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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









