AMPLITUDE-VERSUS-OFFSET ANALYSIS USING

VERTICAL SEISMIC PROFILING AND
WELL-LOG DATA

by

Craig A. Coulombe

M.Sc. Thesis
The University of Calgary

Department of Geology and Geophysics
August, 1993

\ 4 / The

" CREWES

Project

Consortium for Research in Elastic Wave Exploration Seismology






THE UNIVERSITY OF CALGARY

AMPLITUDE-VERSUS-OFFSET ANALYSIS USING
VERTICAL SEISMIC PROFILING AND
WELL-LOG DATA

by

Craig A. Coulombe

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE

DEGREE OF MASTER OF SCIENCE
DEPARTMENT OF GEOLOGY AND GEOPHYSICS

CALGARY, ALBERTA

AUGUST, 1993

© Craig A. Coulombe 1993






ABSTRACT

A multioffset VSP (vertical seismic profiling) geometry is used in this thesis to
acquire data for AVO (amplitude-versus-offset) analysis of a reservoir zone. The VSP
geometry consists of ten surface source positions and eleven downhole receiver positions.
The downhole receivers are placed immediately above the reservoir zone. A zero-offset
and an offset VSP were also acquired and analysed.

A three-component processing flow is developed, and tested here using synthetic
data, to extract the true seismic amplitudes from VSP data. AVO analysis of the
multioffset VSP data suggests a lower P-wave velocity in the reservoir zone based on
forward modeling. Well-log interpretation indicates that the reservoir zone is a gas-
bearing dolomite with porosities as high as 18 %.

Generalized-linear-inversion methods are developed to invert the zero-offset VSP
corridor stack for the acoustic impedance, and to invert the multioffset VSP P-P and P-
SV reflectivity traces jointly for the elastic parameters Vp, Vs, andp. The zero offset
inversion resulted in an inverted impedance curve that matched the higher frequency
trends but failed to match the low frequency trends of the initial-guess impedance curve.
The joint P-P/P-SV inversion is found to update the elastic parameters in a realistic
manner; however there is some residual error. The resulting P-wave velocity in the
reservoir is higher than the initial guess which is the opposite of the forward modeling

results.

i






ACKNOWLEDGEMENTS

There are many people who have contributed to and enhanced this thesis. The
people in the CREWES Project have all helped provide a positive research environment.
Specifically, I have enjoyed and grown from many technical discussions with Don
Easley. Rob Stewart, my thesis advisor, has made many positive contributions towards
my emergence as a graduate scientist. Rob has offered many helpful suggestions to this
work that have helped me clarify the important areas of this research.

I owe a great deal of gratitude to Perry Katapodis and Michael Jones of
Schlumberger of Canada for introducing me to the data used in this thesis. Schlumberger
of Canada has supported me with the use of their VSP processing software, and computer
time. Mike Jones has provided me with many stimulating conversations regarding VSP
data processing and inversion, and many useful suggestions regarding these areas.

Finally, my wife Val has been a pillar of strength and stood behind me through all
the long hours spent at school. Thank you for your patience and understanding during

this research.

iv






TABLE OF CONTENTS

APPIroval Page .......uiiioiiiiiiniininnaiinninneissacsnsssssssissssssnsesassssesssesssasesssssssssssesssessassne ii
ADSEFACE .nreeerent ettt ttescsiesssssassassssssssnsasssasasssssnssssnessersessesesssrsessenssesssnsens iii
ACKNOWICAZEIMEILS ...cccoverecrnerersaeensneccsanessanesssecssasessasessasesssssssssessssossassssassssssssssssssssssossas iv
Table Of CONLENLS ....ucuiereiinreiiisiiiisiisiisissisesncasssssassnssssssesssssasssssssesssssessssssessasssses v
LiSt Of TADIES ...cueioineiiincuieiiarineecccnineneseessssnsssssascsnessassessassasessessessssssanssessssssesssssossasns vii
LiSt Of FIZUIES cuuoueiiieiertinneenticiniteneninnienstiiecieessnsssssssssssssssssssesssssssessssassssssassnasanss viii
List Of SYMDOIS aNd NOLALIONS ...v..cveerveeerererssssesssensssesssssssessssssssssssssssossssssssssassssssses xi
1 Introduction cessresssssassstennesiesasnsssesenesnas 1
1.1 Amplitude versus Offset .........cooeeiiriniiniiiiiienieee e 1
1.1.1 Historical Review of AVO ..ot 1
1.1.2 Current AVO ApPPLCALIONS ......ccceeirrieeieriinieniiereeresieceeeseeee e 3
1.2 Vertical Seismic Profiling .........cc.ccevieviiinniiiniiiiniientceeeeeeeeea 4
1.2.1 VSP Geometry for AVO Analysis.......cccevienieniineiiinieiininniiennnns 6
1.3 Study ObBJECHVES ....ccueeeeeeeniereieeeieereeeee ettt e e e evaess s e ersese e s eeaeeneeneeans 7
2 VSP Acquisition and Processing..........ccccceecceseececsccecsannes creserssassassessatonassnsnton 9
2.1 INTOQUCHION ....veunienririiiiireriteeteeteteente st et st ee st e se et e bt e sb e se e e aseesbee e enan 9
2.2 VSP ACQUISTHION .....couteiimiieriieientceetcetent et eate sttt est e evte e bt et ene e ebeeee 9
2.3 VSP PrOCESSING ....ceiieiiiiiiiiiiitteiitecnete ettt et et sse e s cnes 13
2.3.1 Zero-Offset VSP Processing .........ccccoeeeeeecieeciieceieneeeeie e, 13
2.3.2 Offset VSP ProcCessing ....c.ccccevirveereiuciennieneniininecnieceeneneenenn 26
2.3.3 Multioffset VSP Processing - Synthetic Data ..............cccccoeeeeie. 44
2.3.4 Multioffset VSP Processing - Field Data.........cc.ccccccevcnncninnnnn. 50
3 VSP INLerPretation......ccucceicuscccscsrcsnsssssassssssssssssssesssssssssssessssssssssssssssssssasssossssssssssssass 58
3.1 INrOQUCHION ...ttt ee e ettt et e e sebe e a st e e ee s e esaesbeennee 58
3.2 Well Log/Zero-Offset VSP Interpretation ...........ccccocoviviiiiiiiiniiiiinn 58
3.2.1 Well A Log Blocking .........cccocceiiiiiinniiiininccincieeeceeecee 59
3.2.2 Well A Log Interpretation ...........cccceeeevieeiennniiiniinieniieieieieeeeenes 60
3.2.3 VSP/Well Log Correlation.............coeueeeueieneereinienenecreinieeeeeenenes 66
3.3 Integrated VSP INterpretation ...........ccooeeuerenenenenienenice et 71
3.4 AVO Interpretation and Modeling ...........ccocceciiviriiniiiininnnnccienieecceee 74
4 VSP Inversion . 86
4.1 INTOAUCHION ...cuvvreierieerternecectte et et et eesae e sreeceeeerae e e sase e naesnseesnneeean 86
4.2 1-D Generalized Linear InVErsion...........ccccocovevcnnciinniinnincinicinn, 86
4.2.1 Synthetic Data EXamples .........ccccccoiiiiniiiininniiiiiinnicieeccees 91
4.2.2 Real Data Example..........c.ocoooiiiin, 100
4.3 Joint P-P/P-SV AV O INVErsion.........cccocuiiviiinieiiniiiiiinniininieecceiie e 103
4.3.1 AVO Inversion GLI Algorithm..........ccccovviiinininninninininnne 103
4.3.2 Synthetic Data Inversion ..........ccceeeviiniiniiiiiiiiienice e 110
4.3.3 Field Data INVETSion..........cccoociirveeninniineeiccieee e 128






5 Conclusions... ... 140

5.1 TheSiS SUMMATY ...oiiiiiiiiiteirie ettt sttt et e saae e ae e e s e ne e nes 140
S 2ZFUUTE WOTK ..ottt ettt et e st ea et ere e s snesnse s 142
REFEIEIICES ..covuererernsancsnessnsanssnsssssssssaessassessasssnsnssssssnssnsssaesassssssasnssssosnsssassassasss 143
Appendix A Well B AVO Analysis 147

vi






LIST OF TABLES

Table 2.1. Well A geophone locations ...

Table 3.1. Average log values in zon€ Of INtETeSt ..........cocovviiueiiivineiniceeiiiceinceienecnens

Table 3.2. VSP and perturbed velocities

vii






LIST OF FIGURES

1.1.  Schematic plot of the variation of reflection coefficient with angle-of-

INCIARIICE ...ttt ettt et e st eate e e emee et e bt et e seeeebbeesbeenaeanneenns 2
1.2, AVO VSP ZEOMELTY ..ottt sttt ettt sttt 7
2.1, Map Of AIDCITA ..ottt e e 10
2.2, Stratigraphic COIUMN.....ccoiiiiiii it e e st e e e e 11
2.3. Plan view of the Well A multioffset VSP survey geometry ............cccooeeererennnnne. 12
2.4. Raw vertical channel of the zero-offset VSP.......cocoovviiiiiiiiiiniiienceceee, 15
2.5. First-arrival time-depth curve from the zero-offset VSP...........c.cccocovvviieinnnnn. 16
2.6. Enhanced dOWNZOING P WAVES .......ccccceeeiiriiirierireenienirresneseresneesnreesseesssessaessneenns 18
2.7. Subtraction of the enhanced downgoing P waves .........ccccccveevieeiienieineeineennn, 19
2.3. Enhanced upgoing P WAVES ........ccceiviriirieniineniieeniceieseee e st sr e s ssse e sre e ens 20
2.9. Downgoing P waves flattened at 200 ms before waveshaping

AECONVOLULION ..ottt sttt sb e sb e sate st e b e st aesbaesre 21
2.10. Waveshaping deconvolved downgoing P waves flattened at 200 ms.................. 21
2.11. Waveshaping deconvolution applied to the upgoing P waves .........c...cccceeueennenee. 22
2.12. (a) Upgoing P waves shifted to two-waytime. (b) Corridor stack of the

UPZOINE P WAVES ..cuveerieeririeireieniierieeueesseesseeastessseessaessesessassssassssssseessessssessssasees 25
2.13. Raw vertical channel..........ccccoviiiiiiiiiiiii ettt s sen 28
2.14. Rawradial channel ..ot 29
2.15. Raw transverse Chanmnel ...........ccccoviriiniiniiinenieneeteenree ettt es 30
2.16. Downgoing P wavefield after wavefield separation............cc..cceceiniinnvnnincncnnn. 31
2.17. Downgoing S wavefield after wavefield separation ...........ccccceeeeeeciicinncnncnnenns 32
2.18. Upgoing P wavefield after wavefield separation...........c.ccoeueeviviiiincnininincnnne. 33
2.19. Upgoing S wavefield after wavefield separation ...........cccoecvevviiiiiniiiiiiiniinnn. 34
2.20. Downgoing P wavefield before waveshaping deconvolution ..............ccccceceeenee. 35
2.21. Downgoing P wavefield after waveshaping deconvolution ...............cccoeeviinnn 36
2.22. Upgoing P wavefield after waveshaping deconvolution ...........cccccecceveinencnenneeen. 38
2.23. Upgoing S wavefield after waveshaping deconvolution ..........ccccccoceiiiiniinnnnne 39
2.24. NMO-corrected upgoing P wavefield after median filtering ... 40
2.25. NMO-corrected upgoing S wavefield after median filtering ... 41
2.26. Corridor stack and VSPCDP map of upgoing P wavefield ... 42
2.27. Corridor stack and VSPCCP map of upgoing S wavefield ...............coceeini 43
2.28. Velocity model used to generate the synthetic test data ..........c.oooiviiiniiininns 45
2.29. Raw synthetic data from the 400 m offSet........cccooirrineniiiiiirrenec e 46
2.30. The results of wavefield separation for the 400 m offset ............cccecoeviviiininnnn. 47
2.31. Waveshaping deconvolved downgoing P wavefield, and upgoing P-P and

P-SV WaVefIelds .......cociiiiiiiiriiceice ettt s 48
2.32. Final processed synthetic P-P and P-SV reflectivity gathers..............ccocoeeein 49
2.33. Picked amplitudes of the top of gas-sand event..........ccceveviiviiiiiniiiiiiiiciinn 49
2.34. Multioffset VSP three-component processing flow ..........ccoccceevciiiiniiiiiiiininnne. 50
2.35. Raw vertical, radial, and transverse channels of 2000 m offset VSP. .................. 51
2.36. Output of wavefield Separation.........c.ccccoceviiiiiniiniiinieni 53
2.37. Waveshaping deconvolved downgoing P and upgoing P and S wavefields. ....... 54
2.38. Flattened upgoing P and S wavefields.......ccccoovevverniiniiniiniiniiiniiin e 55
2.39. Stacked and gathered P-P and P-SV reflectivity traces .........ccocoevvviiviiniinincnninnens 56
2.40. P-P and P-SV reflectivities shifted back to the correct traveltimes..................... 57
2.41. NMO corrected P-P and P-SV reflectivity traces .........cccovevvimniiiieiiiinienienecnene 57

viii






W WWRWLWLW
© oNobhhLive

Raw well logs in zone of interest..........ccceviviiicniiiiniiicicceccc e 61

Raw and blocked Well 10gS ..........c.cooviiiiiiiiiiceceeee e 62
Photoelectric cross-SeCON 10g .......covviiiiiiiiiicreeeeeeee e 63
Blocked-sonic and VSP VEIOCILIES .......ccoueuiiiiiieciiericeeeeeeee e 65
Comparison of the synthetic seismogram and the VSP corridor-stack trace........ 68
Raw and blocked well logs in zone of interest in time ..........ccccceevveiieiienrecccnnn. 69
Comparison of 1-D seismic with the acoustic-impedance log in time ................. 70
Composite plot of sonic log, zero-offset VSP, and the zero-offset VSP

COITIAOT SLACK ....cutiiiieiiiiiirntientieeite et sttt st stteesaesabe et e e e e e e s aebeeeabeeteeenneenneenns 72

Correlation of 5 Events across the VSP corridor stack, P-wave gather,
offset VSP P-wave corridor stack, S-wave gather, and offset VSP S-wave

COTTIAOT SEACK ....eneieuieiieeiteitet et ettt et s aaesatessae et s e e s e saas smaessbeannssnneansnas 73
3.10. Single Interface Zoeppritz equation solution for P-P and P-SV waves................ 76
3.11. Correlation of multilayer forward modeled P-P and P-SV gathers with the

field P-P and P-SV Gathers .........ccccoouiiiiiiiiiiiiciecie et 78
3.12. P-P forward mOdEIS........c.ooviiiiriiiiiinininieence ettt 81
3.13. P-SV forward mMOAEIS.......cccueiiiiiiriieiiicitieceeetcerteenreesreeeetesbecae e be e reesreeeabesnreeane 82
3.14. P-P multilayer forward models and field data comparison...........c......cooveeueenenn. 84
3.15. P-SV multilayer forward models and field data comparison..............c...cccveeuneen. 85
4.1. Schematic diagram of a stack of layers and the resulting forward modeled

SCISIMUC TTACE .....eeuveteneeeerenterestetestensestestestentestentestastassanse st asbensassesssssseseessesnsseeseans 87
4.2. Flow chart of the GLI inversion method .........ccccoiiiiiiiiiiiniinicie e 88
4.3. Synthetic data inversion results for spiked data traces ...........cccevereveeveniencnenn 93
4.4. Synthetic data inversion results for VSP wavelet traces .........ccccocevinieveccenennnn. 94
4.5. Synthetic data inversion results for initial incorrect top impedance..................... 95
4.6. Synthetic data inversion results for event at the wrong traveltime....................... 96
4.7. Synthetic data inversion results with random noise added............ccccccoveeirenenncn. 98
4.8. Synthetic data inversion results with random noise added ...........ccocccovirineneenne 99
4.9. Field data inversion TESULLS ..........ccccoveeeririerininenerene ettt eaeene 102
4.10. P-P and P-SV reflection-coefficient curves for changing layer parameters......... 108
4.11. Partial deriviatives of the Zoeppritz €qUAtIONS .......c..cccovevurcerieriererrcierenreeieeneenenne 109
4.12. Synthetic AVO mModel data..........c.coieiieiiiiiiniiciniceieieciteeceee ettt 111
4.13. Initial-guess, inverted and true model parameter Curves ............ccocoeveviiiieeniennnn, 112
4.14. Initial-guess, inverted and true model parameter curves for incorrect upper

layer iNItial GUESS .....ccovviiiiiiiiiieeciccec e e s 112
4.15. Initial-guess, inverted and true model parameter curves for rounded angles

of inCIdencCe......cccervueeiiiinieniiecieccecieceeees teesreesree et e e et e et e raenaaesasesareenne 114
4.16. Initial-guess, inverted and true model parameter curves for random noise

added to incident AnGIes..........c.cooereeeririiiiieieie et e s 114
4.17. Model parameter curves for noise added to the testdata...........cccceeenvieeninninnn. 115
4.18. Model parameter curves for noise added to the test data..............cecevvrviinnnnnns 116
4.19. P-P reflectivity SyNthetiC trACES ......ccevveruerreerienieetere ettt e creesasie i 118
4.20. P-SV reflectivity SyNnthetiC traCes..........coccvvuiiiiiiiniiiiiicii e 119
4.21. Partial derivative Matrix A..........ccoceccrererinrnnnnenenenenseeerseenmiesesesesessesesesesmssssssns 120
4.22. Initial-guess, inverted and true model parameter curves for the inversion

With @ SPIKE WAVEIEL.......ccueiiiieie ettt s 121
4.23. Initial-guess, inverted and true model parameter curves for the inversion

with the VSP wWavelet..... ..ot 123
4.24. Synthetic real and initial-guess P-P reflectivity traces.........cccoevvrvurrieniinieniennns 124
4.25. Synthetic real and initial-guess P-SV reflectivity traces............cococcvviniiriiiinnene, 125

1X






. Synthetic real and inverted P-P reflectivity traces .......ccoooveveeinencennecniieninnenens 126
. Synthetic real and inverted P-SV reflectivity traCes .........cceeevvirierieeniienineniieenns 127
. Initial-guess and inverted model parameter CUIVeS .........c.ccevevvineeveeeerenieereenenees 129
. Real and initial-guess P-P reflectivity aCes.......ccccerveernieriiieniiereeieeerie e 130
. Real and inverted P-P refleCtiVity tTaCES ......cccevveruerreriierienrinienieeieseeeneeieeaesenenn 132
. Real and initial-guess P-SV reflectivity traces.........cceeeenieniiinieniieiieeie e cneenees 133
. Real and inverted P-SV reflectivity traces .........occecceeeeviiienieniniiie e eecseeee e 134
. Initial-guess and inverted model parameter CUrves ..........cccceveeeieeiiecienicencecenne 135
. Real and inverted P-P refleCtivity traCes .......cccuevuieeieriieniieeie e 136
. Real and inverted P-SV reflectivity traCes ...........ceevuerveeineecieeieeineceeeiecereeeree e 136
. Initial-guess and inverted model parameter CUrVes ........cccoceviencneiiienenieenieene 138
. Real and inverted P-P refleCtivity TaCeS ...c..uevvveiueeierieeieeeeceeteiee e enae e 138
Plan view of the multioffset VSP geometry ........ccoooviiiiiiniiiiiiiniiiinn. 148
Processed P-P and P-SV refleCtivity traces .....c.ccoeeeririieiieirecieencieeeeeceeeconieen s 149
Blocked well logs through the zone of interest ...........ccocoviiiiniiiiiiniis 150
Synthetic P-P and P-SV reflectivity traces ...........coeoviiiiiiinieinnineicinciciens 151
Picked P-P amplitudes of the top and base of porosity events ...............ccccoeune. 153
Picked P-SV amplitudes of the top and base of porosity events ................c......... 154






LIST OF SYMBOLS AND NOTATIONS

AVO
Composite plot

f
Hz

k
Offset VSP
Multioffset VSP

P-P
P-SV
P-SV-SV

VSP
Zero-offset VSP
P wave

S wave

Vp

Vs
Vp/Vs
S

ms

¢

p

Pb

Pr
Pma

Amplitude Versus Offset.

A plot of the VSP in depth and time and a well log in depth allowing
direct corelation of VSP events in time with the well logs in depth.
Frequency.

A frequency unit of Hertz.

Wavenumber.

A VSP acquired with a single source offset from the well bore.

A VSP acquired over the same geophone levels with several source
positions at differenct offsets from the well bore.

P-wave reflection or transmission event.

Mode-converted shear-wave transmission or reflection.

S-wave reflection that originiated as a P wave, mode converted to a
downgoing S wave and reflected as a § wave.

Vertical seismic profile.,

A VSP acquired with the source very near the well bore.

A seismic compressional wave.

A seismic shear wave.
P-wave velocity.

S-wave velocity.

The ratio of the P-wave velocity to the S-wave velocity.
A time unit of seconds.

A time unit of miliseconds.

Porosity.

Density.

Bulk density.

Fluid density.

Matrix density.

Xi






Chapter 1

Introduction

1.1 Amplitude versus Offset

Amplitude-versus-offset (AVO) analysis has been considered as a useful
exploration procedure for some time (Ostrander, 1984; Chacko, 1989; Rutherford and
Williams, 1989; Burnett, 1990). The main goal of AVO analysis is to estimate the
Poisson's ratio (or equivalently the Vp/V;s ratio) in a subsurface zone using conventional
surface seismic data. Poisson's ratio is important to explorationists because it can be

diagnostic of both gas saturation and gross lithology (Tatham and Krug, 1985).

1.1.1 Historical Review of AVO

The theory behind AVO has been known for some time. The original papers
deriving the equations for reflection and refraction of harmonic elastic waves at an
interface between isotropic homogeneous elastic solids were published by C.G. Knott in
1899, and K. Zoeppritz in 1919 (Young and Braille, 1976). Early work in understanding
these equations and hence understanding seismic reflections was done by Muskat and
Meres (1940). They concluded that reflected energy from various elastic interfaces will
decrease with increasing angle of incidence, but the magnitude of the effect is small for
the angles of incidence used (less than 10 degrees). They use these findings to justify the
assumption of normal incidence for offset traces. It should be noted that they assumed a
constant Poisson's ratio of 0.25.

Koefoed (1955) tested the effects of varying the Poisson's ratio in the medium
above and below an interface on the reflection amplitudes of planar P waves. Koefoed's

results are important when considering AVO. Koefoed derived several rules for the
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reflection coefficient versus angle-of-incidence curves that are shown schematically in

Figure 1.1. These rules are generalizations for a limited number of observations and for
angles of incidence less than 30 degrees, but they are generally true for reflection-
coefficient curves. Koefoed also stated that in the remote future, it may be possible to
interpret the lithological nature of rock strata from the shapes of reflection coefficient

curves. This statement could be used today as a definition of AVO analysis.

o 4 oY
+RC___/ +RC

Angle of Incidence ~— Angle of Incidence —=

-RC
-RC \

(@) (b)

FIG 1.1. Schematic plot of the variation of reflection coefficient with angle-of-incidence;
(a) for an increase in Poisson's ratio (6) across an interface, and (b) for a decrease in
Poisson's ratio across an interface.

Ostrander (1984) introduced a practical application of the AVO phenomenon. He
used the Zoeppritz amplitude equations (e.g., Aki and Richards, 1980) to analyze the
reflection coefficient versus angle-of-incidence curves for a simple three-layer, gas-sand
model. The model consisted of a sand layer encased in two shale layers. By using
published values of Poisson's ratio for shale, brine-saturated sandstone, and gas-saturated

sandstone, he determined that there is a sufficient difference in reflection coefficient

versus angle of incidence to allow discrimination between gas-saturated and brine-
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saturated sandstones. He tested his theoretical observations with field seismic data and

showed that AVO can be used to detect gas sands.

1.1.2 Current AVO Applications

Current AVO methods are applied in various sedimentary basins with differing
lithologies. Chacko (1989) documented an example of how AVO was used for porosity
identification in South Sumatra. Chacko found that tight and porous limestone facies had
different AVO responses, and that these different facies could be identified based on this
difference. Burnett (1990) found that seismic amplitudes and the AVO responses
corresponded well with production zones in the Mestena Grande Field in Texas.
However, torward modeling failed to predict the observed AVO responses in the field
data,. The forward modeling failure was attributed to a lack of shear-wave velocity
information and to structural complexities. Burnett also found it surprising that AVO
effects are visible in the thinly interbedded, sand-shale sequence, with a total sand
thickness of 9 m given that the seismic wavelengths were over 90 m. Morris and
MacGregor (1991) presented a paper outlining the use of AVO to delineate the transition
between basinal and tight bank facies in the Caroline field in Alberta, Canada. Swan
- (1991) showed the errors caused by different processing and acquisition factors on AVO
measurements. Spherical-spreading losses, source directivity, velocity estimation errors,
thin-bed interference, anisotropy, and wavelet stretch can all have significant effects on
AVO measurements. Mazotti (1991) used complex-trace analysis to compute the
amplitude-, phase-, and frequency-versus-offset responses for synthetic and field data.
This analysis helped to detect critical angle and interference phenomena. Walden (1991)
illustrated that the standard AVO method of using gradient and intercept traces generally
ignores any type of quality control, and proposed a statistically robust AVO gradient and

intercept calculation scheme. Ross (1992) documented how complexities due to salt
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structures can obscure the correct AVO response. Lawton and Nazar (1992) used P-P

and P-SV AVO modeling to explain a discrepancy in P-P and P-SV stacked seismic
character of a reservoir zone. Frazier and Zaengle (1992) use P-P and P-SV reflections,
rock physics, and P-wave AVO to provide interval Vp/Vs ratios that correlate with known
lithologies in producing fields. Therefore, it might be argued that while the theory of
AVO is well understood, the practical applications and limitations of AVO analysis are

still being developed and documented.

1.2 Vertical Seismic Profiling

The VSP can be used to gain insight into wavefield propagation (Lee and Balch,
1983; Gaiser et al. 1984; and Dankbaar, 1987). Three components of the seismic
wavefield can be recorded in situ over a range of depth levels. With the VSP geometry,
upgoing and downgoing seismic events can be identified at different points of their
propagation path in depth and time. Furthermore, many wavefield propagation effects
can be observed: seismic attenuation can be measured by comparing the amplitude
spectra of the downgoing wavefield at different depth levels; on offset VSPs both
reflected and transmitted mode-converted S-waves can be observed (confirming the
Zoeppritz equations); and multiples can be identified and removed. Thus using the VSP
in interpretation and analysis generally leads to a well-defined solution that is
independent of many of the uncertainties that can plague surface seismic data.

Although there are many advantages in using VSP data, there are also limitations:
a well must be available for VSP acquisition; VSP data are limited in subsurface
coverage; and the VSP may have a substantial cost.

When considering AVO, there are several aspects of the VSP that can be used to
an advantage. The downgoing wavefield is recorded, and can be used to design a

deconvolution operator that eliminates many of the wavefield propagation effects (such
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as multiples) between the source and receiver. Essentially, the downgoing wavefield can

be shaped to a desired wavelet of known phase. The operator used to shape the
downgoing wavefield is applied to the upgoing wavefield. The result is the reflection
coefficient series convolved with the desired wavelet as shown by Gaiser et al. (1984).
Additionally, the amplitudes of the seismic wavefield are recorded, and can be used to
obtain a good estimate of the reflection coefficient of an interface by taking the ratio of
the incident and reflected amplitudes. A similar technique was used recently by Cheng et
al. (1992), and many years ago by Jolly (1953). Furthermore, the incident and reflected
amplitudes can be measured immediately above the interface, eliminating most wavefield
propagation effects, and resulting in the true amplitude seismic response. A additional
feature of the VSP is that three-component acquisition and processing can be used to
obtain mode-converted P-SV reflections. The result is that both P-P and P-SV reflections
can be used jointly in an AVO study to help understand the subsurface rock properties.
Thus the additional information in the converted wave reflections should enhance the
interpretation and analysis of the seismic wavefield.

In summary, the main advantages of the VSP are that seismic waves are measured
in situ near reflecting boundaries, resulting in the possibility of true-amplitude siesmic
processing, the seismic wavelet is known, and many of the multiples can be eliminated
from the data. Also, VSP data generally have a higher bandwidth than comparable
surface seismic data due to the shorter travel path, and the signal-to-noise ratio is
generally higher than that of surface seismic data because the borehole environment is

quite and there is strong borehole coupling.



1.2.1 VSP Geometry for AVO Analysis

A multioffset VSP geometry (Figure 1.2) is used in this study to record data
specifically for AVO analysis of a reservoir zone. The fundamental aspects of this
geometry are the source and receiver positions. Several source positions are located at
increasing distances (offsets) from the borehole to obtain reflection coefficients for a
range of P-wave angles of incidence. A number of 3-component geophones (receivers)
are placed immediately above the zone of interest so the reflection point of a given
interface remains near the borehole as the source is moved away from the borehole.
Therefore, approximately the same subsurface point is imaged for all the source positions.
It is necessary to record at several depth levels above the reservoir zone to accommodate
multichannel wavefield separation algorithms used to separate the seismic wavefield into
the different propagation modes.

The true seismic amplitudes can be obtained by taking the ratio of the incident
and reflected wave amplitudes. A P-wave direct-arriQal ray path and a P-wave reflection
raypath for an arbitrary interface are shown in Figure 1.2. When the geophone is near the
interface, the amplitude of the recorded P-wave direct arrival and the amplitude of the P-
wave incident on the interface are approximately equal. So, the ratio between recorded
upgoing (reflected) and downgoing P-wave amplitudes is the P-P reflection coefficient of
the interface. The ratio is independent of most wave propagation effects (attenuation,
transmission losses, multiples, and spherical spreading) because the travel path of the
reflected wave is small, and the travel paths of the two downgoing P waves are nearly the

same. This ratio process also minimizes uncertainties caused by source directivity and

source or receiver coupling.
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FIG 1.2. AVO VSP geometry outlining the positions of the sources and the receivers.
The source positions for the zero offset and offset VSPs are also displayed. Where Aj
and Aj’ are the downgoing wave amplitudes, Ay is the reflected wave amplitudes, and
Rpp is the P-wave reflection coetficient for the interface.

1.3 Study Objectives

The main objective of this thesis is to use the multioffset VSP geometry to

analyze the AVO behavior and estimate the rock properties of a subsurface reservoir

zone. In meeting the main goal several procedures and algorithms, such as data

processing, data interpretation, forward modeling, and inversion, are developed.
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In order to apply the VSP geometry to the AVO problem, the geometry must be

well understood. The aspects of the VSP which can be exploited in terms of the AVO
problem are identified and explained. It is important to test each processing step to be
certain the seismic amplitudes are not distorted. Once a processing flow is developed, the
data are interpreted. The purpose is to determine if a coherent interpretation can be made
using all the available data (well logs, zero-offset VSP, offset VSP, and AVO multioffset
VSP). Following the initial interpretation, forward modeling is used to compare synthetic
seismograms generated from the Earth model with the VSP field data. This match is
determined qualitatively, and leads to a quantitative method of determining the Earth
model that best represents the field seismic data. A joint P-P/P-SV least-squares
inversion scheme is developed to determine quantitatively the best match of the model
data to the field VSP data.

This modular approach to understanding and solving the problem is used because
each module forms the background of the next module, forming a well-defined path to
understanding the seismic response and thus the AVO behavior of the subsurface

reservoir zone.



Chapter 2

VSP Acquisition and Processing

2.1 Introduction

The multioffset VSP geometry shown in Figure 1.2 outlines the AVO technique.
The specifics of the geometry can vary depending on the target depth and the overall
survey objective. The VSP survey consists of three VSP types; a zero-offset VSP, an
offset VSP, and a multioffset VSP. Each VSP survey is acquired for a different purpose,
and requires a different processing flow. Processing the zero-offset VSP results in a true
P-wave time-to-depth correlation and a normal-incidence, zero-phase, largely multiple-
free seismic trace. The offset VSP is processed to image the P-P and P-SV reflectivities
away from the borehole, and to obtain an S-wave time-to-depth correlation. Processing
the multioffset VSP results in true amplitude P-P and P-SV reflectivities for subsequent

AVO analysis.

2.2 VSP Acquisition

The VSP data were acquired using the 4-9-97-11W6 well bore in North West
Alberta shown in Figure 2.1. The purpose of the VSP survey was to evaluate the seismic
response of the gas-bearing Slave Point formation. The stratigraphy of the Slave Point in
this area is shown in Figure 2.2. The Slave Point in this area is predominantly limestone
with localized porosity enhanced by dolomitization. The Slave Point is overlain by the
Beaverhill Lake, a shaly limestone, and underlain by the Watt Mountain, a shale unit.
The reservoir zone is within the Slave Point Formation with production from a
dolomitized zone. The reservoir zone is permeable with both vugular and intergranular

porosity. In permeable zones, there are often uncertainties in well-log measurements
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caused by fluid invasion; for example, the sonic log can measure the response of the

invaded zone instead of the unaltered reservoir zone. The VSP survey was acquired to
help in understanding the seismic response of the reservoir, given the limitations of
forward modeling caused by these uncertainties. The zero-offset VSP was acquired to
provide a normal-incidence seismic trace at the well bore, and the P-wave VSP interval
velocities. The 750-m offset VSP was acquired for S-wave VSP interval velocities.
There was an AVO anomaly observed on the surface seismic data, and the multioffset

VSP was acquired to confirm the observed AVO anomaly.

ALBERTA

\

VSP Location

Edmonton
]

Calgary
|

200 km

HFIG 2.1. Map of Alberta showing the location of the VSP survey.
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FIG 2.2. Stratigraphic column of the Devonian section in the study area (modified from
Ferry, 1989)

The source positions of the VSP survey are shown in plan view in Figure 2.3.

The receiver positions are outlined in Table 2.1 for each VSP survey type. The target
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depth for the survey is approximately 2500 m. The receiver was a single-level 3-

component mechanically-clamped geophone, and the data were acquired in open hole
conditions (the borehole was not cased). The source consisted of two Mertz-25 vibrators,
and a 12-s sweep from 10 to 90 Hz was used. The logistics of the survey were to acquire
data at all the receiver positions for a given source position, and then move the source to

the next position.

2500m 2250 m 2000 m1750 m1500 m 1250 m 1000m 750 m 500 m 80 m
Offset Offset Offset Offset Offset Offset Offset Offset Offset Offset

S Sl

Well A

FL Full Zero-Offset VSP
% Full Offset VSP

F"‘ F } Multioffset VSP

FIG 2.3. Plan view of the Well A multioffset VSP survey geometry. Three VSP surveys
are diagrammed; a zero-offset VSP at 80 m from the borehole, an offset VSP at 750 m
from the borehole, and a multioffset VSP with 10 offsets ranging from 80 to 2500 m from
the borehole.

Table 2.1. Well A geophone locations.

Source Number of | Bottom Top Level
Offset (m) Levels Level (m) Level (m) | Spacing (m)
80 75 2625 400 25
500 11 2525 2325 20
750 81 2525 905 20
1000 11 2525 2325 20
1250 11 2525 2325 20
1500 11 2525 2325 20
1750 11 2525 2325 20
2000 11 2525 2325 20
2250 11 2525 2325 20
2500 11 2525 2325 20
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2.3 VSP Processing

Each VSP shown in Figure 2.3 contains different information. Each VSP yields a
true time-to-depth correlation which is one of the important advantages of VSP data. The
arrival times of the P-wave direct arrival from the zero-offset VSP can be used in a
traveltime inversion algorithm to obtain the P-wave interval velocities (Stewart, 1984).
Similarly the arrival times of the S-wave direct arrival or a near-surface mode-converted
S wave can be used to obtain the shear-wave interval velocities. Thus a good estimate of
the P- and S-wave velocities can be obtained from the zero-offset and offset VSPs. There
is also considerable information in the reflected (upgoing) wavefields of the VSP data.
The corridor stack from the zero-offset VSP can be used in an composite plot to help
correlate seismic events with well logs (Stewart and DiSiena, 1989). The offset VSP can
be used to correlate P-P and P-SV reflections (Geis et al., 1990). The multioffset VSP
contains the P-P and P-SV reflection amplitudes for a range of P-wave angles of

incidence to be used for AVO analysis.

2.3.1 Zero-Offset VSP Processing

The zero-offset VSP has been processed using a conventional processing flow
including the following steps: median filter for separation of the upgoing and downgoing
waves; waveshaping deconvolution using the downgoing P waves to design the
deconvolution operator to be applied to the upgoing P waves; amplitude recovery by
applying an exponential gain; and shift to two-way time by doubling the first-break time
of the upgoing P waves.

The raw vertical channel of the zero-offset VSP is shown in Figure 2.4. These
data are plotted in trace-normalized form (each trace in the plot is scaled independently)
with the level number plotted along the horizontal axis. The discontinuities along the

first breaks are due to gaps in the geophone depth levels. There is a large change in the
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slope of the first breaks at the upper levels (shallower depths) of the survey due to a

change in level spacing from 25 m to 100 m. These upper levels were acquired mainly
for the velocity information in the first-break traveltimes and not for reflections, so these
levels are not used in further processing.

Several events can be identified in these data. The downgoing P wavefield and a
reflected upgoing P-wave are labeled P and P-P respectively. So, both downgoing and
upgoing events can be identified in these data, and further processing is necessary to
enhance these events. Also plotted in Figure 2.4 are the first-break traveltimes of the
downgoing P waves. As a vibroseis source was used in this survey, the resulting direct-
arrival P waves appear near zero-phase. The first-break time is picked as the first strong
trough in the downgoing P waves. A plot of the first-break traveltime versus depth is
shown in Figure 2.5. The first-break traveltimes are important: they give the true time-
to-depth correlation of the VSP data, they are used to flatten the direct arrivals in the up
and downgoing wave-separation process, and they are used to shift the data to two-way

time.
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FIG 2.5. First-amival time-depth curve from the zero-offset VSP.

The next step in the processing flow is to separate the data into upgoing and
downgoing P waves. There are several methods used for this process, f-k (frequency-
wavenumber) filtering and median filtering are two. The median filter has been shown to
be a very robust method for the upgoing-downgoing wave separation (Stewart, 1985),
and is used here. An eleven-trace median filter was used to enhance the downgoing P

waves in the raw data. The results are shown in Figure 2.6. These data are plotted such
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that a single scalar is applied to all the traces in the plot (file normalized). The enhanced

downgoing P waves are then subtracted from the raw data. The data after subtraction are
the upgoing P waves (Figure 2.7). The upgoing P waves are then enhanced using a
seven-trace median filter. The results are shown in Figure 2.8. Note the increase in
coherency and decrease in random noise in the upgoing P waves after median filtering.
Thus the median filtering process both separates the upgoing and downgoing P waves
and increases the signal-to-noise ratio of the data in this case.

The next step in processing these data is to trace equalize the energy of the
downgoing P waves along the first-break traveltimes. A 200 ms window was used to
calculate the equalization factor, starting 40 ms before the first breaks and ending 160 ms
after the first breaks. This process corrects for spherical spreading and transmission
losses along the downgoing P-wave travel path.

The data are then processed to zero phase using a waveshaping-deconvolution
technique. In this process each of the downgoing P-wave traces is shaped to a Sth-order
zero-phase Butterworth wavelet with a 10 - 90 Hz frequency band. The operator
designed for each of the downgoing P-wave traces is applied to the upgoing P-wave
traces. Following the argument developed in Section 1.2, this process shapes the
embedded wavelet in the upgoing energy to a 5Sth-order zero-phase Butterworth wavelet.
The downgoing P waves (Figure 2.9) are flattened at 200 ms before waveshaping
deconvolution and trace equalization. Note the amplitude decay as the wave travels down
the borehole, and what is interpreted as a near-surface multiple at approximately 0.270 s.
The downgoing P waves after waveshaping deconvolution are shown in Figure 2.10. The
waveshaping process eliminates many of the multiples in the data. This can be observed
by noting that the reverberations in the downgoing P waves occurring after the first
breaks are collapsed into a single peak wavelet after waveshaping deconvolution. The

upgoing P waves after waveshaping deconvolution are shown in Figure 2.11.
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FIG 2.6. Enhanced downgoing P waves from the zero-offset VSP. The waves were
enhanced using an eleven-trace median filter. The data are plotted file-normalized.
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After waveshaping deconvolution the data are scaled to true reflection amplitudes.

The data are then corrected for spherical spreading and transmission losses. True
reflection amplitude is defined here as the amplitude of the seismic events resulting from
convolution of a wavelet that has a peak amplitude of 1.0 with the reflection coefficient
series. The data are scaled to true reflection amplitudes by taking the ratio of the upgoing
and the downgoing amplitudes. Before waQeshaping deconvolution the downgoing P
waves were trace equalized to correct for downward propagation losses and to prepare the
data so that the waveshaping deconvolution operators designed from the downgoing P
wave traces does not introduce any trace-to-trace amplitude changes in the data. So,
because the downgoing amplitudes have been equalized, the upgoing amplitudes must
also be adjusted by the same amount. This is achieved by scaling each of the
waveshaping deconvolved upgoing P-wave traces by the factor used to equalize the
downgoing P-wave traces.

It should be noted that if the waveshaping deconvolution operator collapsed the
downgoing P waves into a wavelet with a peak amplitude of 1.0, the equalization and
upgoing-to-downgoing ratio steps would be unnecessary. These procedures were
required because of uncertainty in the exact formulation of the waveshaping
deconvolution operator.

Obtaining the true seismic amplitudes in this manner is only valid for reflections
within a short time period of the first-break curve. As the waves travel back up the
borehole, the waves experience transmission losses and spherical spreading as well as
other propagation phenomena (such as attenuation). To correct for the losses along the
upward travel path, a T" scaling function is applied to the upgoing P waves, where T is
the time from the first-break curve, and n is a constant. An n value of 1.70 was found to
balance the amplitudes of events originating near the bottom of the well bore and

traveling up the borehole.
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The final process applied is to shift the data to two-way time. The zero-offset

VSP geometry simplifies this procéss. The ﬁrst-break traveltime corresponds to the one-
way vertical P-wave traveltime from the source to the receiver. The upgoing P wave
traveltimes are shifted to two-way time by shifting each trace by the first-break time. The
shifted data are shown in Figure 2.12. The reflected events are now flattened, and the
amplitudes along the events are generally constant. The abrupt shifts along the first-
breaks in Figure 2.12 are due to gaps in the geophone recording levels, as mentioned
previously. A corridor extending from the first-break time down 100 ms is extracted
from the upgoing P waves and stacked to obtain the final VSP trace (Figure 2.12). The
corridor for the bottom 10 traces extends to the end of the data to include reflections from
below the well. A corridor of the VSP data is used because as the reflected energy travels
back up the borehole, it becomes contaminated with intra-bed multiples and other wave
phenomena which can not be controlled in processing. So, the most accurately processed
data are near the first breaks. An example of this is in the zone of interest. Note the
character change between 1.50 and 1.54 s from level 1 to level 67. This is largely due to
multiple energy contaminating the primary events. This also illustrates the advantages of
the VSP over surface seismic data where the seismic reflections are recorded in situ
where they occur as opposed to being recorded at the surface as in the surface-seismic

case.
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FIG 2.12. (a) Upgoing P waves shifted to two-way time to match the traveltimes of
surface seismic data. (b) Corridor stack of the upgoing P waves using a 100 ms corridor.
The stacked trace is repeated eight times.
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2.3.2 Offset VSP Processing

The 750 m offset VSP (shown in Figure 2.3) has been processed using a three-
component processing flow. The flow is designed to extract the P-P and mode-converted
P-SV reflections from the data. The extracted P-P and P-SV reflectivities are used for P-
P/P-SV event correlations and further processed to create P-P and P-SV offset images.

The raw vertical channel of the offset VSP is shown in Figure 2.13. The data
quality is good, and both downgoing and upgoing events can be identified. The
downgoing P waves are labeled P, and the reflected upgoing P waves are labeled P-P.
There are discontinuities along the first-break curve (Figure 2.13) that are due to missing
geophone levels in the recording geometry.

The horizontal channels must be preprocessed to correct for tool rotation that
occurs as the geophone is pulled up the borehole. The two horizontal channels are rotated
at each depth level to determine the direction of maximum P-wave direct-arrival energy,
in a manner similar to DiSiena et al. (1984). The rotated horizontal component of the
seismic wavefield with the maximum direct-arrival P-wave energy is defined as the radial
channel. The transverse channel is defined as the component perpendicular to the
direction of maximum P-wave direct-arrival energy. The downgoing P-wave energy was
maximized in a 40 ms window beginning 10 ms before the first breaks and ending 30 ms
after the first breaks. The rotated radial channel is shown in Figure 2.14 and the rotated
transverse channel is shown in Figure 2.15. The P-wave direct arrival (labeled P) and
downgoing S-wave energy (labeled P-S§) are identified on the radial channel. Note that
there is more noise before the first breaks on the radial channel than on the vertical
channel. This suggests that the horizontal component of the seismic wavefield is smaller
than the vertical component for this geometry.

The transverse channel (Figure 2.15) is displayed mainly for quality control of the

horizontal rotations. There is little if any coherent energy on this channel indicating that
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the horizontal rotation algorithm performed well. However, there is more energy beyond

the first breaks of the P-wave direct arrival. This could be due to small errors in the
horizontal rotations, or possibly due to complex wave phenomena such as anisotropy.
Although the transeverse channel does bring up some interesting questions, the main goal
of processing the offset VSP is to extract the P-P and P-SV reflections from the vertical
and radial channels.

After the correction for tool rotation, the vertically and radially sampled seismic
wavefield is separated into upgoing and downgoing compressional- and shear-wave
modes. A parametric inversion technique developed by Leaney and Esmersoy (1989)
was used for this separation. In the parametric inversion, the data are modeled as a
superposition of P waves and SV waves. The local P and § velocities, angles of
incidence, and waveforms are the model parameters. A least-squares match between the
observed data and model-generated data is used to estimate the model parameters. This
method was chosen for its ability to recover accurate wavefield amplitudes, and its
proven robustness when applied to other data of similar geometry and geologic setting.
The results of this algorithm are the four separate wave-propagation modes of the seismic
wavefield: the downgoing P wavefield (Figure 2.16); the downgoing S wavefield (Figure
2.17); the upgoing P wavefield (Figure 2.18); and the upgoing S wavefield (Figure 2.19).
Overall, the method produced a good separation of the seismic wavefield into the four

wave propagation modes.
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FIG 2.13. Raw vertical channel plotted trace-normalized. There is strong downgoing P-
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FIG 2.14. Raw radial channel plotted trace-normalized. There is strong downgoing P-
wave energy (labeled P), and strong mode-converted downgoing S-wave energy (labeled
P-S).
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Following the wavefield separation process, waveshaping deconvolution was
applied to the data. Prior to waveshaping deconvolution, the downgoing P wavefield was
trace equalized to correct for propagation losses along the downward travel path of the
wavefield. This process assures that a constant-amplitude deconvolution operator is

calculated from the downgoing P wavefield. Again, as in the zero-offset case, the



35
operator is designed from the downgoing P wavefield, and then applied to the upgoing P

wavefield. The same operator designed from the downgoing P wavefield is also applied
to the upgoing S wavefield because the latter consists largely of mode-converted shear
waves generated by the former. The downgoing P wavefield flattened at 200 ms is
shown before waveshaping deconvolution in Figure 2.20, and after waveshaping
deconvolution in Figure 2.21. Note again that the reverberations in the downgoing P
wavefield have been collapsed into a single peak that is a Sth-order zero-phase
Butterworth wavelet.

After waveshaping deconvolution, the upgoing P and S wavefields are scaled by
the same factor used to trace equalize the downgoing P wavefield. A gain-recovery
function is then applied to the data to correct for spherical spreading and transmission
losses. For these data a 7" gain function is applied starting at the first-break times of the
downgoing P wavefield. Again ann value of 1.70 was found to balance the amplitudes

of the upgoing P and S wavefields across the array of receivers.
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FIG 2.20. Downgoing P wavefield before waveshaping deconvolution flattened at 200
ms; plotted file-normalized.
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FIG 2.21. Downgoing P wavefield after waveshaping deconvolution flattened at 200 ms;
plotted file normalized.

The next step was to correct the upgoing wavefields for normal moveout (NMO).
A procedure similar to that outlined by Geis et al. (1990) is used for the NMO correction.
The NMO traveltimes are calculated by ray tracing through a velocity model. The
velocity model is determined using the first-break traveltimes from the zero-offset VSP
and the downgoing shear-wave traveltimes from the 750 m offset VSP in a traveltime
inversion algorithm. The initial guess and layering of the velocity model are taken from
the conventional and full-waveform sonic logs acquired in the well. The velocity model
will be discussed in more detail in chapter three. The upgoing P and § wavefields after
waveshaping deconvolution, gain recovery, and NMO correction are shown in Figure
2.22 and Figure 2.23, respectively. In both cases, the bottom 20 levels contain the more
coherent data, while the upper levels have less coherency and more random noise. To

attenuate random noise, a seven-trace median filter was applied to the NMO-corrected
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upgoing P and S wavefields. The upgoing P wavefield after median filtering is shown in

Figure 2.24, and the upgoing S wavefield after median filtering is shown in Figure 2.25.

The upgoing S wavefield (Figure 2.24) has less coherent energy than the upgoing
P wavefield (Figure 2.25). A possible explanation is that the upgoing S wavefield
contains P-SV-SV reflections. P-SV-SV reflections originate as downgoing P-wave
energy, are converted to downgoing S-wave energy and then reflected as upgoing S-wave
energy. This reflection mode has an apparent velocity similar to the P-SV reflections and
thus can not be clearly distinguished from the P-SV reflections. There is strong
downgoing S-wave energy in the raw radial channel (Figure 2.14) and the wavefield-
separated downgoing S wavefield (Figure 2.17) to support this argument. This problem
has also been observed by Geis et al. (1990), and should be a future research topic.

After NMO correction and median filtering, the data are stacked along a corridor
between the first breaks and a later time. A 100 ms corridor was used, and the results are
shown in Figures 2.26 and 2.27 for the upgoing P and S wavefields respectively. These
corridor stacks are useful for correlation and event interpretation and will be addressed
further in chapter three.

The final step in the processing flow is to map the upgoing P and § wavefields to
the correct offset positions. The offset mapping is similar to NMO correction in that a
model-based ray tracing algorithm is used that assumes flat layers. The P-P and P-SV
data are binned into 6.25 m bins centered every 6.25 m. For the P-wave data, this process
is termed VSPCDP mapping as the data are mapped to the common depth point; for the S
wave data, the process is termed VSPCCP mapping as the data are mapped to the
common conversion point. The VSPCDP and VSPCCP maps are shown in Figures 2.26
and 2.27. Note that there are gaps in both of the mappings due to missing geophone

levels in the recording geometry.
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FIG 2.22. Upgoing P wavefield after waveshaping deconvolution, amplitude recovery,
and NMO. The data are plotted file-normalized.
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FIG 2.23. Upgoing § wavefield after waveshaping deconvolution, amplitude recovery,
and NMO. The data are plotted file-normalized.
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FIG 2.25. NMO-corrected upgoing S wavefield after a seven-trace median filter was
applied. The data are plotted file-normalized.
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FIG 2.26. (a) 100 ms corridor stack of upgoing P wavefield plotted 8 times. (b) VSPCDP
map of upgoing P wavefield. The data are plotted file normalized, and the trace spacing

18 6.25 m.
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2.3.3 Multioffset VSP Processing - Synthetic Data

A three-component processing flow has been developed to process the multioffset
VSP data for AVO analysis. It is necessary to test this flow on synthetic data to insure
that no relative amplitude changes are introduced between the upgoing and downgoing
wavefields. Wavefield separation and waveshaping deconvolution are two important
processes that must be tested. A brief overview of the processing flow will be given for
the synthetic VSP data with a more detailed description following for the multioffset VSP
field data.

The synthetic data were generated from the velocity model shown in Figure 2.28.
The model is that of a gas-saturated sandstone encased in shale. The top of the sand is at
850 m and the base of the sand is at 1000 m. 11 geophone levels were modeled between
depths of 745 m and 845 m for source offset positions of S0 m, 200 m, 400 m, and 600 m.
The data were generated by ray tracing and convolution with a 35-Hz zero-phase Ricker
wavelet. The synthetic data for the 400 m offset are shown in Figure 2.29. Several
events are labeled on this diagram; the P- and S-wave direct arrivals (labeled P and S), P-
P reflections (labeled P-P), and a P-SV reflection (labeled P-SV). These data were used
to test the amplitude recovery of the wavefield separation and waveshaping
deconvolution processes.

The first step in processing the synthetic multioffset VSP data is wavefield
separation. The wavefield separation algorithm used for processing the 750 m offset VSP
data is also used for the multioffset VSP data. Wavefield separation is applied to the
vertical and radial channels of each offset position individually. The results of wavefield
separation of the 400 m offset are shown in Figure 2.30. These data are separated into the
four modes of wave propagation; the downgoing P and S wavefields, and the upgoing P

and § wavefields. The separation has worked well with the minor exception of some
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noise introduced in the upgoing § wavefield. This noise only occurs in the wavefield

separation for the 400 m offset VSP, and the cause is not understood.

Velocity (m/s) Vp/Vs
0 1000 2000 3000 14 18 22 26

0 i a1l 1 a1
200 {4 Vg Vp L
400 - \ -

E |
S 600 4:rrrrrpd i laaar i e b F
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1000 4+ c e rpak e e o .
1 Shale
1200

FIG 2.28. Velocity model used to generate the synthetic test data. The zone of interest
between 850 m and 1000 m, and the velocities, are consistent with a gas-saturated sand
encased in shale.
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FIG 2.29. Raw synthetic data from the 400 m offset generated with a 35 Hz zero-phase
wavelet; (a) vertical channel and (b) radial channel.
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FIG. 2.30. The results of wavefield separation for the 400 m offset; (a) downgoing P
wavefield, (b) upgoing P wavefield, (c) downgoing S wavefield, (d) upgoing § wavefield.

The other important process is waveshaping deconvolution. The downgoing P
wavefield is trace equalized along the first breaks prior to waveshaping deconvolution to
insure that the same amplitude operator is applied to each upgoing trace. As mentioned
previously, the operator is calculated for each depth level of the downgoing P wavefield,
and the operator is applied to both the upgoing P and § wavefields. After waveshaping
deconvolution the upgoing P and § wavefields are flattened on an event. The flattened
upgoing wavefields are shown in Figure 2.31, as shown in Figure 2.31 is the flattened

waveshaping-deconvolved downgoing P wavefield.
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The final steps in this processing flow are to stack the upgoing wavefields from

each offset of the multioffset VSP data, gather the data into P-P-reflectivity and P-SV-
reﬂectivity traces, and then correct the data for NMO. The NMO-corrected data are

shown in Figure 2.32. These data show the true seismic AVO response of the model in

Figure 2.28.
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HFIG. 2.31. Waveshaping deconvolved (a) downgoing P wavefield, and upgoing (b) P-P
and (c) P-SV wavefields after waveshaping deconvolution and flattening.

The processing flow is tested for true amplitude recovery by comparing the
picked amplitude from the top of the sand reflection with the theoretical Zoeppritz
equation solution for the interface (Figure 2.33). There is reasonable agreement between
the processed data amplitudes and the theoretical amplitudes showing that the processing

flow extracts amplitudes accurately from multioffset VSP data.
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FIG 2.32. Final processed synthetic P-P (a) and P-SV (b) reflectivity gathers generated

from the velocity model shown in Figure 2.28.

.g
Q- ]
014 a
8 Rps - Zoeppritz Eqn.
o Ilunu........ 1ssssenane Rpp - ZOGppI’itZ Eqn.
c  -024 "'0'"'--.-.. a Rps - Processed data
9o "‘Q.._ o Rpp - Processed data
-t ",
O "...
g oo
(] 6‘~.
E W

-0.4 T T T T

0 10 20 30 40 50

P-wave Angle of Iincidence (°)

FIG 2.33. Picked amplitudes from the top of the gas-sand event, and the corresponding

Zoeppntz-equation solution for the interface.
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2.3.4 Multioffset VSP Processing - Field Data

The plan view of the well A VSP survey (Figure 2.3) shows that there are 10
source positions used for the multioffset VSP. The appropniate depth levels from the
zero-offset VSP and the 750-m-offset VSP have been extracted and are included in the
multioffset VSP survey.
The three-component

_ Horizontal
processing flow for the Rotation

multioffset VSP survey is

unique in that each of the [ Wavefield
L Separation

ten VSP surveys making up

the multioffset VSP survey

are processed individually rwaveShapi!‘g) For Each

Peconvolutlon Shot Gather
through the wavefield
separation and waveshaping Flattening Upgoing
deconvolution steps, and P and S Waves
then each VSP is stacked
and gathered into pseudo-P- Median Stack of

P and S waves
P and P-SV common-
receiver gathers. NMO r ~

NMO Correction
correction is then applied to of P-P and P-SV
the common-receiver \_ Stacked Traces J For Each
gathers as the final stage of - ~ Stacked Trace

. Plot P-P and P-SV
processing. Traces versus
Offset

FIG. 2.34. Multioffset VSP three-component processing
flow.



The results of
processing the 2000 m offset
of the multioffset VSP will be
presented to illustrate the
processing flow. The results
of the synthetic data study
suggest that multioffset VSP
data acquired using the
geometry shown in Figures
1.2 and 2.3 can be processed
for true amplitudes using the
proposed processing flow
shown in Figure 2.34. The
first step in processing the
multioffset VSP field data is
to rotate the horizontal
channels into the radial and
transverse directions. The
radial and vertical channels of
the 2000 m offset are shown

in Figure 2.35. The P-wave
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FIG. 2.35. (a) Raw vertical, (b) radial, and (c)
transverse channels of 2000 m offset VSP.

direct arrival is a strong event on both channels and there are relatively strong downgoing

mode-converted P-SV waves (between 1.20 and 1.30 s) on the radial channel.

Following the horizontal rotations, the vertical and radial channels are separated

into the four propagation modes using the parametric inversion technique used for the

750-m-offset VSP. The wavefield separation of the 2000 m offset is shown in Figure
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2.36 as an example. The data are separated into the four propagation modes of which the

downgoing P wavefield and the upgoing P and S wavefields are used in further
processing.

After wavefield separation, the downgoing P wavefield, upgoing P wavefield, and
upgoing S wavefield are trace equalized using a window along the downgoing P
wavefield to determine the equalization factor. This step corrects for propagation losses
along the downgoing travel path, and equalizes the downgoing P wavefield so the
deconvolution operator designed from the downgoing P wavefield does not introduce any
relative amplitude changes between the upgoing and downgoing wavefields.

After trace equalization the upgoing P and S wavefields and are deconvolved
using the operator designed from the downgoing P wavefield. The downgoing P
wavefield contains reverberations that are reflected in the upgoing wavefields. The
deconvolution operator eliminates these reverberations and shapes the seismic wavelet to
zero phase. The downgoing P wavefield and upgoing P and § wavefields after
waveshaping deconvolution of the 2000 m offset are shown in Figure 2.37. These data
are now near zero phase and largely multiple free.

The next step in processing these data is to divide the upgoing P and S wavefield
amplitudes by the peak amplitude of the downgoing P wavefield. This process resuits in
true-amplitude reflection data as illustrated in Figure 1.2. The receivers are all
immediately above the zone of interest, so the only major difference between the upgoing
and downgoing wavefields is that the upgoing wavefields are reflected. Note in Figure
2.37(d) that the P-SV reflection event that intersects the P-wave first-break curve at the
bottom geophone level takes approximately 0.080 s to travel up to the top geophone
level. If this event were corrected for spherical spreading and transmission losses using
the n value of 1.70 that was applied to the zero-offset and offset VSPs, the T" scaling

difference between the top and bottom levels would be 1.4%. Furthermore, the correction
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for the P-P reflections would be even smaller as they take less time to travel up the

borehole. This suggests that there is only a minor gain correction required over the small
window of receivers used for the multioffset VSP geometry, and therefore a gain
correction will not be applied to these multioffset VSP data. Thus, the bandlimited
reflection coefficient can be determined by taking the ratio of the upgoing and downgoing

wavefield amplitudes.
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FIG. 2.36. Output of wavefield separation; (a) downgoing P wavefield, (b) downgoing S
wavefield, (c) upgoing P wavefield, and (d) upgoing S wavefield.
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FIG. 2.37. (a) The downgoing P wavefield before waveshaping deconvolution, (b) the
downgoing P wavefield after waveshaping deconvolution, and the upgoing P (¢) and S
(d) wavefields after waveshaping deconvolution.

The final steps in the processing flow are stacking the receiver traces together for
each source position, gathering the stacked traces into common-receiver P-P and P-SV
gathers, and correcting the data for NMO. In order to stack the receiver traces together,
the events must be aligned. An event was picked on the upgoing P wavefield, for each of

the source positions, and then the reflection events are aligned using this event (Figure

2.38a). The upgoing S wavefield was flattened in a similar manner (Figure 2.38b). Note
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The net result is a loss of information from the near to far-offset traces due to a decrease

in the time thickness between each bed.



Source Offset (m)

2500
2500

o
O

o
)
60

|

(b)

FIG. 2.39. Stacked and gathered reflectivity traces; (a) P-P and (b) P-SV.

Ti S
o Time(s) o
- [ ]
(Lo ] ~
ISR EEERE G NG RRASEAERNNNENERNERA AR NN NN RN RAERAEEERREREE]
o N N/ \ iy, NL
S N
IR SERNERAEERERERERESRENNRASEESRERNNE NN NAREEARNEARERAREAN|

1.1

Before NMO correction, the stacked traces must be returned to the correct
traveltimes. The stacked traces shifted back to the correct traveltimes are shown in
Figure 2.40. Static corrections are also applied at this stage. These statics are largely a
correction for near-surface heterogeneities. The statics are determined by subtracting the
observed direct-arrival traveltimes from the ray-traced direct-arrival times, and shifting
the traces by the differences. This method assumes horizontal homogeneous layers with

the exception of the near surface. These traces are then corrected for NMO using the
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algorithm discussed in the offset VSP processing section. The NMO-corrected traces are

shown in Figure 2.41. These traces shown the true seismic AVO response for the zone of

interest (between 1.50 and 1.55 s).
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Chapter 3

VSP Interpretation

3.1 Introduction

The next step after processing the VSP data is interpretation. In this thesis, the
well logs and the VSP data will be interpreted. The log interpretation involves blocking
the logs and interpreting the blocked logs for lithology. The VSP interpretation is more
complicated. First, the zero-offset VSP is interpreted using the synthetic seismogram
generated from the well logs. The goal of this interpretation is to correlate the layers in
the zone of interest from the well logs to the zero-offset VSP. Some issues to be
addressed are the thin-bed interference effects and the VSP data polarity. Second, the
zero-offset VSP is correlated with the offset VSP and the multioffset VSP. The purpose
is to establish P-P and P-SV reflectivity correlations and to determine the polarity of the
P-SV events. Third, the P-P and P-SV AVO responses of the multioffset VSP data are
interpreted. The goal of this interpretation is to understand the AVO response of the
reservoir zone and to determine how well the forward-model data match the field data.
The interpretation of these data is broad in scope. However, the approach is to start with
a basic interpretation of the zero-offset VSP and build up to the more complex AVO

interpretation of the multioffset VSP.

3.2 Well-Log/Zero-Offset VSP Interpretation

To form a basis for the VSP/well-log correlation, it is necessary to interpret the
well logs. The well logs are interpreted to help understand the lithology and
petrophysical parameters, such as porosity, near the well bore. When comparing well

logs with seismic data, it is important to determine the vertical resolution of the two
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measurements given the different frequency bandwidths of the data. A rough calculation

of the seismic wavelength is made by looking at the waveshaping-deconvolved
downgoing P wavefield from the zero-offset VSP (Figure 2.8). These deconvolved traces
are approximately the VSP wavelet, and the wavelet period is about 20 ms (trough to
trough time). A 20 ms period corresponds to a frequency (f) of SO Hz. The zone of
interest is a carbonate, and an average velocity (y) of carbonate rocks is 5500 m/s. The
seismic wavelength ()\) is calculated to be ) = v/f = 5500/50 = 110 m. Seismic
resolution can be up to about 1/8th of the wavelength (Widess, 1973). which in this case
is 13.75 m. This suggests that any beds thinner than about 13 m will be unresolvable.
Sonic logs have a vertical sampling of less than 1 m, and consequently there is a large

discrepancy between the vertical resolution of the well log and VSP data.

3.2.1 Well A Log Blocking

The goal of this study is to recover the elastic parameters from the VSP AVO
response of the reservoir. The first problem in the interpretation is to find a common
layering of the Earth that satisfies both the well logs and the VSP data. A common
method of addressing this problem is to average (block) the logs into larger depth
intervals. The result of log-blocking is a simplified Earth model that retains the coarse
information in the well logs, and dismisses the fine information that is unresolvable with
seismic data. The simplified Earth model is also desirable as a starting point for the
generalized-linear-inversion algorithm that will be introduced later. The main
requirement of log blocking is that the blocked logs retain enough information for a good
correlation of the synthetic seismogram generated from the blocked logs and VSP data.
This implies that the significant seismic events are retained in the blocked logs.

The raw logs used for the VSP interpretation are the full-waveform sonic and

bulk-density logs. The full-waveform sonic log measures the compressional- and shear-
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wave slowness and the bulk-density log measures the electron density of the rocks which
correlates with the bulk density. The raw sonic and density measurements in the zone of
interest are shown in Figure 3.1. Notice that these measurements have a very fine
sampling interval of less than 1 m. These logs are blocked using a compound median
filtering technique (Leaney and Ulrych, 1987). This technique is automatic so there is no
bias introduced by the interpreter. The technique uses a series of median filters starting
with a filter width of three samples and ending with a filter width of the number of
samples corresponding to 1/2 the maximum bed thickness. A maximum bed thickness of
25 m was used to filter the data. A comparison of the logs before and after median
filtering is shown in Figure 3.2. The median filtered logs retain the main characteristics
of the raw logs, and have little of the fine detail in the raw logs. The logs are now

simplified and can be interpreted in terms of the bulk lithologies.

3.2.2 Well A Log Interpretation

The zone of interest in Well A is at a depth of about 2530 m. Note in Figure 3.2
that all of the log curves change substantially in this zone. The zone has been tested and
is proven to be gas-saturated. The lithology and porosity of the gas zone and the zones
above and below the gas zone are important for this interpretation. The blocked-log

measurements for the three zones are listed in Table 3.1.

Table 3.1. Average log values in the zone of interest

Zone ~ P-wave S-wave Bulk Vp/Vs
Slowness Slowness Density ratio
(us/m) (us/m) kg/m3
Upper zone 167 314 2660 1.88
Gas zone 193 337 2550 1.75
Lower zone 166 316 2688 1.90
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FIG. 3.1. Raw well logs in the zone of interest; (a) full waveform sonic log with
compressional wave and shear wave slowness curves, and (b) bulk density log curve.

The measurements shown in Table 3.1 are used to determine the porosity and
lithology of these zones by comparing crossplots of the P-wave transit time and the bulk
density with published log-interpretation charts (Schlumberger, 1988). The upper zone
crossplots as a limestone with 2.5% porosity, the gas zone crossplots between a limestone
with 10% porosity and a dolomite with 17% porosity, and the lower zone cross plots as a

limestone with 2% porosity.



62

2400 2400
2450 ............ S . ............... 2450
2500 2500
E E
5 5
[=9 [=3
2 i f o
2550 ............... . , ............. 2550
2600 b-rrrrerrr D T1"] ST S
500 400 300 200 100 2000
Slowness (Ls/m) Density (x 103 g/m3)
(a) (b)

FIG. 3.2. Raw and blocked well logs in the zone of interest; (a) full-waveform sonic log
with compressional- and shear-wave slowness curves before and after log blocking, and
(b) bulk-density-log curve before and after log blocking.

Figure 3.3 shows the photoelectric cross-section (curve) through the zone of
interest. The photoelectric cross-section log is measured using a gamma-ray source and
two detectors. Gamma rays emitted from the source are scattered by the formation and
lose energy until absorbed through the photoelectric effect. The number of gamma rays
in the energy region of Compton scattering and the photoelectric effect are used to
determine the photoelectric absorption index. Basically, the photoelectric cross-section
index is related to the molecular weight of the minerals in the formation. The

photoelectric cross-section log responds primarily to lithology and secondarily to porosity
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and pore fluid (Schlumberger, 1987). Limestone generally has a photoelectric cross-

section of about 5 Barns/electron and dolomite generally has a photoelectric cross section
of about 3 Barns/electron. The log curve in Figure 3.3 has a sharp decrease in
photoelectric cross section at a depth of 2530 m corresponding to the top of the reservoir.
The photoelectric cross-section log is approximately 3 Barns/electron in the reservoir
zone between 2530 m and 2545 m, suggesting the zone is dolomite. The layers above
and below the reservoir zone have values of approximately 5 Barns/electron, suggesting
these zones are limestone. Because the photoelectric cross-section log responds primarily
to lithology, the reservoir zone is interpreted to be dolomite, and the layers above and
below to be limestone. The photoelectric cross-section log can also be crossplotted
against bulk density. The upper zone cross plots as a limestone with 2 % porosity, the
reservoir zone crossplots as a dolomite with 17% porosity, and the lower zone crossplots

as a limestone with 1% porosity.
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FIG. 3.3. Photoelectric cross-section log through zone of interest.






