonstretch correction for the selected events. Nonstretch stacking is achieved by the
use of a zigzag veldy function. The main drawbacks are the potential for discontinuities

at the window boundaries and the need to estimate appropriate block lengths.



We introduce a strategy which reduces the NMO stretch at far offsets using a
matching pursuit wavelet decowgtion technology. We start by reviewing the
conventional NMO correction equation, using cartoons describing the stretch problem
introduced by the conventional correction. Cartoons illustrate the wavelet replication and
discontinuity problem that occursing the blockbased correction strategy. Next, we
present our nostretch NMO strategy based on matching pursuit. Finally, we apply our
method to a prstack timemigrated volume acquired over the Northern Chicontepec
Basin, Mexico, and show the improvem® on both the corrected gathers and final
stacked section.

CONVENTIONAL NMO CORRECTION AND STRETCH

NMO correction transforms seismic traces with arbitrary offsigito their zere
offset approximations using the NMO velocity (Shatilo and Aminzadeh, 2000)
Assuming a layer cake model for the NMO correction, we obtain thekwelin
hyperbolic travel time equation (Dix, 1955) as a function of-wvay traveltime at zero

offsetto, offsetx, and NMO velocityV(to)

t(x)= (2 +— 1
(x) V) (1)

whereV(to) is approximated by the rcoteansquare (RMS) velocity for flatyered
media. Using equation 1, the NMO correction time at oftsatd zereoffset timeto can
be written as

2

X
uNMO:t(tO’X) - to: tg"’m - to_ (2



The conventional correction is implemented on a saiibpigample basis, using different

values of DtNMO for different samples having a different value tefin the trace.

Consequently, samples within one wavelet will suffer different amounts of correction,
thereby causing distortion.

Figure 11 illustrates the distortion of finiteffset seismic traces for a simple case
of two reflection events, R1 and R2. The time inteatazero offset between the two
dashed lines is equal to the wavelet duration. Assume we know the correct NMO
correction velocity through semblanbased velocity analysis. For a given reflection
event, the stretching is exacerbated with increasing off$et most severe stretching
occurs at the intsectionof reflection hyperbolae. Beyond such intersection pothts,
standard NMO correction gives rise to local tiregersal of the signallhese reverse
waveforms are particularly harmful to stackitghigh resolution velocity analysis based
on flattened events, to AVO analysis, and to noise suppression, as well as other techniques
that could benefit from the lorgffset data information. Furthermore, sample values must
be interpolated to fill in gapgeated by the differential stretch.

NONSTRETCH NMO CORRECTION

To avoid stretching for the nexero offset traces, the moveout correction needs to
be constant for all samples that belong to the same reflection wavelet. Variations of the
Block-based MoveauCorrection provide a means to approximately achieve this goal.
The Blockbased moveout NMO correction

The Blockbased Moveout correction has two main limitations. First, the block size
needs to be a function of the time duration of the reflection evBatond the block

boundaries overlap at farther offset if the correction velocity increases with depth, giving



rise to the wavelet repetition and discontinuities at the block boundaries. Bigure
illustrates the bloclbased correction procedure. Fir$te zero offset traceo(t, x=0) is
divided into data blocks which may or may not overlap (Figu2a). The blok length
Uand the block centert, are the two key factors affecting the accuracy of the correction.
Rupert and Chun (1975phatilo andAminzadeh (2000) suggested that the block length
should be the same as the time duration of the wavelet. In the example higraxithes
subdivided into adjacent but n@verlapping blocks. The block siz&lsand{ are set to
approximate the waveletudation. Masoomzadeh et al. (2010) modified the NMO
velocity to better achieve this goal. Since the NMO velocity usually increases with depth,
the travel time of two successive blocks will be compressed at the long offset, which
results in overlapping arsdor adjacent blocks at far offsets, indicated by the green areas.
Each data block is corrected as a unit from the top to the bottomtestie (Figure
1.2b). The samples located in the overlapping area (green) are used twice during the
correction reslting in either a repetition or a discontinuity at the block boundaries. The
degree of repetition worsens with increasing offset. This repetition harms the stack,
creates artificial stacked reflections, and lowers the seismic resolution.
The matching pusuit NMO correction
The NMO-uncorrected tracegj(t), can be regarded as the convolution of the

seismic wavelet with the reflectivity series and added noise

d(t)=r(t)* wit) +nlt),
3)
wherer(t) is reflectivity seriesw(t) is wavelet, and(t) is noise. This classic theory

suggests that the NMO correction can be implemented on a wayelsvelet basis,



with the moveout applied to the reflection even(y, rather than to the data samples,
d(t). we achieve this goal by using a matchipgrsuit wavelebased decomposition
algorithm, commonly used in spectral decomposition algorithms (e.g. Liu and Marfurt,
2005, 2007).

Our input data consist of pstack time migrated seismic cubdg{, x,), after
performing reverse NMO correction using the migration velocity function. Our output
data consist of MPNM&orrected gatherslenmo(to, Xa), modeled uncorrected gathers,
Omodt, Xn), and ther e s iodru ad i f dieft,’ X N cbee,t we enl tahned oma dge |ne
uncor r e c tTeegprogess begirsmysselecting the NMO correction trajectory curve
using either hyperbolic (equation 2) or Aleyperbolic moveout (e.g., Alkhalifah, 1997),
as appropriate. Then we build a library of analytic Ricker orlélevavelets. Before the
MPNMO correction loops begin, residual data are initialized to the input uncorrected data
while modeled data and MPNM¢Gbrrected data are initialized to be zero. At each
decomposition and correction iteratipnye apply a constdé normatmoveout correction
to the residual uncorrected data and stack the corrected gather to form a residual stacked
trace. We compute its envelopgt) and pickto® of the K largest envelope peaks that
exceed 50% of t he Vv aaéandateaslftradedompute movepets t e n
timest.® for each offsetx.. For each residual traaein the current gather, we also
compute its Hilbert Transform to form an analytic trace and calculate the instantaneous
frequencyf® at time locations of,® and look up a precomputed analytic wavelt,
f.®]. Finally, the analytic wavelets are leasfuares fit to the analytic residual trag@),

to obtain the amplitudes[t®]and phaséin[tM] of the analytic waveleg,[t¥] and phase
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Ga[t¥] (Liu and Marfurt, 2007). Th& scaled wavelets are then subtracted from the

previous, j-1)" version of the wNMO-corrected residual trace
At %) =Vt x) - & aluft- 100, 19 Jexpli ] )
k=1

andadded to the previous version of the MPNMQ@rected and modeled uncorrected

traces
' ' S« k k ok
iommoltor %) = dirdoltor %) + & a®wt- 1, £ ©]explij ©], (5)
k=1
and
) . K
d)oy(t,x,) = diL (%) + & a®wft- 19, £ 9]expli/ ©]. (6)
k=1

The above process is repeated until the total energy oktidual trace falls below a
desired threshold (Figurke3). At present if crossing events exits in our gathers, we just
simply add the scaled wavelets to the tigfewhich has the largest stacking power.

In this paper, assume that the MPNMO correctietocity function comes from
high resolution velocity analysis, such as the method proposed by the Key and Smithson
(1990). To obtain a goequality corrected gathers, the error of NM@locity should be
less than 1%, such as that for the method propbgeshatilo and Aminzadeh (2000).
Larger errors will place the wavelets at an incorrect time valug @fhich will harm
subsequent AVO and prestack inversion processes.

To better illustrate the above MPNMO produce, we apply the workflow shown in
Figurel.3 to a synthetic case. The gather is composed of five reflection events. The first

and second events cross each other while the fourth and fifth events strongly interfere at
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far offset (Figurel.4a). The offsets range from 50 to 3000 m at increments af.58
Ricker wavelet with a 30 Hz dominant frequency is used to generate the synthetic gathers.

Figurel.4b shows the corrected results using conventional NMO algorithm. Notice
that all the events are stretched to some extent at the farthest offset/lgdhesmevents
located in the blue rectangle. Crossing travel time curves give rise to wavelet repetitions,
indicated by red circles iffigure 14b. In contrast, the MPNMO algorithm preserves
wavelets during the correctioRigure 14c). Events within ta green rectangle figure
1.4c have anonymously low energy compared to other offsets for the second reflection.

This artifact is because MPNMO simply move all matched wavelets at crossing time
(labeled with green rectangle filgure 14a) to timeto of the first reflection (labeled with
the green circle inFigure 14c). MPNMO also favors one event over another in
decomposition of the interfering fourth and fifth reflection events.

Toguantify the i mprovement of MPNM® over
spectra of the corrected reflection event
NMO, the spectra of the first and second r
the offset exceeds tlhe andsbdpvbihpobspetdw
frequencies with increasing offset is mor
stretchindgiagtuxréepnrl . ohésepec¢tra features of
as it interferes witbftsetsnder obygkBingggrad df {
15d). The fifth reflector is stronger, is
reflector, and suffers from |l ess stretch,

| ower values fwisRalg ufree) rle.asi ng o
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Fi guéd esHows that the spectra of these f
preserved using MPNMO, w3t Fitler)s gpa etsrea vfet
with increasing offset. The smpdetnaedfy fhe
to trace, but exhibits a consistent shape
| aaeri ving fiFfitghué ek fllae @t isonmi ( aFi gtud et Ha't
corrected wusing conventiiosnahotNMB@eawihley f af
stretching.

A second measure of the fidel-offyset thac
with all/l ot heX7)af fMNoettes-c o(hFa égluacteiessms coef fi ¢
MPNMOorrect edrirgafflE¢scit.much (better -obfsetat ¢
trace than when wusHingute) nlv.dmt iso walveNMO® m( c
critical topmredtusdkreMswlainss.i on

Figu8 eillLustrates the seRspu8aotiy Ohe MP
result of adding 15% random roigudaet dTheée
noise is sufficiently strong that it is ha
traces of the third refle€¢cigedd. sBowd sbha
MPNMO successfully corrects the noisy gatt

OQur final synthetic test is examine the
set the velocity for the thiad eventotroebt
relati-set gt olbF@dg vWyes nlt. (

APPLICATION
Having calibrated our algorithm on synthetic data, we now apply it to a residual

velocity analysis work flow to prstack timemigrated CMP gathers in the Northern
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Chicontepe Basin, Mexico. The target tight sand Paleoeeaeene Chicontepec

formation lies betweety=0.8s andto=1.2s. Interpretation of the Chicontepec reservoirs

is hampered by geologic complexity, overlying volcanics, and limited resolution (Sarkar,
2011).Figure 110a shows a representative CMP gather after reverse NMO correction

which i -seq u e ghe migration stretcif he shal |l ow part of the
corrected results suffers severe stretch .
seiixmresolution in thestsadakki mwer sisonharu
seviegter et claemu tdead FRiogut &b )1 . b as edle foinn ead prrud i
criteri a. len atWha @se |leextasmptloe sw r eNekht appley r e

t he wor kf |l Piwg s3hexvdn. tihvlP gamdé e CF isghudrwera liam d
obtain the MPNMOicgoudrfee ¢lt.edd heepulcomput ed
Morl et wavelet. Note that MPNMO minirmi zes
of fset data when comyarNeVdOr t @ attFl{fdg u@ @n Vient i
These cooféseeddhbbama can be used tadjyej mprov
i nversion.

Figufigda 14add show the amplituded sspteacctkread f
traces to cor Fegul@®b 01a®etc esRsthownl ue and gr
the spec-{48& ,o fmi(nkHdde, an(d?Bfarangl e range s
traces. Due to the increasingletraetcbdwtce
the conventional NMO correctiormr)j gtulnka)dpect
of theamd-ddfgke stacked traces is distorted
angle stacked traces. | n ecdmtard a sbta,n dMP M@

mi d-hlned-anh gt e Fsitgaudrkeb )1(.
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As we did for the synthetic example, we
as a function of offset or angémrd -aWwegllseh ow
st acKkisgul®.a andandaehae¢ &2r §i gokXb .lnNot e the o
hi gher correlation using MPNMO (the red ¢
curves).

After the moveout <corr ®Pttn @ame ssweawsiti aiadk
Figuiéb 1d®ada to form sei.3mectshydokednsaedt ac
stackedFiseuetaoh.i(s acceptabl e f®tr antaipgpn amgh
(Sarkar, 2011) The interfering ewentngge acenwernt iw
correxstholas punchocate in thel3Iaedddrcl es
Furtharmomefl ection events are more conti
to the same data set, for exfenpt edthectarr
Figudié8s 1d®8d. To quantify the improved res
spectrumFif gwultd)r asf (st ackedl3rpctReds éardgbt
are respective the spectr acofFosgtudféeb ¢ld asdct
conventional NM@uIc3ar)t..e cNoitoen t(hat spectra o
show higher ratio of high frequency <cont
correction.

LIMITATIONS

Li ke conventional NMOnd@MPWMQ@ owirlelct geln g

the velocity function is higher (Il ower) th

ignificantly greater than both conventio

(7))

correction algorithmess ttherarmotshe i pr esdtgand K
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algorithm used to generate generates the
precomputation not only of wavelets, but
acceptabl e. Crossing evedh,y sbwtanr doeulatpsp rion
artifacts that could harm subsequent AVO
partitioning of thilsoeatirgly maythequaipmpe oipm
associated with high resolution Radon trar
CONCLUSIONS

Conventional NMO corrections introduce

refl ection depth. This stretch | owers t he

wavefor mhmaskldockorrecti on al gorithmstavoid

repetition at the Dblock boundary, gi ving

correction 1 s 1 mibkneanveenlteetd boans ias ,warveedl uecti n g

wavel et repetition. By-omf semi dian g <Strreet a\

Ssubseaymeandk AVAZi nver si on. The final stacked

width, which is critical for interpreting
ACKNOWLEDGEMENTS

The authors thank PEMEX for permission to use and show their data, and three
anonymous referees whose detailed comments and suggestions. We also thank the
sponsors of Attributéssisted Seismic Processing and Interpretation Consortium

(AASPI) for their gudance and financial support.

16



Offset (x) Offset (x)

D R b g, O < 0] Ta]”
ok o 21 5]
3] o H
4] 1] |0
1 D = 2] H.
R, R, %Q_ o] |1
a L]
_ B i 2] 121
2 : |3 : ¢
£ E |2 z £
p=} *; E w
5 = | - B
2 s |7 2z
) ]
g = > Q
Q
a7

Figure 11. Schematic diagrams showing conventional NMO correction for two reflection

events (R1 and R2) (a) before (b) after NMO correction. Only theaféset samples

maintain the same waveform before and after correction; the degree of stretch increases
with increasing offset. Shallower ever{f®:) undergo greater stretch than deeper events

(R2). The maxi mum stretch occurs at ‘the <cro
chronological order is reversed.
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Figurel2. Cartoons illustating the implementation and limitation of the bldzksed

NMO correction. (a) The zeroffset time is divided into adjacent data blocks of variable
time duration { and 3). The samples within each block have the same amount of
moveout correction. If # NMO correction velocity increases with depth (or zaffset

travel time), the travel time will be compressed with increasing offset, giving rise to
overlap (indicated by the green area) at the boundary between the two adjacent blocks.
(b) Two interferng reflection events after blodkased nonstretch NMO correction.
Because of the compression of travel time with depth, the samples indicated by green
amplitude values located in the overlapping area of adjacent block will be used twice,
giving rise to waelet repetition and discontinuities.
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Figure 13. Flowchart showing the nonstretch NMO correction workflow based on the
matchingpursuit wavelet decomposition technique. Instead of samptample, the
correction igmplemented on a wavelet-wavelet basis.
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Figure 14. (a) A synthetic input gather and corresponding corrected gathers after (b)
conventional NMO and (c) MPNMO corrections.
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Figurel.5. Representative spectra as a function of offset for conventional NMO corrected
gathers for the (a) first, (b) second, (c) third, (d) fourth, and (e) fifth corrected reflection
events shown ifrigure 14b.
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Figurel.6. Representative spectra as a function of offset for MPMO corrected gathers for
the (a) first, (b) second, (c) third, (d) fourth, and (e) fifth corrected reflection events shown
in Figure 14b.
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Figure 14a.
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Figure 1.10. Applying (b) conventional NMO and (c) MPNMO correction to a

representative prstack time migrated gather (a) from the ChicontepecrBasdexico

(CMP no. 1 inFigure 113).
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Figurel.12. Correlation coefficients between (a) the reard midangle stacks and (b)
the nearand farangle stacks using conventional NMO (in blue) and MPNMO (in red).
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Figurel.13. Stacked sections after (a) conventional NMO correction with 150% muting
criteria and (b) MPNMO correction algorithm showrFigure 13. The target Paleocene
Eocene Chicontepec formation lies betw&ed 8 andt=1.2s (Sarkar, 2011). Note the
improved reolution (such as the events marked by the red circle) and continuity (such as
the event marked by the red rectangle) of the reflection events using MPNMO correction
method.
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Title: Horizon-based sermautomated nonhyperbolic velocity analysis
ABSTRACT

With higher capacity recording systems, lavftset surveys are becoming common
in seismic exploration plays. Long offsets provideelage against multiples, have
greater sensitivity to anisotropy, and are key to accurate inversion for shear impedance
and density. There are two main issues associate with preserving the data fidelity
contained in thdar offses 1) nonhyperbolic velogitanalysis and 2) mitigating the
migration/NMO stretch. Current nonhyperbolic velocity analysis workflows first
estimate moveout velocihmo based on the offsdimited gathers, then pick an effective
anellipticity dert using the fuloffset gathers. Unfortunately estimativMgmo at small
aperture may be inaccurate, with picking errorsVimo introducing errors in the
subsequent analysis of effective anellipticity. We propose an automated algorithm to
simultaneously eshate the nonhyperbolic parameters. Instead of directly seeking an
effective stacking model, the algorithm finds an interval model that gives the most
powerful stack. The searching procedure for the best interval model is conducted using a
direct, global ptimization algorithm called differential evolutionary (DE). Next we apply
an antistretch workflow to minimize the stretch at far offset after obtaining the optimal
effective model. The automated velocity analysis andsardgich workflow are tested on
the data volume acquired over the Fort Worth Basin, USA. The results show noticeable

improvement both on the pstack gatherand on the stacked data volume.
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INTRODUCTION

Velocity analysis applied on commanidpoint (CMP) gathers is usually based on
computing the coherence of moveout corrected gathers usingftesbtimes and a suite
of trial stacking velocities. Velocity analysis is one of the most important and interpreter
time consuming tasks in seismic processing. The accuracy of velocitgiarndpends
on 1) the resolution of velocity spectra, 2) The accuracy of the selected equation in
approximating the kinematic behaviors of the reflection events, and 3) the skill and
experience of data processor.

Semblance is perhaps the most commonly usglterency measurements for
velocity spectra (Taner and Koehler, 1996; Neidell and Taner, 1971). Swan (2001) is one
of the first researchers to develop high resolution velocity spectra algorithm that accounts
for amplitude variations with offset. Larnerda@elis (2007) improved both the resolution
and reliability of velocity spectra by just using selected subsets of crosscorrelation rather
than all possible ones in the gathers. To minimize the effect of AVO phenomenon that
exists in prestack gathers, FoieR 00 9) proposed a general.
particularly attractive for velocity analysis of class Il AVO anomalies where the polarity
of the reflections changes. To further improve the resolution of semHiaseel velocity
spectra, Luo and HalR010) introduce a weighting function that slightly increases the
cost of calculation but are still comparable to that of conventional semblance. Biondi and
Kostov (1989) introduced higtesolution velocity spectra by using an eigenstructure
method rathethan semblance. Key and Smithson (1990) also used eigenstructure
analysis, which is based on covariance measurement of-bii@cted traces, to get

higher velocity spectrum and locate the reflection events. Kirlin (1992) deduced the
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relationship between emblance and eigenstructure velocity estimators. The
eigenstructurdased estimators have higher resolution but greater computation cost.
Sacchi (1998) further improved the resolution of velocity spectra by integrating a
bootstrap method in the covariaremmputation. Unfortunately his computational cost is
also very expensive.

The approximated kinematic behaviors of the moveout correction -feavie
reflection traveltime is defined by either hyperbolic (Dix, 1955) or nonhyperbolic
equations (Thomsen, 198@&lkhalifah and Tsvankin, 1995; Alkhalifah, 1997). The
hyperbolic traveltime approximation equation is based on the assumption of
homogeneous isotropic or elliptically anisotropic lagake model and need to be
restricted to small aperture (the off$etdepth ratiog 'K p8r). As offset increases we
often encounter nonhyperbolic moveout in both isotropic (Bolshykh, 1956, Taner and
Koehler, 1969; de Bazelaire, 1988) and anisotropic media (Alkhalifah, 1997; Fomel and
Stovas, 2010; Alkhalifah, 2011). Ignogrhe anisotropy in prestack migration will fail
to properly correct for the moveout of dipping reflectors and injects errors for the
reflectors. The most common nonhyperbolic equations are foudtr approximations
expressed using three parameters é&)ttvo-way zereoffset travel timeo, 2) the short
spread NMO velocitWwnmo, and 3) effective anellipticitger. The effective anellipticity
combines the effects of | ong offset ray b
anisotropy. Alkhalifah1997) introduced what is now the most commonly usedstep
approach for nonhyperbolic velocity analysis, where one first estimates the NMO velocity
on offsetlimited truncated gather using hyperbolic NMO correction, followed by

estimation of effective allipticity using the fulloffset gathers. Unfortunately, small
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aperture NMO velocity analysis may be inaccurate. Picking errdsgintroduce errors
into the subsequent analysis of effective anellipticity.

Conventional velocity analysis (CVA) requiregnually picking the peaks of the
semblance panel. Such picking is tedious, and a great deal of effort has been invested in
attempting to accelerate this process. CVA also requires a great deal of skill and
experience. There is no guarantee that the di€dS velocity represents the true earth
model with erroneous picks (for example of multiple reflections) leading to infeasible
interval velocities. Toldi (1989) proposed one of the first velocity analysis algorithms that
avoids manual picking. Instead directly searching the RMS velocity, his algorithm
examines suite of possible interval velocity models, calculates the corresponding RMS
velocity using Dix equation, and then estimates the corresponding stacking power. The
final product is an interval vetity model that when converted to a moveout curve
corresponds to the most powerful stacking. His {egstires optimization algorithm is
parameterized by layers of equal time thickness without explicitly considering the
location of reflection events. Buillg on the concept of measuring the degree of
reflections flattening using dm-norm in theUp domain, CalderéMacias et al. (1998)
performed automatic velocity analysis to recover the interval velocity model. Van der
Baan and Kendall (2002) also inveittthe model in th&lp domain, and concluded that
there exists a family of kinematically equivalent models that exhibit identical moveout
curves. Siligi et al. (2003) obtained dense model parameters by simultaneously picking
velocity and anellipticity. Abad et al. (2009) proposed tstep automatic
nonhyperbolic velocity analysis using a normalized bootstrapped differential semblance

(BDS). They first performed hyperbolic velocity analysis on truncated ssffaéit data
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at coarse space to identify everded then implemented dense nonhyperbolic velocity
analysis about the identified events. The BDS estimator has higher resolution than
differential semblance (DS), but can significantly increase the computation cost. Choi et
al. (2010) developed an efficiemutomatic velocity analysis algorithm by using BDS and
Monte Carlo inversion.

Most velocity analysis is done in a processing shop by professional processors.
These velocities are then used to prestack migrate the data. Our goal in this paper is to
presemna workflow that improves upon these images, giving a residual velocity analysis.

To use the critical information contained in the long offset data, we need not only
to flatten the reflections at far offset using nonhyperbolic travel time equation but als
minimize the stretch typically associated with large aperture. In this paper, we first extend
Tol di 6s (1989) method by adding interval
model to perform automatic nonhyperbolic analysis based on user defiriedns. We
then follow Zhang et al., (2013) to minimize the stretch at far offset. We apply our
technique as a residual velocity analysis workflow to aspaiek timemigrated data
volume acquired over the Fort Worth Basin, USA, and show the improvenrebtsth
the prestack corrected gathers and final stacked section.

AUTOMATED NONHYPERBOLIC VELOCITY ANALYSIS

There are mainly two issues in performing automatic residual velocity analysis. The
first issue is to select a proper travel time equation. Thenseissue is to define the
objective function as a function of proposed model. In this paper we employ the well
known nonhyperbolic trajectory (Alkhalifah, 1997). Our model parameters consist of

interval velocityd  and anellipticity- T . The objective is to find an interval model
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that gives the maximum stacking power (semblance). Our optimization engine is a direct,
global searching called differential evolution (DE) algorithm.
Travel time equations

The shifted hyperbola (de Bazelaire, 1988stle, 1994) and Alkhalifafisvankin
(Alkhalifah and Tsvankin, 1995; Alkhalifah, 1997) approximation are among the most
commonly used traveltime equations for nonhyperbolic velocity analysis. Since we wish
to perform residual velocity analysis on aniepic shale reservoirs, we employ
Alkhalifah-Tsvankin approximation
x2 2h  x*
e VitV + 1+ 2, )]

wheretpis the tweway traveltime at zeroffset,x is offset,Vamdto) is the NMO velocity

(1)

at small apertures, amjdi is effective anellipticity.
For VTI (vertical transverse isotropy) media, Alkhalifah (1997) deduced the

relationship between effective and interval values using Dix forward equations

Ve L) =2 m V2, (t)dr (2a)
and
_1¢e
h, ()= 8:7_05 7] i v )L+ e, ()] o - 1u (2b)

where— 1 is the instantaneous (interval) anisotropy, and is the interval NMO

velocity given by

v (t)=v(t)J1+2d(t), 3)
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wherev t is the vertical interval velocityandt i s one of the Thomse
parameters (Thomsen, 1986). Note that althdtighu at i on 1 has hi gher
conventional Di x equboconhy analgsnsetwbant a
ofdrexceeds 0. 2. AMHenandi g hatr gnea y arleuseulotf i n a po
| ower r esolduwt iFourr tnmoedremoorfe equati on 1 may il
error when the @map2rQu( Al kisalgirfeah erl1d%ha).
Differential evolution (DE) optimization

Leastsquares maximization is usually the optimization engine for automatic
velocity analysis (e.g., ToldL989). Classical leasguares requires the Hessian matrix
(or approximations of the Hessian using the Jacobian matrix) to define the next search
step. Unfortunately the relationship between the stacking power and a given interval
model is highly nonlinar (Toldi, 1989). For this reason, we use an efficient, global search
engine named differential evolution (DE), which is described in Appendix A, to obtain
the optimal interval velocity and anellipticity model. The advantage of DE is that it avoids
any esimation of derivatives but rather requires more computation to generate forward
models, and it is more expensive than that of {egstire based optimization.
The Objective function

Toldi (1989) proposes a twstep workflow to conduct automated hyperbolic
velocity analysis. First, he calculates the stacking slowness from predicted trial interval
slowness models. Then the algorithm computes the total stacking power of corrected
gathers. The model with the greatest stacking power is considered as the les¥Weod
follow Toldi s workflow by extending it t

Toldi (1989) parameterizes the interval velocity model using egqeplyged increments
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along the ¢axis. In contrast, since we focus on residual velocity arsatyfsmigrated
gathers, we geologically consider our interval model using-desimed horizons. We
choose the semblan&as the estimator of stacking power to minimize cost, though
eigenstructure methods provide higher resolution (Key and Smithson, $866hi,
1998). The objective of our algorithm is to search an interval modiilat gives the
maximum semblance valu® And the modem consists of the interval NMO velocity

0 and instantaneous (interval) anisotrepy parameters

m=(v, .A.) (4a)

nmo?” “int

and objective functio®(m)
Q(m):é.aé.s.(m,xj,yk), (4b)
i ok

wherex andy stand br inline and crossline, and indice$, k indicate the index of time,
inline, and crossline samples.

Figure 21 illustrates the proposed workflow for automatic nonhyperbolic velocity
analysis. Our input data consist of prestack time migrated CMP gatther initial
migration velocity, and interpreted horizons. The outputs are flattened gathers, and a
model of interval velocity and anellipticity that best flatten the gathers. The prestack
gathers are generated from timégrated gather that have beerbjgated to a reverse
NMO correction using the migration velocity. The horizons are manually interpreted on
an offsetlimited stack of the migrated gathers, and are used to parameterize the interval
model m. The algorithm starts by building an initial intat velocity model from
migration velocity, then generates suite of alternative models in the decision space. Next,
the model undergoes DE mutation and crossover to generate a set of new trial interval

models and calculate the effective models using eguati The algorithm estimates the
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objective function for each model, better models survive into the next generation. We
repeat generating and evaluating the new models until all the reflection events are
flattened, or convergence slows down.
MINIMIZE THE S TRETCH ASSOCIATED WITH FAR OFFSET

Migration and NMO corrections are conducted sample by sample which results in
the welkknown decrease of frequency content and amplitude distortion through stretch at
far offset. To avoid the effects of serious stretcloassed withfar offses, we usually
mute the farther offsets based on a wfmed criterion. Muting ofar offsetnot only
lowers the stacking power, it also reduces information necessary for accurate prestack
inversion of shear impedance and denghang et al. (2013) developed a wawdlased
algorithm named MPNMO (the matchupgirsuitbased normal moveout correction) to
minimize the stretch at large aperture. Their algorithm first applies reverse NMO
correction, whi c h 0 retchk of the tane enigrated tgdthers, smidg r at
then conducts a wavelbased NMO correction on the reverse NMO corrected gathers.
In this paper, we apply their workflow to the time migrated gathers using new the velocity
and anellipticity model. In this mannersatution is improved first by aligning the data
and second by avoiding stretch. Furthermore the AVO phenomenon exited in the prestack
gathers is well preserved.

APPLICATION

To illustrate the effectiveness of the proposed workflow, we apply it to prestack
time migrated CMP gathers in the Fort Worth Basin (FWB), USA. The FWB is a foreland
basin and covers approximately 54008 (14000 kn3) in north-central Texas. The target

is Mississippian Barnett Shale which is one of the largest unconventional reservoir in the
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world and spreads approximately 28008 (@#R520 knf) across the FWB. Although the
Barnett Shale (da Silva, 2013) is presenB8&icounties in Texas, production is mainly
restricted to Denton, Tarrant, Johnson, and Wise Counties in the northeastern portion of
the FWB. Our survey is located in Wise County and has a maximum offset of 13000 ft.
The target Barnett Shale lies at appnoately 7000 ft depth. Figure 22 shows a
simplified stratigraphic column of the FWB in Wise County (Silva, 2013; Montgomery

et al., 2005). Note the Barnett Shale lies directly on theteasigk Viola limestone.

Figure 23 is a representative timmigraed CMP gather using the twerm
hyperbolic travel ti me equation. Note the
white arrows at far offsets. Both Ahockey
processing and prestsatcikckhvearimlinur Trhef Ifiehc
stacked volume whilethret r et ch | owers the resolution o
vol ume. Usual |l vy, 8 eneu toasH iyg ugk e dltacs lead odva taa
defined muting criweeniwamwwellen st liios seax e&mglhe
130PB0. gusx esiRZows a prestack gather after app
gather FhgwdeiBhe RMS migFhiagtuiGaen) 2celmesi tfyr c
performing hyperboliscevglrodi t(y20xm®2®&I)y ssiusp ea
mi gration velocity i1 s tHhieqqueds n2aesr toende tod it
for our Falggdadres Rbws t he horizons used for p
are interpreted linchhjeust ackesl tvioeé umeamw of
gat réegu4)e. 2During each generation we only
anellipticityvalues ocat ed at those horizons. Other i

using valuesason the horiz
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the red arrow. Unfortunately tbw Basckbweg
energy compared to that of conventional . ]
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obtain an interval model that gives the n
based search ensures that the optimized m
vari ati oanpsp.l ilcmtowm the interval vel ocity
refl ection events I n the stacked section
ambi guous and need further comparison to w
can mitthiegdtHockey sticko but not the stret
mi ni mizes the stretch and i mproves the s
interpreting thin reservoirs. Another adva
of fsete dataa | @bl eai prd A QU msyeq se rotn .

The proposed met hodol ogy has S ome shor
flattening stronger reflection events due
some weak reflecti ons. rnhusiqueness in the sollition. c a n n
There mayexist a suite of kinematically equivalent modlat exhibit identical moveout
curves. The employed argiretch algorithm cannot decompose the highly compressed or
crossing events. Future works therefore include 1) resolving interfering and crossing
everts in prestack domain and 2) employing well logs as the calibration during the
optimization procedure.
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APPENDIX A

The differential evolutionary (DE) optimization algorithm used in this paper was
initially proposed by Storand Price (1997). The initial population of DE is randomly
generated within the decision space. If the total variable number of the objective function
isK, then th& member at thg'" generation can be expressed as:
m 2 (M, .. om, . omY) n=12..N;g=12..G (A-1)
where N is the population numbefG is the total generan, andk is the index for
variables. DE exhibits the basic features of any general evolutionary algorithm and is
comprised of mutation, crossover, and selection.

Mutation: For a give target vectoi j at generatiorg, randomly select three
vectors from the population to generate the donor vector:
V,,=m,  +Fdm__-m__) -2JA
where the indexeis, i , andi representelectedntegersfrom [1,N] that are different
from ¢, andF is a usetdefined scaling factor.

Crossover: The target vector ; is recombined with the donor vectdry to
develop the trial vectoll ;. Elements of the donor vector enthe trial vector with a
probability 6 :

wheren=1,2} N, k=1,2} K, RANDO,1) is the’Q evaluation of a uniform random
number generator.
Selection: The target vector  is evaluated against the trial vectbr; , with the

better model surviving into the next generation:
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_eu,, ifQu ) ¢Q(x,,) _4PA

a | .
"m otherwise

We repeat implementing equation2Ato A-4 until the maximum generatida is

reached or the convergence rate is smaller tharde$iered value.
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Migrated seismic Migration velocity
gathers Vimo_o

Reverse NMO

v

Calculate the interval velocity vy, o from Vyme o

v

Generate a suite of initial target models |
m(vnmo:- Nint )

v

Mutation and crossover to obtain a set of new trial <
mterval velocity-anellipticity models

v

Compare the stacking power of trial and target models,
better models survive to next generation

Figure2.1. Flowchart showing the automated nonhyperbolic velocity analyseniodel
parameters consist of interval NMO velocity and anellipticity. The objective is to find a
model that gives the maximum stacking power using a global optimization strategy called
differential evolution.
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Upper Barnett
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EREr arneil
Meramecian Barnatt Shale Undiffarentiated
Chappel Ls.
Lower Barnett
= Upper Vicla Limestone
E
= Ellenburger
U ; Wilbe iley-
Ppe Hikery farmatic

Figure2.2. Simplified stratigraphic column of the Fort Worth Basin in Wise County (da
Silva, 2013). The Barnett Shale lies between the Marble Falls and Viola Limestone in our
survey area.
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Figure2.3. A representative timenigrated CMP gather using two term hyperbolic travel
time equation and the migration velocity showrfFigure 26 . Note the fAhock
and stretch indicated by the white arrows at far offset.
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Figure2.4. The gather shown iRigure 23 after muting. The wavelet is not allowed to
stretch more than 130%, resulting in the loss of information in the far offset.

60



Offset - x(ft)

0 6900 13800
0.0

0.5

1.0

£y (s)

1.5

2.0

Figure 2.5. The gather shown ifrigure 23 afterapplying reverse NMO. This gather
server as input to automatic nonhyperbolic velocity analysis.
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Figure2.6. Velocity analysis results performed on the coarse grid (20x20) super gathers.
(a) RMS velocity from hyerbolic velocity analysis on the offset truncated gathers and
(b) interval velocity converted from the RMS velocity. This interval velocity is used for
generating the initial target interval velocity. The initial interval anellipticity is set to 0.
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Figure2.7. Horizons used in parameterizing the model. We interpreted these 18 horizons
on the stacked volume of neaffset time migrated gather&igure 24). The named
horizons are tied to wells. Unnamed horizons providééurtonstraints.
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Figure2.8. Flattened representative gathers using the workflow shotigime 21. Note
the Aihockey sticko is gone but not the str
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Figure2.9. Optimized model results using the workflow showirigure 21. During the
optimization procedure, we first the update interval NMO velocity(a).and (b)t::.,
then calculate the corresponding (c) RMS velocity and (d) effective anellipfitity.
optimal interval velocity has higher resolution than the initial interval veloEityufe

2.6h).
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