UNIVERSITY OF OKLAHOMA

GRADUATE COLLEGE

SEISMIC EXPRESSION OF IGNEOUS BODIES IN SEDIMENTARY BASINS AND
THEIR IMPACT ON HYDROCARBON EXPLORATION: EXAMPLES FROM A

COMPRESSIVE TECTONIC SETTING, TARANAKI BASIN, NEW ZEALAND

A DISSERTATION
SUBMITTED TO THE GRADUATE FACULTY
in partial fulfillment of the requirements for the
Degree of

DOCTOR OF PHILOSOPHY

By

LENNON INFANTE-PAEZ
Norman, Oklahoma
2018



SEISMIC EXPRESSION OF IGNEOUS BODIES IN SEDIMENTARY BASINS AND
THEIR IMPACT ON HYDROCARBON EXPLORATION: EXAMPLES FROM A
COMPRESSIVE TECTONIC SETTING, TARANAKI BASIN, NEW ZEALAND

A DISSERTATION APPROVED FOR THE
CONOCOPHILLIPS SCHOOL OF GEOLOGY AND GEOPHYSICS

BY

Dr. Kurt J. Marfurt, Chair

Dr. Roger Slatt

Dr. John Pigott

Dr. Bradley Wallet

Dr. Deepak Devegowda



© Copyright by LENNON INFANTE-PAEZ 2018
All Rights Reserved.



To God almighty and my family, specially my grandpa Dr. Oscar Infante.



Acknowledgements

would like to thank almighty God, for giving me wisdom whenever | asked him
and for an amazing life filled with health, joy, and happiness. | think it is implicit that
such an outstanding achievement (I’m a doctor now !!) is not only because my own
merits. There is a large list of people that have helped me achieve Todays (May 11th,
2018) goal.

First, 1 want to thank my mom Janeth Paez and my dad Julian Infante for the love,
care and all the life lessons, especially for teaching me that you can always achieve your
goals if you work hard enough and trust in God. To my older brother Julian (Zorro), |
would like to thank him for all the adventures we had when we were kids and for making
my childhood incredibly fun, which have ultimately made me think the way I do. To the
lovely, smart, beautiful and kind-hearted, Miss Andreina Liborius, I would like to thank
her for all the love, patience and support this last few years, for being there
unconditionally every time | needed her and for caring so much about me.

would like to express my sincere gratitude to my committee chair: Dr. K. J.
Marfurt and my committee members Dr. Roger Slatt, Dr. John Pigott, Dr. Bradley Wallet
and Dr. Deepak Davegowda. To my advisor and friend Dr. Kurt Marfurt, | thank him for
taking me under his wing even though I told him I did not want to program. Also, | thank
him for showing me that you can be brilliant, passionate, happy, wise, and still be humble
and kind to others. I *‘m infinitely grateful to Dr. Roger Slatt because he took me as his
student when | was a recent graduate from Venezuela. | will be forever in his debt,
because he changed my life (I promise | will pay forward whenever | become a professor).

To Dr. John Pigott, a man who is incredibly knowledgeable about several aspects in



geosciences, | thank him for all the constructive criticisms, teaching moments and for
showing me that you can be a specialist who can also be a generalist. Also, | thank him
for teaching me how to hold the laser pointer the proper way while presenting (This is
very, very important). To Dr. Davegowda, | thank him for being very supportive
regarding my technical work and for always being so professional and available for me.
To Dr. Wallet. I thank him for showing me that you can always achieve your goals no
matter how long they may take, and for always being respectful and available for me
(while being in a different country).

Lastly, but not less important, many thanks to all the staff in the geology and
geophysics department and professors and friends at the University of Oklahoma who
were kind and helped me in this past 3 years (I’m deeply sorry if | forgot to mention your
name, it’s because | really want to sleep!!). Rebecca Fay, Ginny Gandy-Guedes, Ginger
Leivas, Leah Mohser, Ashley Tullius, Donna Mulling, Teresa Hackney, Nacy Leonard,
Robert Turner, Dalton Brasington, Dr. Lyn Soreghan, Dr. Barry Weaver, Dr. Zeev
Reches, Charles Gilbert, Michael Behm, Nori Nakata, Dr. Jie Qi, Dr. Matt Pranter, Dr.
Shankar Mitra, Dr. Michael Engel, Dr. Brett Carpenter, David Lubo, Gabriel Machado,
Elizabeth Da Silva, Emilio Torres, Carl Symcox, Alex Besov, Suarabh Sinha, Javier
Tellez, Tang Ha, Antonio Cervantes, Rafael Pires-De Lima, Folarin Kolawole,
Abdulmohsen Alali, Jing Zhang, Cecilia Lopez-Gamundi, Lily Pfeifer, Abidin Caf,
Tengfei Wu, Bin Lyu, Suriamin, Murphey Casesl, Swetal Patel, Kayla Miller, Laura
Sanchez, Carlos Molinares, David Prado, Henry Galvis, Daniela Becerra, David Duarte,
Benmadi Millad, Yan Qin, Muiz Matemilola, Oluwatobiloba Francis, Kelsy Lewis,

Benjamin Slechtaa and many others. Additionally, | would like to thank Dr. Henry



Posamentier, Dr. Justin Mcdonal, Dr. Christopher Jackson, Dr. Steve Shuctter, Dr.
Bergman, Dr. Satinder Chopra, Don Herron and Luis Vernengo for all the excellent
technical advice and support on my dissertation.

Especial thanks go to “Team Lennon” (Andreina Liborius, David Lubo, Carl
Symcox, Folarin Kolawole, Gabriel Machado, Emilio Torres, Javier Tellez, Rafael Pires-
De Lima and Saurahb Sinha) without their direct help, I would not have been able to meet

the deadlines.

Vi



Table of Contents

ACKNOWIBAGEMENLS ...ttt ae s e e e neeneesnaeee s iv
LIS OF FIQUIES.....eeitieii ettt e st et e e s e sreesteenaesneenteennenreas X
ABSTRARCT .ot XXV
CHAPTER L.ttt 1

INTRODUCGTION ...ttt 1
REFERENGCES ...t 5
CHAPTER 2.ttt 8

SEISMIC EXPRESSION OF IGNEOUS INTRUSIVE AND EXTRUSIVE BODIES IN

NORTH GRABEN, TARANAKI BASIN, NEW ZEALAND: IMPLICATIONS

FOR AVOIDING PITFALLS IN INTERPRETATION. .....ooiiiiiiieccee 8
ABSTRACT .ttt 8
INTRODUCGTION ...ttt n e ne e 8

Geological DaCKGrOUNG.........cc.eiieiieie e 11
Data set and MELNOUS ..o 12
Extrusive igneous bodies in Taranaki Basin, New Zealand............c.cccccoovvvvvenenen, 13

ANAESITIC VOICANOES ...t 13

Seismic expression of the Kora volCano ...........cccccveveiieiveie s 15

Intrusive igneous bodies in Taranaki Basin..........cccccevviiiiieiesie s 19

IGNEOUS SIS ... 19

FOICEA FOIAS ... 21

IGNEOUS QIKES ...ttt e e neenes 22

Avoiding potential seismic interpretation pitfalls ...........ccccoooiveiiiii i, 23

vii



CONCLUSIONS ..o nne s 26

ChAPLEI 2 FIQUIES ..ttt ettt sttt st beesbeeneenreas 28
REFERENGCES ... .ottt ettt bbbttt b e e 60
CHAPTER 3.ttt b et sb e et et e s beesbeeneenneas 66

USING MACHINE LEARNING AS AN AID TO SEISMIC GEOMORPHOLOGY,

WHICH ATTRIBUTES ARE THE BEST INPUT? ..o, 66
ABSTRACT e e e ans 66
INTRODUGTION ...ttt ettt e e nneesnne s 66
METHODOLOGY ...ttt ettt et e nbe e bn e e b e naeeenes 69

Selection of the target PAtternS ..o 69

Nature of the target PAtterns .........oooi i 70

Seismic attribute SEIECION .........cccoviiii 72

Voxel based approach for classifying monogenetic seismic patterns ................ 73

Seismic Attributes that assist interpreter’s vs seismic attributes that assist
MAChINE [€AINING ....veeiiiie e 75

Seismic attribute expression of volcanic rocks that assist machine learning

(0[] (=] TP RR 76
Self-organizing maps (SOM) and seismic geomorphology ........ccccccvveviveiiiieieeinnn, 78
Internal elements of the Kora voICaNn0..........ccccoiiviiiiiii e, 79
External elements of the Kora Volcano and adjacent volcanoes ............c.ccceveeennen. 80

SUDAQUEOUS TIOWS ...ttt 80
Pyroclastic flows from volcanoes adjacent to Kora ..........ccooeveeveiiiininie e 82
Potentially enhanced volcaniC reServoirs. .........cocoeieiieneiie e 83

viii



CONCLUSIONS ..o 84

ChAPLEI 3 FIQUIES ..ttt sttt sb e et s beesbeeneenneas 86
REFERENCES ... .ottt sttt sttt st nbe e nreas 108
CHAPTER ...t ettt bttt sttt sre et enes 112

MEGA FORCED FOLDS ASSOCIATED WITH ANDESITIC VOLCANOES IN

TARANAKI BASIN, NEW ZEALAND: IMPLICATIONS FOR

HYDROCARBON EXPLORATION. ....ccoiiiiiiiiiieceecee e 112
ABSTRACT L. 112
INTRODUCTION ..ottt 113

Drilling History in Permit PEP 38485 Offshore Taranaki Basin, New Zealand.... 114

Potential hydrocarbon traps associated with andesitic volcanoes. .............ccccccvevveenen, 118
Mega forced folds MeChaniSMS.........ccoiiiiiiiiiieeee e 119
EIaStIC BENGING....cueiiiiiiiiiie ettt bbb 119
Differential ComMPaCION ........coouiiiiiieii e e 120

The Kora submarine volcano as an example of mega forced folds associated with

ANAESITIC VOICANOES. ... 121
LIMITATIONS Lttt rn e nbe e sne e ne e 124
CONCLUSIONS ...ttt ae e b e e et e e bn e e ne e saneenees 124
CRAPLEN 4 FIQUIES ..ottt et sttt ettt e et et nre e e enes 126
REFERENGCES ...ttt ettt be e e ne e 144
CHAPTER 5.ttt ettt e et e e be e e n e saneees 147
CONCLUSIONS AND RECOMMENDATIONS.......ooiiiieiieee e 147
APPENDIX L .ttt 149



List of Figures

Figure 2.1. Exploration well drilling into mafic igneous sills, seismic data courtesy of
PGS. Reprinted from Igneous intrusions in the Faroe Shetland basin and their
implications for hydrocarbon exploration; new insights from well and seismic data, In
Press N.J. Mark, N. Schofield, S. Pugliese, D. Watson, S. Holford D. Muirhead R. Brown
D. Healy,1-21, Copyright (2017), with permission from EISeVier............cccccvevvvvernenne. 28
Figure 2.2. Exploration well Arawa-1 drilling into bright spot (andesitic volcanic pile).
Notice the andesitic volcano on the right side. Seismic data courtesy of NZP&M. VMT=
Volcanic Mass Transport DEPOSIL. ......cccveeeeiiereiieieese e se e ans 28
Figure 2.3. Envelope attributes in time slices and amplitude vertical section showing
development wells drilled into channel-like features. The wells drilling the “channels”
instead encountered lava flows that were confined to meander valleys. Courtesy of Luis
Vernengo, Pan American PetroleUM. ........oiveiiie i 29
Figure 2.4. Vertical amplitude sections showing exploration wells drilling into mound-
like features. The wells drilled a basaltic volcano rather than a carbonate buildup. Map
on bottom left is the top of the volcanic units. Notice the dome-like shape. (After
ReYNOIAS €t al., 2017). ...eciieeie e 30
Figure 2.5. Chronostratigraphic chart and a representative section of the Geology of
Taranaki Basin, New Zealand. (After Morley, 2018, iN Press). .....ccovvvevveresieeseareennens 31
Figure 2.6. (a) location map of New Zealand showing Taranaki Basin and the size and
distribution of the Mohakatino Volcanic Belt (MVB) in red. (b) Onshore younger
andesitic volcanoes and 3D seismic sections showing Kora Volcano. After Giba et al.

(2013) and BiSChOff et al. (2017). ..cveceeiieie et 32



Figure 2.7. Seismic section from the 2D P95 Survey showing Well Tua-Tua-1 drilling the
andesitic Tua-Tua volcano. The Tua-Tua-1 well is projected into this seismic line...... 33
Figure 2.8. Seismic section from the P95 2D seismic survey showing well Mangaa-1
drilling the andesitic Mangaa VoICaNn0. ...........ccooveiiiiiiieneee e 34
Figure 2.9. Seismic section from the 2D P95 Survey showing well Te Kumi-1 drilling the
andesitic Te-Kumi VOICANO. ..ot 35
Figure 2.10 Signal/ratio comparison between: (a) legacy 2D ES-89 seismic survey and
(b) modern 3D Kora 3D PSTM 2006 seismic survey. Notice the higher quality image of
the Kora volcano compared to the Mangaa volcano. ..........ccccoeiiiiiiiininicniesece e 36
Figure 2.11. Undrilled mound-like structure interpreted to be an andesitic volcano.
Yellow arrows indicate reflections below the flank of the volcano indicating the bright
reflections are not the crystalline basement...........ccooeiiriiii i, 37
Figure 2.12. Undrilled mound-like structure interpreted to be an andesitic volcano. ... 37
Figure 2.13. Zoomed in version of the previous undrilled mound-like structure interpreted
to be an andesitic volcano. The yellow arrow indicates to reflections below the flank of
the volcano indicating the mound-like structure is not crystalline basement................. 38
Figure 2.14. Vertical slice showing undrilled mound-like structure interpreted to be
ANAESITIC VOICANOES. ... .ttt bbbt et sreesbeeneenreas 38
Figure 2.15. Seismic section from Kora 3D seismic survey showing the Kora volcano and
the uplift of the reflectors beneath the edifice as well as the disruption of the reflectors
(SNAAOW ZONE). ..ttt sttt b et r e sbe e reenne e 39
Figure 2.16. A representative 3D composite vertical slice of the amplitude data showing

the Kora volcano and the good signal-to-noise ratio, allowing the identification of

Xi



different seismic facies related to the volcano. After Infante-Paez and Marfurt (2017).
Seismic data courtesy OF NZP&M ..o 39
Figure 2.17. Magnified vertical magnified slice BB’ through the seismic amplitude
volume showing the chaotic moderate amplitude reflectors adjacent to strong continuous
reflectors penetrated by the Kora-4 well. An MTD is observed on the northwest flank of

the volcano. After Infante-Paez and Marfurt (2017). Seismic data courtesy of NZP&M.

Figure 2.18. Magnified vertical slice CC’ through the seismic amplitude volume showing
the chaotic moderate amplitude reflectors penetrated by wells Kora-1,2 and 3 and the
strong continuous reflectors in the northwest flank. After Infante-Paez and Marfurt
(2017). Seismic data courtesy Of NZP&M. ..o, 41
Figure 2.19. Magnified vertical slice DD’ through the seismic amplitude volume showing
the chaotic moderate amplitude reflectors penetrated by the Kora-1 well, whereas the
strong western continuous reflectors are penetrated only by the Kora-4 well. An MTD is
observed on the western flank of the volcano. After Infante-Paez and Marfurt (2017).
Seismic data courtesy OF NZP&M.......ccooiiiiiiiiei e 42
Figure 2.20. Core pictures for wells Kora 1,2 and 3 and a cartoon of the volcanic facies
present in Kora-2. After Infante-Paez and Marfurt (2017).......cccccvveiiiiiiinieniesienen, 43
Figure 2.21. Time slice at t=2050 ms through the coherence attribute volume. The circular
low-coherence feature (red arrow) delineates the extent of the volcano. Note the low-
coherence radial fault pattern (yellow arrows). The four colored dots inside the volcano
represent wells Kora-1-4. After Infante-Paez and Marfurt (2017). Seismic data courtesy

OF NZP &M ... bbb 43

Xii



Figure 2.22. Time slice at t=2050 ms through the dip azimuth modulated by dip
magnitude seismic volumes. Like the previous figure, this attribute illuminates the
volcano and the radial faults, showing the direction in which both events are dipping. The
different colors in the volcano indicate dips radiating from the peak of the volcano. The
four black plus signs inside the volcano represent wells Kora-1-4. After Infante-Paez and
Marfurt (2017). Seismic data courtesy of NZP&M...........ccccovviiiiiiiiniinece e 44
Figure 2.23. Time-structure map of the Kora volcano and top Ariki formation, showing
radial fault pattern in the post-magmatic sequence. The N-S trending faults are associated
with later rifting. Seismic data courtesy of NZP&M. ..o 45
Figure 2.24. Dip magnitude (above) and dip magnitude modulated by dip azimuth
(below) of the pre-magmatic sequence and the Miocene Volcanics, showing the evolution
of the fault network. Notice the presence of the east- dipping faults (green) in the middle

of the survey from the Paleocene through the Miocene. After Infante-Paez and Marfurt

Figure 2.26. Three-dimensional view of igneous sills shown in Figure 2.25 displaying (a)
an incline sheet and (b) a saucer shaped morphology. ........ccccoooeiiiiiiniiieseee 48
Figure 2.27. Map view of envelope attribute in a co-rendered window of 250 ms showing
spatial distribution of Igneous sills around the Kora volcano. After Infante-Paez and
Marfurt (2017). Seismic data courtesy of NZP&M...........ccccovviiiiiiiiiiiineee e 48
Figure 2.28. Vertical slice through the Kora 3D seismic survey showing saucer-shaped

sills intruding into the Paleocene Waipawa marine source rock and possibly creating an

Xiii



atypical petroleum system like the one proposed by Del Pino and Bermudez (2009). After
Infante-Paez and Marfurt (2017). Seismic data courtesy of NZP&M..........ccccccevveenne. 49
Figure 2.29. Igneous sills seen in outcrop in Greenland. Courtesy of John Howell. Note
the Sill cross cutting Stratigrapiy. ........ooviieiieieie e 49
Figure 2.30. Vertical slice illustrating upward magma transport through sill junctions.
Numbers in arrows indicate the stages of magma propagation through sill junctions... 50
Figure 2.31. Vertical slice illustrating upwards magma transport through sill junctions.
Numbers in arrows indicate the number of sill junctions. Yellow arrows indicate sills.
Reddish arrows show sills reaching to the western flank of the Kora volcano............... 50
Figure 2.32. Seismic sections illustrating different mechanisms of forced folds: a) Post-
emplacement b) syn-emplacement. Yellow arrows indicate sills, green arrows indicate
forced folds and grey arrow points to a sill complex. ..., 51
Figure 2.33. Seismic section showing (a) sub vertical low signal/noise reflections
constrained to the red box zone. (b) expanded view of the area within the red box of (a).
Yellow arrows indicate sills while red arrows a small volcanic mound fed by dykes (red
dotted SUD-VEITICAl 1INES). ....coviiieiiei e 52
Figure 2.34. Seismic section with igneous sills below the Kora volcano and a sub vertical
low signal/noise zone above the sills. Note the small-scale mound-cone structures on the
flanks of Kora. (a and b) show different orientations. Yellow arrows point to the sills
whereas reddish arrow point to the small cones. The Dotted reddish color represents the
dykes and laccoliths. Kora 3D seismic survey courtesy of NZP&M. .........c.cccceevrinnen, 53
Figure 2.35. (a) Coherence and (b) Horizon slices thought dip magnitude attribute

volumes close to the top of the Kora volcano. Reddish arrows point to small circular

Xiv



features in both attributes that represent the small cones. Yellow dotted line in the insert
figure represents a reflector close to the base of Kora. Radial low coherence anomalies
are normal faults. Kora 3D seismic survey courtesy of NZP&M. .........ccccoovveiiiinnnen, 54
Figure 2.36. Geomorphology of igneous bodies. Vertical amplitude sections and horizon
slices showing envelope attribute. In each of the four panels there are igneous bodies. Can
you guess correctly which one they are? (a) Hybrid igneous flow. (b) clastic channelized
turbidities from Parihaka 3D, seismic survey courtesy of NZP&M (c) Igneous volcano
(andesitic? from Akira 2D, seismic survey courtesy of NZP&M (d) Carbonate build- up.
(e) andesitic volcanoes from Parihaka 3D, seismic survey courtesy of NZP&M (f)
Jurassic-Early Cretaceous carbonate platform, taken from
https://www.geoexpro.com/articles/2015/07/offshoresenegal. (g) bright spot (gas sand?)
from Parihaka 3D, seismic survey courtesy of NZP&M. h) igneous sill, from Kora 3D,
seismic survey courtesy Of NZP&M. ..o 55
Figure 2.37. Former U.S.A leader headshot captured from Brain Games National
GeOGIaPNIC TV SNOW, ..cciiiiiicciie ettt sae et e e snae et 56
Figure 2.38. (a, and b) Seismic amplitude sections from the Akira 2D seismic survey
showing mound-like structures (yellow arrows) with similar geometry to the ones in Bass,
Basin Australia in Figure 24. Red arrows represent clues (sills, forced folds and dikes)
for in-context interpretation. Seismic data courtesy of NZP&M. ........cccccevvniiiviiennn, 57
Figure 2.39. Vertical slice showing in-context interpretation suggest the mound-like
features are Volcanoes. Seismic data courtesy of NZP&M. ........cccoocviiiiiiininiecinnnn, 58
Figure 2.40. Vertical slice showing biased interpretation suggest the mound-like features

are carbonate build-ups. Seismic data courtesy of NZP&M. ........ccccovvviviiiiiiiiiiinnnn, 58

XV



Figure 2.41. Proposed in-Context Interpretation Workflow. .........ccccccoovviiiiiiinenene. 59
Figure 3.1. (a) Three-dimensional map of buried volcanos in the Xujiaweizi graben in the
Songliao Basin, China showing several wells targeting the buried volcanoes (Chen and
Wang, 2015). (b) buried volcanoes in the Taranaki Basin New Zealand. (After Giba et
al., 2013 and BiSChOff et al., 2017)......ccoiiieiiiieiieiieee e 86
Figure 3.2. Comparison of the size and styles of a) the Jatibarang field in Java that
produced more than 1.2 Bbl. from fractured andesites. After Kalan et al.,1994 and b) the
Kora and adjacent VOICANICS. ........couiiiiiiiieiieieee e e 87
Figure 3.3. (a) Composite vertical slice through the Kora 3D survey where multiple
patterns associated with the extrusive Kora volcano are highlighted by yellow boxes. (b)
expanded image of these four patterns and their descriptions. TP= Target Pattern. Seismic
data courtesy Of NZP&IM. ..o 88
Figure 3.4. Wells that penetrate volcanoes and volcaniclastics and their corresponding
seismic expression in the Kora 3D seismic survey. Track 1 displays the caliper log, track
2 the gamma ray, and track 3 the density porosity log. Note the low gamma-ray response
in all the wells consistent with intermediate versus felsic-magma composition. (After
Infante-Paez and Marfurt, 2017). .....ooeoe i e 89
Figure 3.5. Examples of approximately self-similar “monogenetic” seismic patterns TP 1
and TP 2. Note the scale bar in the expanded boxes. These patterns are relatively easy for
a machine to identify. Seismic data courtesy of NZP&M. .......ccccccovviiiniiniininiiiiein, 90
Figure 3.6. Example of a “composite” seismic pattern. Note the different scales in the
expanded boxes show TP 3. Black dotted polygon in time slice shows the extension of

TP 3. TP= Target Pattern. Seismic data courtesy of NZP&M. ...........ccoevevininnvninnnn, 91

XVi



Figure 3.7. Examples of “composite seismic pattern. Note the different scales in the
zoomed boxes. Black dotted polygon in time slice shows the extension of TP 4. TP=
Target Pattern. Seismic data courtesy of NZP&M. ........ccccceiiiiiiiiiiiineeeee e 92
Figure 3.8. Example of an “intricate’ seismic pattern. Notice the character of the pattern
is not the same at different scales. The pattern also changes laterally form flatter,
converging to more steeply dipping, subparallel reflectors. This pattern is more difficult
for a machine to identify. Seismic data courtesy of NZP&M. ...........ccccovvvviiiiiiiiinnnn, 93
Figure 3.9. Headshots of four people who work at a University. a) The input data are three
attributes that somehow distinguish them- hair length, happiness and income. (b) Using
this combination of attributes, the machine learning algorithm correctly clusters the two
professors into the same group and the student and the dean are into their own group.
Notice 3 clusters where the two professors form 1 cluster and the student and the Dean
tWO ITTEIENT CIUSTEIS. ..o nreas 94
Figure 3.10. Headshots of the same four people shown in Figure 3.9 where the input
attributes are hair length, gender, dress code. All four samples are male and have similar
dress code (wearing a tie). For this reason, the clustering is driven by hair length alone,
misclustering one of the professors with the dean............cccoccoieiiniiiiic e, 94
Figure 3.11. The same “samples” as in Figures 3.9 and 3.10 where attributes are clothing,
gender and happiness. In this examples SOM results in only one clusters, suggesting
happy conformity in this University, but no indication of the role occupied by each
OS] 60 PR TP R PP OPRPPPR 95
Figure 3.12. Proposed workflow to decide clustering of the patterns approach in seismic

(0 - Lr: VT 95

XVii



Figure 3.13. Proposed workflow to decide which seismic attributes to select for machine
L= T 01T SRR RTPRR 96
Figure 3.14. Cartoon showing a normal fault and its attribute response. Such red-yellow
and blue pattern is easily recognized by a human interpreter. However, since they occur
at laterally shifted voxels, they are more difficult to interpret for a machine. Most positive
curvature, k1 (in red) illuminates the footwall, most negative curvature, k2 (in blue)
illuminates the hanging wall, while coherence (in yellow) illuminates the fault
discontinuity. After Qi, 2018. ......cciiiiie e e 97
Figure 3.15. Cartoon showing the same normal fault as in the previous figure. The
attributes are: Coherence, dip magnitude and aberrancy (Qi and Marfurt 2018). These
three attributes image the fault at the exact same location (voxel) and are therefore
amenable to machine learning for clustering). After Qi, 2018. ........ccccccevieiieniieniiienen, 97
Figure 3.16. Same vertical amplitude slice as in Figure 3.3. The color scale has been
changed to black and white, to facilitate co-rendering with seismic attributes. Yellow

boxes represent extrusive volcanics and volcaniclastics. Seismic data courtesy of

Figure 3.17. Vertical amplitude slice co-rendered with peak spectral magnitude. Same
seismic section as in Figure 3.3. Yellow boxes represent extrusive volcanics and
volcaniclastics. Seismic data courtesy of NZP&M. .......cccoovviiiiiiiniiee e 98
Figure 3.18. Vertical amplitude slice co-rendered with GLCM entropy. Same seismic
section as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics.

Seismic data courtesy OF NZP&M.......c.cooiiiiiiiiii e 99

Xviii



Figure 3.19. Vertical amplitude slice co-rendered with GLCM homogeneity. Same
seismic section as in Figure 3.3. Yellow boxes represent extrusive volcanics and
volcaniclastics. Seismic data courtesy of NZP&M. ..o 99
Figure 3.20. Vertical amplitude slice co-rendered with Peak spectral freq. Same seismic
section as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics.
Seismic data courtesy 0f NZP&M.......c.cooiiiiiiiii s 100
Figure 3.21. Vertical amplitude slice co-rendered with magnitude of reflector
convergence. Same seismic section as in Figure 3.3. Yellow boxes represent extrusive
volcanics and volcaniclastics. Seismic data courtesy of NZP&M. .........c.ccooevviinnen, 100
Figure 3.22. Vertical amplitude slice co-rendered with dip magnitude. Same seismic
section as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics.
Seismic data courtesy 0f NZP&M.......c.cooiiiiiiiiiiiiie s 101
Figure 3.23. Vertical amplitude slice co-rendered with coherence. Same seismic section
as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics. Seismic
data courtesy 0f NZP&IM. .......ccooiiiiiee e e 101

Figure 3.24. Workflow implemented for clustering analysis using Self-Organizing maps

Figure 3.25. Vertical section connecting the four Kora wells through the seismic
amplitude volume showing the distribution of TP 1 and TP 2. (After Infante-Paez and
Marfurt 2017). Seismic data courtesy 0f NZP&M. ........cccoviiiiiiiiiiiieece e 103
Figure 3.26. Vertical slice connecting the four Kora wells through the SOM clusters
showing the two distinctive colors (purple-ish and yellow-ish) indicating two different

facies. The green facies represent clastic sediments. Facies are colored based on the latent

XiX



space projection. (After Infante-Paez and Marfurt 2017) Seismic data courtesy of

Figure 3.27. SOM clusters extracted along the top of Kora structure map. Core
descriptions provided in the well completion reports for wells Kora-1,2 and 3 indicate the
purple facies to be pyroclastic flows. In contrast, based on their geomorphology and
structural relation to the volcanic cone the yellow/orange facies are interpreted to be lava
flows such as those reported by Klarner and Klarner (2012) and Holford et al. (2012).

Clusters are colored based on the latent space axes. (After Infante-Paez and Marfurt 2017)

Figure 3.28. (a) SOM clusters extracted on a slice horizon close to the base of the Kora
volcano indicated by the purple pick in (b). The colors in the horizon slice indicate similar
facies (similar colors= similar facies) Notice the purple-ish colors in a fan-like geometry
with a ~ 2 km scour, suggesting TP 3 are associated with a land slide from the west flank
of the Kora volcano (b) A vertical slice through the seismic amplitude volume inside the
subaqueous flow showing the extension of TP 3. (c) A vertical slice perpendicular to that
in (b) through co-rendered amplitude and SOM clusters. Notice the distinct purple facies
associated with the land slide or Volcanic Mass transport Deposit (VMTD)............... 106
Figure 3.29. (a) SOM clusters extracted along a stratal slice inside the volcanics onlapping
the eastern flanks of the Kora volcano (b) The same image co-rendered with dip
magnitude attribute highlighting the normal faults. The area is completely dominated by
the purple facies which according to Albacore-1 they are andesitic detritus probably

derived from pyroclastic flows from adjacent younger volcanoes to the East of Kora.

XX



Figure 4.1. Study area showing exploration wells drilled in the offshore Taranaki Basin
permit area PEP 38485 as well as the approximate location of the seismic vertical slices
OF SUDSEQUENT TIGUIES. ...ttt ettt e 126
Figure 4.2. A N-S vertical slice through the seismic amplitude P95 2D survey showing
the Mangaa-1 well which targeted the structural closure of Miocene —Pliocene turbidities
associated with andesitic volcanoes. Blue dotted lines point to some folds. Seismic
polarity indicated by the red-blue-red wavelet insert. Location of line shown in Figure
4.1. Seismic data courtesy of NZP&M). ......coiiiiiiiiiii e 127
Figure 4.3. A N-S vertical slice through the seismic amplitude P95 2D survey showing
the Albacore-1well targeting the structural closure of Miocene—Pliocene turbidities
associated with andesitic volcanoes. Blue dotted lines point to some folds Location of
line shown in Figure 4.1. Seismic data courtesy of NZP&M............cccoccveviinniiinnnn, 128
Figure 4.4. A N-S vertical slice through seismic amplitude volume showing the Kora-4
well targeting the structural closure of Eocene turbidities associated with the Kora
volcano. Yellow dotted line indicates the Top Eocene. Location of line shown in Figure
4.1. Seismic data courtesy 0f NZP&M.........ccoooiiiiiiiiiiiieeee e 129
Figure 4.5. A NE-SW vertical slice through the seismic amplitude P95 2D survey
showing the Te Kumi-1 well targeting the structural closure of Eocene turbidities
associated with the Te-Kumi volcano. Yellow dotted line indicates the Top Eocene.
Location of line shown in Figure 4.1. Seismic data courtesy of NZP&M. .................. 130
Figure 4.6. A NE-SW vertical slice through the seismic amplitude P95 2D survey

showing well Te Kumi-1 targeting the structural closure of Eocene turbidities associated

XXi



with the Te-Kumi volcano. Yellow dotted line indicates the Top Eocene. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M.........ccccovvvviiiiiiiiiieiieen, 131
Figure 4.7. A composite vertical slice through seismic amplitude data connecting wells
Ariki-1, Moana-1 and Kora-4. All three wells penetrate the Oligoene and Eocene. Notice
the amount of uplift between Kora-4 and Moana-1 in the pre-magmatic sequence

(Oligocene and older). Red arrows show the uplift in the area. Seismic data courtesy of

Figure 4.8. A N-S vertical slice through seismic amplitude P95 2D survey showing mega
forced folds associated with the Manga volcano. Notice how the structural amplitude of
the folds decrease as they decrease in age farther from the volcano. Location of line shown
in Figure 4.1. Seismic data courtesy 0f NZP&M. ..o 133
Figure 4.9. Mega forced folds associated with the Kora volcano. Strata in the pre-
magmatic sequences are deformed by the emplacement of a magma chamber associated
with the melting slab of the Pacific Plate because it subducts beneath the Australian Plate.
Vertical relief in the pre-magmatic sequence is about 800 m and up t0200 m in the post-
MAGMALIC SEOUEBICE. ... .eteevienteetiestee st eite st e ste et e steesee s e sbeesbesbeesbeentesbeesbeenbesneesreeneeanes 134
Figure 4.10. Mega forced folds associated with the Kora volcano showing (a) differential
compaction mechanism on post-magmatic sequences according to Schmiedel et al. (2017)
and (b) elastic bending mechanism on pre-magmatic SEqUENCE. ..........ccceervereereereennes 135
Figure 4.11. (a) Progradation of the continental shelf burying the Kora volcano beginning
with a deeper horizon at time 1 (approximately Mid Miocene) and ending with a
shallower horizon at time 6 (Pliocene). (b) Vertical section shows the position of the

horizon slices for time 1 through 6. ... 136

XXii



Figure 4.12. A N-S vertical slice through the seismic amplitude Parihaka volume showing
folding of the pre-magmatic sequence, which I interpret to be due to the growth of the
magma chamber. The low gamma ray response between t= 2.0- 2.5 s is due to the
intermediate composition of the volcanics in Arawa-1. Location of line shown in Figure
4.1. Seismic data courtesy of NZP&M.........cccooiiiiiiiiiii e 137
Figure 4.13. An E-W vertical slice through the seismic amplitude P95 2D survey showing
folding of the post-magmatic sequence due to differential compaction of softer sediments
about the more rigid andesitic volcanoes. Location of line shown in Figure 4.1. Seismic
data courtesy 0f NZP&IM. .......ccooiiiiiee e s 138
Figure 4.14 . A N-S vertical slice through the seismic amplitude P95 2D showing folding
of different horizons of the post-magmatic sequence due to differential compaction of
softer sediments about the more rigid andesitic volcanoes. Location of line shown in
Figure 4.1. Seismic data courtesy of NZP&M. ........ccooviiiiiiiiiiie e 139
Figure 4.15 . A N-S vertical slice through the seismic amplitude P95 2D survey showing
folding of different horizons of the post-magmatic sequence due to differential
compaction of softer sediments about the more rigid andesitic volcanoes. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M.........cccovvviiiiiiiiinienienen, 139
Figure 4.16. A N-S vertical slice through the seismic amplitude P95 2D survey showing
folding of different horizons of the post-magmatic sequence due to differential
compaction of softer sediments about the more rigid andesitic volcanoes. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M..........cccovviviiiiiniiiicnienn, 140
Figure 4.17. A N-S vertical slice through the seismic amplitude OMV 2005 2D survey

showing folding of different horizons of the post-magmatic sequence due to differential

XXiii



compaction of softer sediments about the more rigid andesitic volcanoes. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M.........cccovvviviiiiiiiinicnieen, 141
Figure 4.18. A N-S vertical slice through the seismic amplitude volume from the Parihaka
3D seismic survey showing folding of different horizons of the post-magmatic sequence
due to differential compaction of softer sediments about the more rigid volcanic cone.
Location of line shown in Figure 4.1. Seismic data courtesy of NZP&M. .................. 142
Figure 4.19. (a) A vertical slice through seismic amplitude showing mega forced folds of
different ages of the post-magmatic sequence due to differential compaction of softer
sediments about a more rigid volcanic cone. B) Map of the distribution of Miocene and
younger submarine volcanoes in the Taranaki Basin New Zealand suggesting other

potential traps (Giba et al., 2013). Seismic data courtesy of NZP&M...........c...c......... 143

XXiv



ABSTRACT

The impact of Neogene volcanism on hydrocarbon exploration in the Taranaki
Basin, New Zealand remains under-explored. To better understand these effects, |
performed detailed seismic interpretation coupled with examination of data from
exploratory wells drilled into andesitic volcanoes. | discovered that igneous bodies can
mimic the seismic expression of common sedimentary exploration targets such as bright
spots, carbonate mounds and sinuous sand-prone channels. | find that by understanding
the context of volcanic systems, one can avoid misinterpreting them as something else.
Important clues that help distinguishing volcanoes from carbonate mounds in seismic data
are not in the actual mound-like reflectors, but rather in features around and below these
ambiguous facies. These clues are the disruption of reflectors immediately below
volcanoes and igneous sills forming forced folds nearby and below the volcanic edifices.
Secondly, in good quality seismic surveys, volcanic rocks of intermediate magma
composition (andesitic) present distinctive patterns in seismic data. Such patterns are easy
for machine learning to identify using a combination of seismic attributes that highlight
the continuity, amplitude and frequency of the reflectors at the same voxels. Clustering
of these seismic attributes using Self-Organizing Maps (SOM) allowed for the
identification of different architectural elements such as lava flows, subaqueous
landslides and pyroclastic flows associated with the andesitic Kora volcano. Finally, by
3D mapping of the Eocene, Miocene and Pleistocene strata in the Kora 3D seismic survey,
I reveal that the andesitic volcanoes are capable of large structural trapping (Mega forced

folds) in both the strata predating and postdating the volcanism. These traps are four way-
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dip closures with the potential to store more than 1.0 billion of barrels of oil if filled to

spill point.
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CHAPTER 1

INTRODUCTION

Though igneous rocks are common in many sedimentary basins, their expression
in 3D seismic data is underreported in the published literature. While excellent
descriptions of igneous intrusions and extrusions can be found in the global geophysics
literature, most case studies have been limited to 2D marine seismic data. (e.g., Planke et
al., 2000; Jackson et al., 2013; Magee et al., 2013) . Although the oil and gas industry has
acquired numerous high-quality 3D seismic surveys in the last 30 years, many over
volcanogenic terrains, only a few dozen peer-reviewed papers have been written
addressing the seismic expression of igneous bodies. Schutter (2003) attributed this lack
of documentation to the belief by the oil industry that these rocks cannot be “good
reservoirs” and that their presence may be hostile to the preservation of hydrocarbons.
Nevertheless, significant quantities of hydrocarbons have been produced over the last two
decades from igneous rocks in Argentina, India, Thailand, New Zealand, Namibia, Japan,
Alaska, Venezuela, Cuba, Congo, Brazil, Algeria, Russia, Georgia, Italy and even the
U.S.A (Zou, 2013). The largest field producing from an igneous reservoir is found in
Jatibarang, Indonesia, in northwestern Java, which has produced more than 1.2 billion
barrels of oil from fractured andesitic volcanics between 1969 to 1994 (Schutter, 2003).

In most cases, igneous rocks have limited impact on the exploration objective,
unless someone is unfortune to drill a bright spot having the wrong polarity (Mark et al.,
2017; Arawa-1 well series report), a volcanic plug in a carbonate terrain (Klarner and
Klarner, 2012; Reynolds et al., 2016; Holdford et al., 2017) or a mafic lava flow with

similar morphology as a meandering channel or turbidite (Vernengo per. Comm., 2017).



Klarner and Klarner (2012) find that in some cases the channel and mound features can
be identified as igneous if placed in the proper stratigraphic context (below and above the
target) coupled with an understanding of the basin history. Furthermore, Klarner and
Klarner (2012) advise that if volcanics are present, a magnetic survey should be acquired.
However, interpretation of such magnetic data can be difficult. In some cases,
neighboring volcanoes can have different remnant magnetic polarization (Pena et al.,
2009), while in at least one case encountered by AGIP over the western Mediterranean,
a non-magnetic “carbonate buildup” was found to be a non-magnetic mafic volcano with
overall mineralogy diagenetically altered to montmorillonite (Marfurt per. Comm., 2017).
In addition to potentially misinterpreting igneous intrusions as bright spots, Mark et al.
(2017) report that sills can be considered as geohazards that when unexpectedly
encountered are detrimental to safe drilling practices and can also result in prolonged non-
productive time.

Though igneous intrusions can overly “cook” a preexisting hydrocarbon
accumulation (Barber et al., 1988; Kingston and Matzko, 1995), igneous intrusions can
positively alter otherwise immature source rocks into the oil window (Rodriguez et al.,
2009; Del Pino and Bermudez, 2009). Igneous rocks can also act as seals and traps
(Holford et al., 2013). If fractured, igneous rocks can serve as migration pathways (Rateau
et al., 2013) or form the reservoir (Schutter, 2003; Rodriguez and Montreal 2009; Zhang
and Marfurt, 2011). Igneous rocks can create structural traps such as forced folds (Hansen
and Cartwright, 2006; Holdford et al.,2012; Jackson et al., 2013; Magee et al., 2014; Gao
et al., 2017) or domes by differential compaction of softer sediments around the more

rigid igneous bodies (Hansen and Cartwright, 2006). Migration pathways can also be



created from cooling and subsidence of volcanic edifices forming radial faults (Giba,
2013), or conversely, from growth or inflation of magma chambers, breaking through the
host rock (Morley, 2018, in press). Hence, identification and mapping of igneous bodies
is essential to both avoiding potential interpretation pitfalls, and in assessing their
potential positive or negative impact to hydrocarbon exploration in sedimentary basins.

In general, igneous rocks exhibit a higher impedance than surrounding
sedimentary rocks (due to both higher density and velocity), resulting in strong
reflections. Andesitic volcanics show distinctive “salt and pepper” patterns in seismic
data. These characteristics make igneous bodies amenable to semiautomated
interpretation using seismic attributes as an input to machine learning algorithms. and
promises to be a very effective way to accelerate the interpretation of anomalous facies
(such as igneous bodies) from a more homogeneous background. Because seismic
attributes are quantitative measurements of both amplitude and geometry, a key
component to machine learning is determining which seismic attributes best differentiate
a feature of interest from the background. For example, self-organizing maps (or SOM)
simply organize the input attributes in a manner that voxels with similar characteristics
(input attributes) are grouped and colored similarly. The algorithm does what it is
supposed to do, it organizes the data and finds patterns. The main challenge for
interpreters in applying SOM and similar algorithms to seismic data is the attribute
selection.

This dissertation seeks to address the above-mentioned challenges, and is

structured as follows



In Chapter 2, | investigate a few case studies from various sedimentary basins
where the misinterpretation of igneous bodies in seismic data resulted in wells drilled into
igneous rocks that were incorrectly interpreted to be targets of interest. I examine the
seismic expression of drilled andesitic volcanoes and related igneous intrusions in the
Taranaki Basin, and then use well control and principles of 3D seismic interpretation to
propose a contextual interpretation workflow to avoid misinterpreting such igneous
bodies.

In Chapter 3, | examine the seismic patterns associated with igneous bodies and
identify seismic attributes that provide quantitative measures for subsequent machine
learning. Key to this effort is identifying attributes that separate seismic patterns that
represent volcanics from the surrounding sedimentary strata. | validate this analysis by
using attributes from the Kora 3D survey to highlight geomorphologic features using self-
organizing maps.

Chapter 4 uses the Kora 3D survey to illustrate the geologic cause and seismic
expression of Mega forced folds. By 3D mapping of the folded strata below and above
the Kora volcano, I find that there is causal relationship between the two. Using this case
study, I propose that similar structural traps occur in other sedimentary basins affected by
subduction-related volcanism.

I summarize my findings in Chapter 5 with the major conclusion being that
igneous bodies, contrary to the common belief can positively as well as negatively impact
hydrocarbon exploration. In both cases, the interpreter needs to know that they are present

in the basin.
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CHAPTER 2
SEISMIC EXPRESSION OF IGNEOUS INTRUSIVE AND EXTRUSIVE
BODIES IN NORTH GRABEN, TARANAKI BASIN, NEW ZEALAND:

IMPLICATIONS FOR AVOIDING PITFALLS IN INTERPRETATION.

ABSTRACT

In the past decades, many exploration wells have drilled into igneous rocks where
the anticipated targets exhibiting similar seismic expressions were porous carbonate
mounds, sheet sands or sand-prone sinuous channels. In cases where sedimentary features
such as channels or fans cannot be clearly delineated, the interpretation may be driven
primarily by bright spot anomalies, where a poor understanding of the wavelet polarity
may lead to an erroneous interpretation. While many wells that are drilled into igneous
rocks were based on interpretation of 2D seismic data, misinterpretation still occurs today
using high quality 3D seismic data. To address this challenge, | analyze the seismic
expression of andesitic volcanoes in the Taranaki Basin, New Zealand and use it to help
understand misinterpreted igneous bodies in different parts of the world. I then propose
an in-context interpretation workflow in which the seismic interpreter looks for key clues
above, below and around the target of interest that may alert the interpreter to the presence

of igneous facies.

INTRODUCTION
While igneous rocks are common in Australia, Argentina, Brazil, the UK-Norway

continental margin, Indonesia, New Zealand, China and other oil provinces around the



world, there is only limited documentation of the seismic expression of igneous bodies in
3D seismic data. Furthermore, more than 90 % of the documentation that does exist is
focused on mafic intrusions (mainly sills), such as those described by Planke et al. (1999),
Hansen and Cartwright (2006), Miles and Cartwright (2010), Klarner and Klarner (2012),
Schofield et al. (2012), Holford et al. (2013), Jackson et al. (2013), Alves et al. (2015),
Magee et al. (2016),Cortez and Santos (2016), and more recently by McLean et al. (2017),
Hafeez et al. (2017), Gao et al (2017), Schmiedel et al. (2017) and Rabbel et al. (2018).
Most of these studies focus on the magma mechanisms of emplacement into the
sedimentary overburden, the associated deformation and the magmatic plumbing system.
Moreover, the published literature is based towards the European side of the North
Atlantic continental margin (UK-Norway), Australia and Brazil. Only a few studies
directly address the identification of igneous rocks in seismic data Klarner and Klarner
(2012) to avoid misinterpreting them as common sedimentary exploration targets.
Several publications examine igneous bodies that mimic common sedimentary
exploration targets such as carbonate mounds, sinuous channels, and bright spots. For
example, according to Mark et al. 2017, in press, in the Faroe-Shetland Basin, North East
Atlantic, exploration companies targeting Carboniferous/Devonian, Jurassic, and Lower
Cretaceous sandstones have drilled mafic igneous sills based on high amplitudes observed
in seismic data (Figure 2.1). Similarly, using a legacy 2D seismic survey from 1982, in
the Taranaki Basin, New Zealand, the Arawa-1 well drilled a bright spot in a structural
high as a secondary target. This bright spot was andesitic volcanic tuff, probably sourced
by subaqueous flows of adjacent Miocene volcanoes (Figure 2.2). In the San Jorge Basin,

Argentina, exploration/development wells targeting sand prone meandering channels



have drilled mafic lava flows with well-developed meander loops, filling a preexisting
meander valley (Figure 2.3). In the Bass Basin, Australia, basaltic volcanoes were drilled
by at least two exploration wells which were originally intended to test the hydrocarbon
potential of a Miocene “reef complex” at a depth of 790 m (Holford et al., 2017; Reynolds
et al., 2018) Figure (2.4).

Given these examples where clastic, carbonate and igneous bodies exhibit similar
characteristics, it is clear that one should not limit an interpretation solely on the geometry
or seismic expression of a preconceived or desired model. Doing so would make us a
victim of confirmation bias. Krueger and Funder (2004) define confirmation bias as
“actively looking for opinions and evidences that support one’s own beliefs or
hypotheses”. See Bond et al., (2007) for examples of confirmation bias in seismic
interpretation. My conjecture is that such confirmation bias concept was unconsciously
executed in the previous examples from Argentina, Faroe Shetland and Australia (Figures
2.1-2.3) where the explorationists believed to have found in their seismic data the
expression of the conceptual geological target model they had in mind.
Counterintuitively, the best way for an interpreter to avoid confirmation bias is to gain a
deeper understanding of features they are not interested in drilling, which in this paper, is
a better understanding of the seismic expression and geomorphology of igneous intrusive
and extrusive bodies.

My primary objective in documenting the seismic expression of igneous bodies is
to alert the interpretation community of potential pitfalls when exploring for
hydrocarbons in a sedimentary basin affected by volcanism. e.g., misinterpreting igneous

features as hydrocarbon bright spots, carbonate mounds, or meandering channels. Perhaps
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the best way to avoid such a pitfall is to do an in-context interpretation. This is essentially
the identification of subtler or architectural elements of igneous systems (Klarner et al.,
2006; Klarner and Klarner, 2012). Specifically, the presence of deeper sills, associated
forced folds, velocity pull-ups and poorly imaged vertical dykes near shallower volcanic
vents serve as key indicators that the mound or channel-like features may not be a
carbonate buildup or channelized turbidites.

For this reason, my goal is to document how igneous rocks appear in seismic data.
Specifically, this study documents the seismic expression of andesitic (intermediate
magma composition) volcanoes in the Taranaki basin, New Zealand, that have been
drilled by exploration wells beginning in the 1980’s. | link the presence of igneous sills,
dykes, and forced folds below and around volcanoes to the same magmatic episode
responsible for building the volcanic edifices. Finally, | propose an in-context
interpretation workflow in which the seismic interpreter looks for key clues above, below
and around the target of interest that may alert the interpreter to the presence of igneous

facies.

Geological background

The study area is in the Northern Graben of the Taranaki basin, New Zealand.
Although very extensive and complex, the evolution of the Taranaki Basin can be briefly
summarized by three major phases of deformation. Phase one was Cretaceous to
Paleocene (~84-55 Ma) extension. Phase two was Eocene to Recent (~40-OMa)
shortening, and Phase three was Late Miocene to Recent (~12-Ma) extension (Giba et al.,

2010). Late Cretaceous extension was responsible for the breakup of Gondwana (King
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and Thrasher, 1992, 1996), while shortening in the Taranaki Basin is thought to have
formed as a consequence of the subduction of the oceanic Pacific plate with the
continental Australian Plate (Demets et al., 1994; Beavan et al., 2002). The last phase of
deformation in the Taranaki Basin was the Miocene and younger extension. This
extension was accompanied by volcanism that commenced at about 16 Ma and continues
at Mt Taranaki Today (Neall et al., 1986; Hayward et al., 1987; Bergman et al., 1992;
King and Thrasher, 1992) (Figure 2.5).These volcanic centers are mainly stratovolcanoes,
of mostly low-medium K andesitic composition and, together with their NNE-trending
alignment (Figure 2.6) parallel to the late Miocene subduction margin, suggest that the
associated magmas were derived from the subducting Pacific Plate beneath the basin
(Bergman et al., 1992).

Since the magmatism in New Zealand ranges from Early Miocene and Younger,
the strata that predate such activity are named the pre-magmatic sequence, whereas the

sediments that postdate the igneous activity are named the post-magmatic sequence.

Data set and Methods

The data set available for this study includes approximately 200 km? of offshore
3D pre-stack time migrated (PSTM) seismic data acquired in 2006 over the Northern
Graben in the Taranaki Basin, New Zealand. Thirteen wells, four of them inside the 3D
seismic survey (Kora 1-2-3-4 drilled by former Arco Petroleum NZ Inc.) with caliper,
gamma ray bulk density, neutron porosity, P-sonic and resistivity logs. Well completion
reports for all the wells and some offshore 2D PSTM seismic lines connecting other

exploration wells nearby the Kora 3D survey were also available. The exceptional
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combination of factors found in the Taranaki Basin, make the study of the hydrocarbons
in and around igneous rocks an exceptional laboratory for seismic interpreters whose
interest is the impact of igneous rocks on hydrocarbon exploration. One key advantage is
(1) the preservation of the entire volcanic arc due to its submarine (bathyal) depositional
environment (Bergman et al., 1992) preventing subsequent erosion (Jackson 2012). A
second advantage is that the Mohakatino Volcanic Belt (MVB) is located offshore,
facilitating its illumination by high quality 3D marine seismic surveys.

The methods used in this dissertation are basic seismic interpretation techniques
using commercial interpretation and seismic chronostratigraphy software. The seismic
interpretation involves time slice and vertical random slices fallowed by horizon and
stratal slices through the seismic data and seismic attribute volumes. Horizons were
mapped using a constant phase auto tracker, well-to-seismic ties were constructed using
synthetics based on the density and P-wave sonic logs to create acoustic impedance. Since
the seismic data were acquired offshore, the phase of the wavelet is validated by the strong
and symmetric peak observed at the water bottom boundary.

For the convenience of the reader, | will use a black-red color bar when using the
Kora 3D seismic survey which has the highest quality (highest signal to noise ratio) and

blue-white when displaying other surveys.

Extrusive igneous bodies in Taranaki Basin, New Zealand
Andesitic volcanoes
Some of the andesitic stratovolcanoes that form the Mohakatino Volcanic Belt

(MVB) described by Bergman et al., (1992) and King and Thrasher (1996) have been
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penetrated in the early to late 1980s by exploration wells: Mangaa-1, Te-Kumi-1, Tua-
Tua-1, and Kora-1-4 (Figures 2.7-2.10). According to the well series reports, the
volcanoes were built from mid bathyal paleo seafloor (800 to 1300m).

The quality of the volcano images depends on the quality of the seismic data,
with (post-2006) 3D surveys providing superior images to 2D surveys acquired in 1995.
(Figure 2.10). On time migrated seismic data, they show a trapezoidal to mounded
geometry with moderate to high continuous amplitude reflectors on the flanks, and a
chaotic “salt and pepper” internal configuration (Figures 2.7-2.10). Wells that penetrate
these volcanic cones encounter sequences of andesitic tuff to poorly sorted lapilli and
breccias, with plagioclase and hornblende being major mineral components along with
clay and rock fragments (Awatea-1 Te-Kumi-1, Tua-Tua-1 and Kora-1-4 well series
reports).

The exact lateral extension of the volcanoes is difficult to map on the
insufficiently dense 2D data grid, specifically, the 2D seismic lines may slice the volcanic
cone on its flanks, rather than the summit, masking its true height and extent. Given this
disclaimer, 1 find the volcanoes to be approximately 4-5 km in radius, rising between 500
m - 800 m above the paleo sea floor.

Whether analyzing 2D or 3D seismic surveys, the onlap of sediments onto the
volcano flanks show that they were either volcanic islands or seamounts, where the age
of the onlapping sediments indicate the relative age of the igneous bodies. Giba et al.,
(2013) used biostratigraphic dating of the sediment layers provided by offshore Taranaki
Basin exploration wells to constrain the age of the Tua-Tua, Te-Kumi, Mangaa and Kora

volcanoes (Figures5-8) to be between 33.7-10, 12-8, 12-5.5, and 12-5.5 Ma respectively.
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The well control through several cone- to-mound-like structures seen on seismic
data calibrates the unique external and internal seismic patterns of andesitic volcanoes
which can be used to interpret similar nearby undrilled seismic patterns (Figure 2.11-
2.14). The volcanoes exhibit a cone-to-mounded structure ranging from 500-100 ms in
two-way travel time. While seamounts may retain their cone shape, subaerially exposed
volcanic islands will be eroded, resulting in truncated cone to a more mounded
appearance. Steep dip flanks (> 20°), internal heterogeneity, and higher velocity than the
surrounding sediments give rise to imaging problems, resulting in a nearly complete
disruption on the continuity of the reflectors immediately below the volcanoes. Analyzing
a 3D seismic survey from Santos Basin, offshore Brazil, Cortez and Santos (2016) called
a similar lack of continuity of the reflectors “shadow”. In seismic surveys from the
Taranaki Basin, this disruption continues horizontally some 3000 m below the paleo
seafloor at the time of eruption, which is inconsistent with vertical pipe feeder models
ranging only hundreds of meters in diameter (Morley, 2018, in press). Examining the
deeper reflectors below the volcanic cones, Figures 2.7-2.10 show deeper reflectors that
are pulled up along with those concordant with the top of the volcano surface. For this
reason, while velocity heterogeneity may lead to a poor image, most of the doming is

structural (Figure 2.15), rather than a velocity pull-up artifact.

Seismic expression of the Kora volcano
Vertical slices through the 3D seismic volume showing the Kora Volcano in
Figure 2.16 provide superior images when compared to older vintage data (Figures 2.7-

2.9). The high amplitude at the top of the volcano is due to the high impedance contrast

15



between the siliciclastic sediments and volcanic rocks. Within the volcano itself, it is
possible to identify two different patterns: continuous high amplitude reflectors and
chaotic moderate amplitude reflectors. Also, a shallow, high amplitude, low frequency
flat reflector occurs above the volcano. This conspicuous feature appears to correspond
to gasses emanating from the volcano. However, this feature is unlikely to represent
inorganic gases -water vapor, carbon dioxide and sulphur dioxide, which are commonly
found in volcanoes (USGS 2016) - because the volcano is believed to have been extinct
since the Late Miocene ~12 Ma (Bergman et al., 1992).

The conic geometry of the volcano makes it necessary to study it in different
orientations. Figure 2.17 shows the vertical section B-B’ in the northwest—southeast
direction; the section crosses well Kora-4 illustrating, both strong amplitude, continuous
and moderate amplitude chaotic reflectors within the volcanic edifice. On the flanks of
the volcano, two onlapping wedges on both sides of the edifice indicate that the volcanic
cone formed before these sediments were deposited. There is also evidence of a magma
conduit breaking the host rocks (blue arrow) The north—south vertical section illustrates
mainly chaotic seismic facies within the volcanic edifice penetrated by wells Kora-1,2
and 3, where a “transparent” amplitude zone occurs immediately below the volcanic
summit similar to the pattern seen about the Te-Kumi-1, Tua-Tua-1 and Mangaa-1 wells.
Note that onlapping wedges are also present (Figure 2.18). The east—west vertical section
shows two distinctive seismic facies within the volcano. Wells Kora-1 and Kora- 4 drilled
chaotic, moderate amplitude and continuous, high-amplitude reflectors, respectively. The

onlapping wedges are also present (Figure 2.19). The presence of the onlapping wedges
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in different orientations suggests that these sediments were not completely blocked by
the volcano, meaning that they were able to “travel” around the extrusive body.

Core pictures and descriptions available from the Kora completion well reports
show that the volcanic rocks penetrated by Kora-1,2 and 3 wells represent a series of
altered andesitic clasts with grain size ranging from tuff (volcanic ash) to pebbles,
representing several sequences of pyroclastic flows dominated by andesine plagioclase,
hornblende and pyroxene (Figure 2.20). Textural characteristics vary from sand size
andesite through tuff breccia to clast-supported andesite agglomerates. Induration
qualities also vary widely from unconsolidated to well consolidated (Kora-1 well series
report). This series of altered andesitic clast exhibits a repeated pattern of fining-upward
every 5-8 m, which serves as evidence for multistage volcanic episodes within the Kora-
volcano edifice.

Integrating the core data from Kora-1,2 and 3 with the seismic data, | identify the
chaotic moderate amplitude seismic facies to be pyroclastic flows. Although the
completion well reports find no significant difference in mineralogic composition in
volcanic rocks penetrated by Kora-1,2 and 3 to those penetrated by Kora-4, the slightly
higher gamma ray in Kora-4 may be due to higher clay content which in turn implies
higher alteration of plagioclase to clay rather than in situ clay sedimentation. At this point
of the analysis, the nature of the continuous high-amplitude reflectors remains unknown.
For this reason, | will use principles of seismic geomorphology to better map the

architectural element represented by the continuous high-amplitude seismic pattern.

Faults associated with the Kora Volcano
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Faults form an important component of the Kora volcano. A time slice through
the coherence attribute at t = 2050 ms shows a semicircular, low-coherence feature that
delineates the extent of the volcano (Figure 2.21). Similarly, co-rendering volumetric dip
azimuth and dip magnitude, | image the volcano and the radial normal faults, showing
the direction in which the reflectors are dipping. The distinct colors in the volcano
indicate a dome structure (Figure 2.22). The extension of the Kora volcano is
approximately 7-8 km in diameter, with a preserved summit height of approximately
more than 800 m (Kora-1 well series report). These dimensions are comparable with the
more modern Mount Taranaki (approximately 4-5 km in diameter and 2518 m of summit
height) and Mount Ruapehu (approximately 6—7 km in diameter and 2797 m of peak
height) analogs in the Taranaki Peninsula of New Zealand (Figure 2.4d). Normal faults
are observed as low-coherence radial patterns similar to those created by salt diapirs (Rojo
et al., 2016). Like salt diapirs, volcanism not only creates these radial-fault patterns in the
pre-magmatic sequence due to growth or inflation of a magma chamber (somehow
equivalent to active salt diapirs) but also in the post-magmatic sequences, where in this
case the cause is due to subsidence of the volcanic body and the compaction of softer
sediments against a more rigid body, the volcano (Reches and Schutter pers. Comm.
2018). Such a hypothesis can be proposed because this deformation is observed in
sediments above the volcano, which postdate the volcanic activity (Figure 2.23). Radial
fault patterns like those created by the Kora volcano are likewise documented by Giba et
al. (2013) elsewhere in the Northern Graben of the Taranaki Basin.

To better illustrate the fault system created by the Kora volcano, Figure 2.24

shows a series of horizons from the pre-to the post-magmatic sequences. Horizon slices
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through dip magnitude (top) and dip azimuth co-rendered with the dip magnitude
(bottom) along the pre-magmatic Paleocene, the top Eocene and the top of the Middle
Miocene Kora volcano with the disconformable post-magmatic Upper Miocene Ariki
Marl show a fault network. The fault network appears to be radial in both the pre- and
post-magmatic sequence, although it is more pronounced in the post-volcanic sediments.
Such faults associated with volcanism, potentially connect pores in an otherwise isolated
pore network in the volcanics erupted by Kora and other submarine andesitic volcanoes,

thus improving the reservoir quality of the volcanics.

Intrusive igneous bodies in Taranaki Basin
Igneous sills

Although not extensively documented because they are not exploration
objectives, the most common features related to igneous bodies seen in seismic data are
intrusive sills ( Planke et al., 1999; Hansen and Cartwright, 2006; Miles and Cartwright,
2010; Holford et al., 2013; Jackson et al., 2013; Alves et al., 2015; Magee et al., 2016;
Cortez and Santos, 2016; Naviset et al., 2017; McLean et al., 2017; Hafeez et al., 2017;
Gaoetal., 2017; Infante-Paez and Marfurt, 2017; Mark et al., 2017; Schofield et al., 2017)
and more recently by Rabbel et al., 2018; Morley, 2018, in press).

A good example of episodic Miocene magmatism is the Kora volcano (Figure
2.15). Vertical sections around this edifice show multiple high amplitude, continuous (2-
3 km) diameter saucer- shaped reflectors below the volcano that cross cut stratigraphy
(Figures 2.25-2.26). The spatial distribution of these reflectors around the Kora volcano

is illustrated using a set of co-rendered time slices through the instantaneous envelope
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attribute. Figure 2.27 shows the semicircular distribution of these high amplitude
reflectors below and around the volcano. The spatial relationship to the Kora volcano
supports the hypothesis that they are igneous bodies related to the same magmatic event
that created the volcanic edifice in the Early-Mid Miocene (Bergman et al., 1992; Giba
et al., 2013). These saucer-shaped high amplitude reflectors exhibit the same morphology
as those documented by DuToit (1920), Planke et al. (2000) and others, from the rifted
European side of the North Atlantic margin, Brazil and Australia, where rifting facilitates
mafic magmatism due to decompression and partial melting of the ultramafic mantle.
Furthermore, Sarkar and Marfurt (2017) describe similar andesitic saucer-shaped sills
drilled and logged on the way down to deeper turbidites in the Chicontepec Basin of
eastern Mexico. Regardless of their composition, the appearance of these sills below
Kora is similar to those due to extension and subduction-related magmatism. Given these
morphological analogues in both mafic and intermediate provinces, | interpret the saucer-
shaped high amplitudes in the Kora3D survey to be sills (Figures 2.25-2.26). The host
rocks into which these igneous bodies intrude may be of interest in hydrocarbon
exploration. Figure 2.28 illustrates a vertical slice through a seismic amplitude section
showing multiple ~2 km sills and possible laccoliths that thermally modify the Paleocene
source rock, such as described by Delpino and Bermudez (2009). In this scenario, heat
from the sills place immature source rocks within the oil window. Igneous intrusion will
produce contact metamorphism in the host rocks nearby the intrusion. These thermally
altered rocks or “hornfels” , like those studied in outcrop by Liborius and Tazzo (2012)

and Sarkar et al. (2017) are often fractured, allowing hydrocarbons to migrate into the
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fractured igneous bodies (Rodriguez Monreal et al., 2009; Delpino and Bermudez, 2009;
Senger et al. , 2017; Rabbel et al., 2018)

Though physical geology textbooks show sills being concordant to stratigraphy,
seismic data exhibit such sills in their entirety (Thomson, 2007; Miles and Cartwright,
2010), where they are seen to step upward like the large scale photo of the Greenland
outcrop shown in Figure 2.29. Figure 2.29 shows a sill that is concordant with stratigraphy
for the most part, propagates upwards through “steps” that cross-cut stratigraphy until it
finds a suitable layer where another saucer shaped sill could be developed. Upward
movements of magma through sill junctions (Figures 2.30), a type of lateral magma flow
(Hansen et al., 2004) seems to be the major mechanism of vertical magma transport in
the upper crust (Magee et al., 2016).

Below the Kora volcano these sill-to-sill junctions can be seen to have transported
magma from ~ 4.2 s TWT to ~ 2.75 s TWT (about 2 km) over a lateral distance of 10 km.
In addition, they appear to connect to the flanks of the Kora VVolcano forming a side vent

(Figure 2.31 reddish arrows).

Forced folds

Another key feature often associated with igneous intrusions is deformation of the
host rock. Jackson et al. (2013), Magee et al. (2014), Alves et al. (2015), and Schmiedel
etal. (2017) report the occurrence of forced folds in seismic data. According to Schmiedel
et al. (2017), most sills form folds because either the volume of the magma displaces that
of the sediments or because intrusions are virtually incompressible with respect to the

surrounding sedimentary rocks that do not compact, and therefore develop a structural
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dome. Figure 2.32a shows an example of post-emplacement deformation where a sill
complex in the Upper Cretaceous sequence and corresponding forced folds directly above
the igneous intrusions (green arrows). The wavelength of the fold appears to be linked to
the lateral extent of the sills, while the amplitude of the fold seems to be related to the
cumulative thickness. A crucial clue is that the amplitude of the fold deformation
decreases stratigraphically upwards, suggesting the deformation occurred after the
emplacement of the sill, probably due to differential compaction about the flanks
(Schmiedel et al., 2017) and that the sill was emplaced in a zone of high pore fluid volume
that may have been fluidized to accommodate the volume of the magma. In contrast,
Figure 2.32b shows an example of a forced fold where terminations can be seen to lap
onto the fold, suggesting syn-emplacement deformation thereby defining the time of the
initial intrusion (Hansen and Cartwright, 2006). Often, sills show evidence of both syn-
and post-emplacement deformation and small to no deformation respectively (Figure
2.32a grey arrow). Magee et al. (2016) find that sometimes sill emplacement shows little
to no deformation, suggesting fluidization. For this reason, while deformation is an
indicator of the emplacement of most igneous bodies, not all igneous intrusions generate

such features.

Igneous dikes

In magmatic systems, dykes are near vertical intrusions commonly tens of meters
thick and up to a few kilometers in extent (e.g. Thomson, 2007; Holdford et al., 2017;
Reynolds et al., 2018) that cross-cut pre-existent strata, usually intruding into zones of

weakness such as faults and other mechanically weaker layers. The imaging of these
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igneous bodies in seismic data is challenging since seismic data will not image near
vertical features (Thomson, 2007). Nevertheless, evidence of dykes can still be observed
in seismic data. (Holdford et al., 2017, Reynolds et al., 2018).

A series of near vertical, narrow, low amplitude reflectors can be seen below the
flanks of the Kora volcano (Figure 2.33). These reflectors create a pattern that is very
difficult to distinguish from low signal/noise zones where amplitudes may have been
affected by absorption. However, they only cover a certain portion of the seismic section
between 2000-4000 ms TWT in Figure 2.34. The second criteria is that they appear to be
terminating on sections of the flank of the Kora Volcano where reflectors with a small
conical shape appear (Figure 2.34). A coherence and dip magnitude stratal slice near the
base of the flank of the volcano shows this feature to be semi-circular (Figures 2.35 a and
b). Given the spatial and temporal relationship of these events, | interpret the near vertical,
narrow, low amplitude pattern to be near vertical dykes that feed the small conical vents.

This observation is consistent with the model proposed by Bischoff et al. (2017).

Avoiding potential seismic interpretation pitfalls

The images from the introduction section had well that penetrated the mound- to
cone- shaped structures confirming them as igneous volcanoes. In the absence of well
control the cone-to mound-like geometry is similar to carbonate reef exploration targets.
In addition, Figure 2.36 shows examples of igneous bodies both intrusive and extrusive
that mimic the seismic expression of common sedimentary exploration targets. Based on

their morphology alone, many interpreters will not be able to distinguish igneous bodies
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from their clastic counterparts (I encourage the reader to make an educated guess before
reading the figure caption).

To try to distinguish between common exploration targets from Figure 2.36 and
igneous bodies that mimic their geometry/ morphology, |1 examine a few seismic
amplitude sections of the Akira 2007 2D seismic survey acquired over the Taranaki Basin,
New Zealand. The seismic data depict a series of cone-to-mound geometries with chaotic
internal reflection configurations and moderate to high amplitudes on the top.
Immediately below the mound-like features there is a disruption in the reflections similar
to those seen in the volcanoes in Figures 2.7-2.14. The mounds exhibit base lengths of
approximately 2000 meters with “steep” flanks and appear to be laterally interconnected.
Based only on their geometry, these features are similar to “carbonate mounds” (Holdford
etal., 2017; Reynolds et al., 2018;) or even to mud volcanoes. The only unequivocal way
to determine the composition of these mounds would be by drilling a well through them
and study extracted core or cuttings. An alternative way would be to use potential field
methods to differentiate between generally magnetic igneous rocks and non-magnetic
sedimentary rocks. However, remnant magnetization may confuse the interpretation (e.g.
Pena et al., 2009) while diagenesis may result in magnetic volcanic tuff being converted
to nonmagnetic montmorillonite (Marfurt personal communication with former
colleagues at AGIP). An alternative and inexpensive method is to apply in-context
interpretation. In this study, in-context interpretation refers to the concept implemented
by Posamentier (per. Comm., 2018), in which he looks at the pattern of the features of
interest as well as the surrounding elements (e.g., what’s below, what’s above and what’s

around). To illustrate this concept, | cite National Geographic’s Brain Games TV show
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analogy illustrated in Figure (2.37). In this image, we see headshots of two former U. S.A
leaders. We can easily recognize former vice president Dick Cheney on the left and
former president George W. Bush on the right side. Detailed examination of this image
shows that they both have the same face (analogous to the ambiguous pattern of interest
in geology e.qg., carbonate mounds, or volcanic mounds) with minor alterations. So, how
is it that the same face gives two completely different persons? (analogous to two different
interpretations) It is the context, (what’s above, what’s below and what’s around) where
the key to differentiation lies. In this case, the context is given by the glasses, the different
hair style, hair and skin color that allows us to distinguish ex-vice president Cheney from
ex-president Bush in Figure 2.37.

Applying the same in-context interpretation concept to Figure 2.38, | recognize
other key clues that would help infer the composition of the mound-like features. Among
these clues are: (1) saucer-shaped high amplitude sills around the mounds (2) forced folds
that are formed due to the emplacement of the sills (Hansen and Cartwright 2006; Holford
et al., 2012; Jackson et al., 2013; Magee et al., 2014; Infante-Paez and Marfurt, 2017;
Schmiedel et al., 2017; Magee et al., 2017; Schofield et al., 2017) (red arrows) and (3) a
sub-vertical narrow low amplitude pattern in the section below these mounds that appears
to disrupt the reflectors for significant vertical distances (2250-3500 ms TWT, or more
than 1km) just below the mounds. Implementing an in-context interpretation, the presence
of all these elements (saucer shaped sills, forced folds in addition to the mounds) indicate
an igneous composition of the mounds (Figure 2.39). In contrast, an interpretation driven
by confirmation bias (Figure 2.40) where the objective is to identify carbonate build-ups

to test their reservoir potential might misinterpret the mound-like features to be pinnacle
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reefs, as appeared to be the case documented by Holford et al., (2017) and Reynolds et
al., (2018) in the Bass Basin, Australia. Figure 2.41 summarizes a proposed workflow to
avoid interpretation pitfalls in the presence of igneous intrusions and extrusions. Key to
this workflow is not to stop when we find what we are looking for (finding the feature of
interest from our conceptual geological model), thereby confirming our bias. Rather, we
perform in-context interpretation to try to match the evidence of the context to our
exploration target, like the igneous evidence found in Figure 2.38b. Further examination
of the literature supports the igneous interpretation where Jackson et al. (2013) and
Magee et al. (2013) found similar features in the Ceduna sub-basin of Australia to be

volcanoes.

CONCLUSIONS

Igneous bodies can mimic the geometry and morphology of important exploration
targets such as carbonate mounds, sinuous channels and bright spots. For this reason, the
interpreter cannot rely on seismic morphology and geometry alone. Whenever possible,
seismic data should be complemented with other geophysical methods such as gravity
and magnetic surveys to avoid drilling features like volcanic cones. An alternative and
inexpensive method to avoid such pitfalls is in-context interpretation where the interpreter
examines not only the pattern of the features of interest but also the patterns of the
surrounding elements. In simpler terms, we need to not only identify features we want to
find, but also to identify neighboring features we do not want to find.

By understanding the context of volcanic systems, one can avoid interpreting

them as something else. Important clues that help to distinguish a volcano from a
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carbonate mound in seismic data are the disruption of reflectors immediately below the
mound-like features and the igneous sills forming forced folds nearby and below the
volcanic edifice. This disruption of reflectors is common in older 2D and newer 3D
surveys that | have analyzed in the Taranaki Basin, New Zealand.

Igneous bodies in seismic data have much in common across compressive and
extensional regimes. Saucer-shaped high amplitude discontinuous reflectors represent the

real morphology of sills and are not caused by migration artifacts of seismic data.
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Chapter 2 Figures

a) South 207/012-4 North B) West 207/013-4/4Z East

Figure 2.1. Exploration well drilling into mafic igneous sills, seismic data courtesy of
PGS. Reprinted from Igneous intrusions in the Faroe Shetland basin and their
implications for hydrocarbon exploration; new insights from well and seismic data, In
Press N.J. Mark, N. Schofield, S. Pugliese, D. Watson, S. Holford D. Muirhead R. Brown
D. Healy,1-21, Copyright (2017), with permission from Elsevier.

Figure 2.2. Exploration well Arawa-1 drilling into bright spot (andesitic volcanic pile).
Notice the andesitic volcano on the right side. Seismic data courtesy of NZP&M. VMT=
Volcanic Mass Transport Deposit.
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Figure 2.3. Envelope attributes in time slices and amplitude vertical section showing
development wells drilled into channel-like features. The wells drilling the “channels”
instead encountered lava flows that were confined to meander valleys. Courtesy of Luis

Vernengo, Pan American Petroleum.
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Bass Basin, Australia
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Figure 2.4. Vertical amplitude sections showing exploration wells drilling into mound-
like features. The wells drilled a basaltic volcano rather than a carbonate buildup. Map
on bottom left is the top of the volcanic units. Notice the dome-like shape. (After

Reynolds et al., 2017).
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Figure 2.5. Chronostratigraphic chart and a representative section of the Geology of
Taranaki Basin, New Zealand. (After Morley, 2018, in press).
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Figure 2.6. (a) location map of New Zealand showing Taranaki Basin and the size and
distribution of the Mohakatino Volcanic Belt (MVB) in red. (b) Onshore younger

andesitic volcanoes and 3D seismic sections showing Kora Volcano. After Giba et al.
(2013) and Bischoff et al. (2017).
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Figure 2.7. Seismic section from the 2D P95 Survey showing Well Tua-Tua-1 drilling
the andesitic Tua-Tua volcano. The Tua-Tua-1 well is projected into this seismic line.
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Figure 2.9. Seismic section from the 2D P95 Survey showing well Te Kumi-1 drilling
the andesitic Te-Kumi Volcano.
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Figure 2.11. Undrilled mound-like structure interpreted to be an andesitic volcano.
Yellow arrows indicate reflections below the flank of the volcano indicating the bright
reflections are not the crystalline basement.

Andesitic volcano Current Shelf break V.

Eocene

Figure 2.12. Undrilled mound-like structure interpreted to be an andesitic volcano.

37



-2500 &=

TWT (ms)

Figure 2.13. Zoomed in version of the previous undrilled mound-like structure
interpreted to be an andesitic volcano. The yellow arrow indicates to reflections below
the flank of the volcano indicating the mound-like structure is not crystalline basement.

Andesitic volcanoes
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Figure 2.14. Vertical slice showing undrilled mound-like structure interpreted to be
andesitic volcanoes.
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Figure 2.15. Seismic section from Kora 3D seismic survey showing the Kora volcano

and the uplift of the reflectors beneath the edifice as well as the disruption of the reflectors
(shadow zone).

Gas Chimney?

Continuous
Reflectors

Time (s)

r,ﬁ Time slice

Figure 2.16. A representative 3D composite vertical slice of the amplitude data showing
the Kora volcano and the good signal-to-noise ratio, allowing the identification of
different seismic facies related to the volcano. After Infante-Paez and Marfurt (2017).
Seismic data courtesy of NZP&M
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Figure 2.17. Magnified vertical magnified slice BB’ through the seismic amplitude
volume showing the chaotic moderate amplitude reflectors adjacent to strong continuous
reflectors penetrated by the Kora-4 well. An MTD is observed on the northwest flank of
the volcano. After Infante-Paez and Marfurt (2017). Seismic data courtesy of NZP&M.
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Figure 2.18. Magnified vertical slice CC’ through the seismic amplitude volume showing
the chaotic moderate amplitude reflectors penetrated by wells Kora-1,2 and 3 and the
strong continuous reflectors in the northwest flank. After Infante-Paez and Marfurt

(2017). Seismic data courtesy of NZP&M.
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Figure 2.19. Magnified vertical slice DD’ through the seismic amplitude volume showing
the chaotic moderate amplitude reflectors penetrated by the Kora-1 well, whereas the
strong western continuous reflectors are penetrated only by the Kora-4 well. An MTD is
observed on the western flank of the volcano. After Infante-Paez and Marfurt (2017).

Seismic data courtesy of NZP&M.
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Figure 2.20. Core pictures for wells Kora 1,2 and 3 and a cartoon of the volcanic facies
present in Kora-2. After Infante-Paez and Marfurt (2017).
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Figure 2.21. Time slice at t=2050 ms through the coherence attribute volume. The
circular low-coherence feature (red arrow) delineates the extent of the volcano. Note the
low-coherence radial fault pattern (yellow arrows). The four colored dots inside the
volcano represent wells Kora-1-4. After Infante-Paez and Marfurt (2017). Seismic data
courtesy of NZP&M.
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Figure 2.22. Time slice at t=2050 ms through the dip azimuth modulated by dip
magnitude seismic volumes. Like the previous figure, this attribute illuminates the
volcano and the radial faults, showing the direction in which both events are dipping. The
different colors in the volcano indicate dips radiating from the peak of the volcano. The
four black plus signs inside the volcano represent wells Kora-1-4. After Infante-Paez and
Marfurt (2017). Seismic data courtesy of NZP&M.
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Figure 2.23. Time-structure map of the Kora volcano and top Ariki formation, showing
radial fault pattern in the post-magmatic sequence. The N-S trending faults are associated
with later rifting. Seismic data courtesy of NZP&M.
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Figure 2.25. Vertical slices showing igneous sills around and below the Kora volcano.



a) Inclined sheet sill b) Double saucer shaped sill
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Figure 2.26. Three-dimensional view of igneous sills shown in Figure 2.25 displaying
(@) an incline sheet and (b) a saucer shaped morphology.
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Figure 2.27. Map view of envelope attribute in a co-rendered window of 250 ms showing
spatial distribution of Igneous sills around the Kora volcano. After Infante-Paez and
Marfurt (2017). Seismic data courtesy of NZP&M.
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Figure 2.28. Vertical slice through the Kora 3D seismic survey showing saucer-shaped
sills intruding into the Paleocene Waipawa marine source rock and possibly creating an

atypical petroleum system like the one proposed by Del Pino and Bermudez (2009). After
Infante-Paez and Marfurt (2017). Seismic data courtesy of NZP&M.
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Figure 2.29. Igneous sills seen in outcrop in Greenland. Courtesy of John Howell. Note
the sill cross cutting stratigraphy.
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Figure 2.30. Vertical slice illustrating upward magma transport through sill junctions.
Numbers in arrows indicate the stages of magma propagation through sill junctions.
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Figure 2.31. Vertical slice illustrating upwards magma transport through sill junctions.
Numbers in arrows indicate the number of sill junctions. Yellow arrows indicate sills.
Reddish arrows show sills reaching to the western flank of the Kora volcano.
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Figure 2.32. Seismic sections illustrating different mechanisms of forced folds: a) Post- emplacement b) syn-emplacement.

Yellow arrows indicate sills, green arrows indicate forced folds and grey arrow points to a sill complex.



Ky
e,
g

hep

Kora volcano |

52

Figure 2.33. Seismic section showing (a) sub vertical low signal/noise reflections constrained to the red box zone. (b) expanded
view of the area within the red box of (a). Yellow arrows indicate sills while red arrows a small volcanic mound fed by dykes

(red dotted sub-vertical lines).
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Figure 2.34. Seismic section with igneous sills below the Kora volcano and a sub vertical low signal/noise zone above the sills.

Note the small-scale mound-cone structures on the flanks of Kora. (a and b) show different orientations. Yellow arrows point to
the sills whereas reddish arrow point to the small cones. The Dotted reddish color represents the dykes and laccoliths. Kora 3D

seismic survey courtesy of NZP&M.



a) b)
Coh -l R = Dip Magnitude =~
oHi;:ency . i ‘\\\ 1 REMIHCE bl
H ~‘ ! ...lt.\-:'| X-

i AN wy
Low . :*“‘-\ =
~4H_ S W ~ ™
£ R 5 : -
o ek siaNe -
S e b 0 o
cv e
5 ey
— .
T i it
2500 m | Faults |

Figure 2.35. (a) Coherence and (b) Horizon slices thought dip magnitude attribute
volumes close to the top of the Kora volcano. Reddish arrows point to small circular
features in both attributes that represent the small cones. Yellow dotted line in the insert
figure represents a reflector close to the base of Kora. Radial low coherence anomalies
are normal faults. Kora 3D seismic survey courtesy of NZP&M.
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In context interpretation Analogy

FormerVice President Dick Cheney Former president George W Bush

Same face

Figure 2.37. Former U.S.A leader headshot captured from Brain Games National
Geographic TV show,
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Mud Volcanoes?

Volcaniccones? Foass

Figure 2.38. (a, and b) Seismic amplitude sections from the Akira 2D seismic survey
showing mound-like structures (yellow arrows) with similar geometry to the ones in Bass,
Basin Australia in Figure 24. Red arrows represent clues (sills, forced folds and dikes)
for in-context interpretation. Seismic data courtesy of NZP&M.
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Volcano | - L — - Forced Fold

Figure 2.39. Vertical slice showing in-context interpretation suggest the mound-like
features are Volcanoes. Seismic data courtesy of NZP&M.

: Pinnacle Reef — - Fault related fold Pinnacle Reef

| Seismic artifacts

Figure 2.40. Vertical slice showing biased interpretation suggest the mound-like features
are carbonate build-ups. Seismic data courtesy of NZP&M.
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CHAPTER 3
USING MACHINE LEARNING AS AN AID TO SEISMIC

GEOMORPHOLOGY, WHICH ATTRIBUTES ARE THE BEST INPUT?

ABSTRACT

Volcanic rocks with intermediate magma composition show distinctive patterns
in seismic amplitude data. Depending on the processes by which they were extruded to
the surface, these patterns may be chaotic, moderate amplitude reflectors, (indicative of
pyroclastic flows) or continuous high amplitude reflectors (indicative of lava flows). |
identify appropriate seismic attributes that highlight the characteristics of such patterns
and use them as input to Self-Organizing Maps (SOM) to isolate these volcanic facies
from their clastics counterpart. My analysis shows that such clustering is possible when
the patterns are approximately self-similar, such that the appearance of objects do not
change at different scales of observation. | propose a workflow that can help interpreters
to decide what methods and what attributes to use as an input for machine learning
algorithms, depending on the nature of the target pattern of interest, and apply it to the
Kora 3D seismic survey acquired offshore in the Taranaki Basin, New Zealand. The
resulting clusters are then interpreted using the limited well control and principles of

seismic geomorphology.

INTRODUCTION
In today’s modern era, the most effective way to gain knowledge on how a certain

geological feature like a lava flow appears in seismic data is to do a Google search and
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type a few key words such as “lava flow seismic” then go to the images section and even
go through a couple of scientific publications, until we reach an “Aha moment” when we
find patterns that appear similar to those in our data set. This type of pattern recognition
is easy for a human interpreter but quite difficult for computers. The advantage of
computers is that once such a task is well defined, they can apply the analysis to every
voxel in a large 3D seismic data volume, perhaps identifying subtle features that may
have been overlooked by an overworked interpreter. Machine learning pattern recognition
of seismic data goes beyond automation of time-consuming analysis tasks. Specifically,
each prediction can be weighted by a confidence value, which can be used in subsequent
risk analysis.

Machine learning was first used by Alan Turing to decipher the Nazi “enigma”
code. Since then, it has branched out to nearly all forms of language analysis, including
voice recognition and translators, and expanded into visual communication, marketing,
and social media. Early machine learning applications to seismic facies analysis include
work by Meldahl et al. (2001) and West et al. (2002) who used multilinear feedforward
neural networks with seismic attributes to produce a probability volume of gas chimneys,
Linari et al. (2003) Coleou et al. (2003) and Poupon et al. (2004) used seismic amplitude
waveform and SOM to define zones of interest. Similarly, Verma (2012), Roy et al.
(2013) Roden et al. (2015), and Zhao et al. (2016) used volumetric seismic attributes fed
into SOM algorithms to find different facies in shale resources plays. Qi et al. (2016) and
Olorunsola et al. (2016) used generative topographic mapping (GTM) to try to separate
salt from clastics, MTDs, from layered sediments in the Gulf of Mexico, and producing

from tight facies in the Granite Wash in the Texas Pan Handle respectively. Recently,
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Lubo-Robles (2018) applied Independent Component Analysis of spectral components to
try to predict sandy facies in the Miocene Moki A formation in Taranaki Basin, New
Zealand.

Machine learning techniques are relatively simple mathematical algorithms that
can learn from and generate clusters/classes based on patterns in (or interrelationships
between) the data. Depending upon data availability, we can use either supervised or
unsupervised algorithms. In supervised classification, the interpreter defines facies of
interest, either by selecting specific voxels (Meldahl et al., 2011) or by drawing polygons
around facies of interest (West et al., 2002; Qi et al., 2016) which serve as “training data”
that are used to establish the relationship between input and output. Once trained, the
algorithm is then applied to another subset of “validation data” (interpreted facies not
used in the training step) to determine if the algorithm is sufficiently accurate. If the
validation is successful, the algorithm is then applied to the entire seismic data volume.

In principle, unsupervised classification requires no interpreter input. In practice,
the interpreter strongly biases the results of the algorithm by choosing a suite of attributes
that best differentiate facies of interest. In a seismic interpretation context, this machine
learning technique extracts patterns that exhibit a similar attribute expression for similar
geologic facies, displaying these similar expressions, or clusters, using a 2D color-coded
to allow subtle patterns to be identified by the interpreter (e.g., Zhao et al., 2016; Qi and
Marfurt, 2016; Zhao et al., (2017).

Depending on the objective, both supervised and unsupervised techniques use
seismic attributes as input. Where impedance and anisotropy attributes provide critical

information for geomechanical clustering. In the absence of sufficient well control,
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instantaneous, geometric, spectral, and texture attributes provide critical information for
interpreting seismic geomorphology from clustering (Zhao et al., 2016, Infante-Paez and
Marfurt, 2017).

The focus of most recent studies in seismic interpretation has been focused on
applying and comparing different machine learning methods including multilayer
perceptron network, self-organizing maps, support vector machine, K-means, generative
topographic maps (Meldahl et al., 2011; Roy and Marfurt, 2013; Snyder, 2016; Zhao et
al., 2016; Qi et al., 2016) respectively.

I begin this chapter by defining the nature of the seismic patterns represented by
volcanics in my seismic volume. I then propose a workflow that will allow interpreters to
decide what machine learning algorithm to use, depending on the nature of the target
pattern. Next, | compute mathematically independent candidate attributes that highlight
the continuity (such as GLCM entropy), amplitude (peak spectral magnitude) and
frequency (peak spectral frequency) of these target patterns, with the goal of determining
which input attributes best differentiate the volcanics from the surrounding clastic
sediments. Finally, I input the GLCM entropy, peak spectral magnitude and frequency
attributes into SOM, to interpret the seismic geomorphology of the internal elements of

the Kora volcano.

METHODOLOGY
Selection of the target patterns
The target patterns in my study include some of the internal and external elements

of the Kora volcano, as well as adjacent volcanics from the Mohakatino Volcanic belt
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(MVB). These volcanics form potential analogues to the volcanics in Songliao Basin,
China (Figure 3.1) and andesites from Jatibarang field in Java (Figure 3.2) which have
produced more than 1.2 billion of barrels of oil and > 2.7 TCF of gas between 1969 and
1990. (Kartanegara et al., 1996).

Figure 3.3 displays a vertical slice through the Kora 3D survey where multiple
target patterns (TP) are highlighted by yellow boxes. Seismic-to-well-ties indicate that
these patterns have been drilled by exploration wells (Figure 3.4) validating the presence

of volcanics.

Nature of the target patterns
I define my human interpretation patterns as “monogenetic”, “composite” and
“intricate” patterns where the goal is to examine relationships that can be evaluated by a

machine.

Monogenetic seismic patterns

I define a monogenetic pattern as a facies that consists of a single seismic pattern.
This pattern is statistically consistent, translational vertically and horizontally. The
pattern is also consistent at different scales, such as conformal or chaotic reflectors within
a 20x20x20 versus a 5x5x5 voxel window. Monogenetic seismic patterns are related to
physical self-similarity, where the appearance of objects does not change at different
scales of observation (Lam and Quattrochi, 1992; Dimri et al., 2011; Dasgupta, 2013;

Herrera et al., 2017). Examples of monogenetic seismic patterns are shown in Figure 3.5.

70



Composite seismic patterns

Composite patterns are those facies that consist of two or more simpler patterns.
Composite patterns do not entirely preserve their character laterally, vertically or at
different scales but can still be distinguished from surrounding patterns. (Figures 3.6-3.7)

for example.

Intricate seismic patterns

Intricate patterns are those facies that dramatically change their character with
scale and location and are far from being self-similar, for example, Figure 3.8.

I hypothesize that using appropriate seismic attributes as input to a machine
learning algorithm (SOM for example) monogenetic patterns will be represented by a
single cluster. Composite patterns will be represented by two or more clusters, resulting
in a machine learning classification that requires subsequent human “clumping”. Intricate
patterns are represented by multiple clusters, providing an image that may offer little
value over the original seismic amplitude volume. While composite and intricate patterns
may be represented by more than one cluster, a given “cluster” may also represent more
than one facies. For example, clustering based on reflector continuity and parallelism
might result in marine shales and deepwater fans clumped together. To separate them the
interpreter might add energy or peak frequency as additional input data to break them
apart. For this reason, if the multiple clusters representing an intricate pattern are unique,
they can be subsequently clumped after clustering to form a single facies. Such clumping
is performed implicitly when computing the Bhattacharya distance when using generative

topologic mapping (Qi et al., 2016) where a probability density function, rather than a
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single prototype vector is computed for each voxel in the training data set. The sum of
these PDFs can then represent more intricate patterns.

Convolutional neural network (CNN) may provide and alternative means to
addressing intricate patterns. In the simplest workflow, the interpreter provides the
original seismic amplitude data. Internally, the machine convolves adjacent voxels,
computing its own attributes for evaluation. Alternatively, Qi (2018) used CNN and a
suite of input seismic attributes to predict fractures seen in image logs.

Computers have several advantages over humans: (1) they can perform repetitive
analysis of billions of voxels without tiring, (2) they can be much more quantitative, and
(3) they can easily compare similarities and differences between more than three
attributes at the same voxel (4). In contrast, humans have advantages over machines in
that they can (1) see patterns on a much larger scale, thereby identifying a pattern in
context, (2) compare patterns to those seen in others seismic surveys or in outcrop, and
(3) integrate patterns as discrete components or elements that result from a geologic

process.

Seismic attribute selection

Figures 3.9-3.11 demonstrate the importance of the input attributes to
unsupervised machine learning. The goal is to try to organize the people in Figure 3.9a
who work at a university and determine which of them perform similar jobs. From the
top to and moving clockwise we have the dean of the Mewbourne College of Earth and
Energy Dr. J. Mike Stice, PhD candidate in geophysics Lennon Infante, geophysics

professor Dr. Kurt. J. Marfurt, and geology professor Dr. Roger Slatt. From their
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headshots we can extract additional information, such as their hair length and smile
(happiness). The fact that one of them is dean of the College of Earth and Energy, two of
them are professors, and the last one is a student, suggest they have different incomes.
These three attributes, the happiness, hair length and income, provide a means to place
the two professors in the same cluster (Figure 3.9b). Although the SOM put these four
people into three different clusters it cannot tell which cluster represents which job.

In reality, we cannot measure income from the input data (headshots). A more
realistic scenario would be the one shown in Figure 3.10. Some of the attributes that can
be extracted from the input data are gender, hair length, clothes type and happiness (smile
on their faces). When the gender, clothes and hair length attributes are fed into SOM, we
obtain three clusters which is the correct number of different jobs. However, one of the
clusters is erroneous since it groups professor Marfurt with dean Stice who have different
jobs. Selecting the happiness attribute instead of hair length produces different clusters
(Figure 3.11). In this case the SOM outputs only one cluster. From this analogy, it is clear
that the input attribute selection and not the SOM algorithm itself produces erroneous

results.

Voxel based approach for classifying monogenetic seismic patterns

Given that the approximately self-similar target patterns of interest (Figure 3.4)
preserve their character at different scales and distinct locations, | use the workflow
described in Figure 3.12 to select attributes that differentiate the volcanics from each other

and from the surrounding clastic sediments.
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There are different approaches that a seismic interpreter can use to select input
seismic attributes for clustering of seismic facies. A simple but time consuming and
potentially dangerous approach is to apply all possible attributes and determine which
combination best correlates with the desired facies. Kolkoney (1999) warms that this
workflow may lead to false predictions. Principal component analysis reduces a suite of
correlated attributes into a smaller number of composite attributes. Roden et al., (2015)
use the first principal components to determine which attributes are most important in
representing the seismic data volume. Unfortunately, such choices do not necessarily
guarantee the differentiation of the pattern of interest, particularly if one or more of these
patterns only represent 1-5% of the data. Moreover, this approach may be suitable as a
first pass for exploring the data, but it could fail when trying to isolate a specific pattern
such as a mass transport deposit (MTD) or pyroclastic flows. Thus, I recommend the
calculation of seismic attributes based on the qualitative description of the patterns
(Figure 3.13) (analogous to how a geologist describes facies in outcrops or in core).
Because most commercial and research software that implement machine learning
techniques do what they are supposed to do, e.g., organize the data into clusters, the
challenge for interpreters in applying SOM and similar algorithms to seismic data is the
attribute selection. For example, TP 3 in Figure (3.6) is characterized by semi-chaotic,
low-to-moderate amplitude reflectors with occasional isolated continuous, moderate-
amplitude reflectors that are parallel. During the description process, key words such as
“chaotic reflectors” can help us think of seismic attributes that best highlight such features
(such as the GLCM texture entropy attribute). TP 1 is characterized by continuous high-

amplitude reflectors. TP2 is characterized by chaotic, moderate-amplitude reflectors,
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while TP3 and TP 4 are characterized by semi-continuous to semi-chaotic, moderate-to-
high amplitude reflectors with few isolated parallel reflectors. Attributes that measure
such observations include amplitude attributes (envelope, RMS amplitude, energy,
colored inversion), continuity attributes (GLCM entropy, chaos, coherence), frequency
attributes such as the peak frequency, average frequency and bandwidth, and conformity
attributes (reflector convergence, parallelism). Spectral components are also helpful, but
more difficult for a human interpreter to assign to a given seismic pattern. Seismic
patterns exist at zones (geological age), so one can constrain the attribute analysis within
a zone of interest bounded by seismic horizons to minimize variability not only to

geology, but also to seismic resolution.

Seismic Attributes that assist interpreter’s vs seismic attributes that assist machine
learning

For monogenetic and composite seismic patterns to be successfully clustered
using the voxel approach, all the input attributes should highlight the same sample (voxel)
in the seismic trace. Therefore, we must differentiate between attributes that assist the
interpreter in highlighting key geological features (Figure 3.14) and attributes that assist
machine learning algorithm to isolate specific geological features (Figure 3.15). That is,
if the target seismic features to map are faults, one should avoid using input attributes to
machine learning such as coherency, most positive and most negative curvatures together.
Though they do highlight the fault in a visual way that is clear to a human interpreter,
they do not highlight the fault at the same seismic sample (voxel). The same principle

applies to different facies such as sinkholes. If one is trying to isolate sinkholes using a
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clustering technique such as SOM, feeding complementary attributes such as most
positive and most negative curvatures and coherency would not produce an accurate
result since these attributes highlight various parts of the sinkhole, but not at the same
voxel. The most obvious example are combinations of spectral components, that
differentiate thicknesses and lithologies within a channel system, and coherence, that
highlights the channel edges. Seismic noise also results in patterns that may be mentally

“filtered out” by a human interpreter, but form (ideally, its own) noise clusters.

Seismic attribute expression of volcanic rocks that assist machine learning clusters.

Based on the descriptions (e.g., continuous versus chaotic, low amplitude versus
high amplitude) of the target patterns, the input seismic attributes for clustering of these
patterns would be three types of attributes that highlight amplitude, continuity and
frequency content. Using the same composite section from Figure 3.3 as a reference, |
compute a suite of candidate attributes to visually evaluate the attribute response of the
target patterns (Figures 3.16-3.22). Figure 3.17 displays the peak spectral magnitude
calculated from the continuous wavelet transform (CWT) (reference). This attribute gives
a response similar to the RMS amplitude and highlights the strength of the reflectors. The
peak spectral magnitude shows that there are differences in all TPs. TP 1 is characterized
by high magnitude, whereas TP 2 is highlighted by low magnitudes. TP3 and TP4 on the
other hand consist of low to moderate magnitude.

The gray level co-occurrence matrix (GLCM) provides a group of texture
attributes homogeneity, entropy, dissimilarity, contrast, mean, energy, correlation and

variance. Hall-Beyer (2007) defines texture as “an everyday term relating to touch that
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includes such concepts as rough, silky, and bumpy. When a texture is rough to the touch,
the surface exhibits sharp differences in elevation within the space of your fingertip. In
contrast, silky textures exhibit very small differences in elevation”. Seismic textures work
in an analogous manner with elevation replaced by amplitude, and the probing a finger
by rectangular or elliptical analysis window oriented along the structure. From these 8
attributes the most useful are the entropy and the homogeneity, (see, Gao et al., 2003; Qi
et al.2016; Zhao et al., 2017; Gao 2017; Marfurt 2018) though they are somewhat
coupled. Detailed examination of the entropy and homogeneity of TP 1 and TP2 (Figures
3.18-3.19) shows that TP 1 has high values of homogeneity and low values of entropy.
The opposite is true for the TP2, suggesting we can separate these two patterns using
these texture attributes. TP 3 and TP 4 display zones where the entropy is high to
moderate. High values of entropy mean the reflectors are chaotic (not layer cake). Figure
3.19 shows the peak spectral frequency attribute which displays the dominant frequency
for the entire section. In the volcanic sequence the peak spectral frequencies ranges
between 40 to 50 Hz. Although TP 1, TP3 and TP 4 exhibit a similar range of frequencies,
TP 2 is characterized by low to mid frequencies (15-25 Hz).

In the same way, Figures 3.21-3.23 show the magnitude of reflector convergence,
the dip magnitude and coherence attribute, all co-rendered with the seismic amplitude,
highlighting different aspects of the seismic patterns of interest, but not at the same voxel.
Therefore, for the Kora 3D survey, | conclude that the attributes that would assist machine
learning are: (1) the texture attributes which are a measure of continuity, (2) peak spectral

magnitude that measure the strength of the reflectors and (3) peak spectral frequency
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which measures the dominant frequency. These attributes are mathematically

independent, but coupled through the geology, making them candidates for SOM.

Self-organizing maps (SOM) and seismic geomorphology

In seismic interpretation, self-organizing maps (SOM) is a clustering technique
that extracts similar patterns across multiple seismic attribute volumes and displays those
similarities as a color-coded map, with similar colors representing clusters that a human
interpreter can visualize as similar facies (Zhao et al., 2016). Because several of the
attributes 1 use (GLCM entropy and homogeneity, peak magnitude and peak frequency)
measure spatial patterns, SOM will be able to cluster spatial patterns as well. The SOM
workflow used in this study is illustrated in Figure 3.24. The input attributes to feed the
SOM are of three types: attributes that highlight the continuity- how layer cake the
reflectors are- (homogeneity and entropy), the amplitude (peak magnitude) and the
frequency (peak frequency) of the target patterns. These attributes are extracted from the
raw amplitude data using software developed at the University of Oklahoma, (. e.g.,
Matos et al., 2011; Qi et al., 2016).

I input the previously computed seismic attributes into the SOM algorithm. Since
I am using four attributes at each voxel, the analysis is in 4D attribute space. In this case,
the objective of SOM is to fit a deformed 2D surface (called a manifold) to the distribution
of the data points living in 4D space. Each data point is projected onto the nearest part of
a manifold which is then mapped to a 2D color bar. In this manner, voxels that have a
similar response (lie next to each other in 4D space) project onto nearby locations on the

manifold and are displayed as similar colors. In contrast, voxels that exhibit a very distinct
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attribute behavior (lie far from each other in 4D space), project onto different parts of the
manifold and appear as different colors. Details of SOM applied to seismic data can be

found in Roy et al. (2013), Roden et al. (2015), and Zhao et al. (2016).

Internal elements of the Kora volcano

Integrating well reports from Kora -1,2 and 3 (where core data were acquired) and
their seismic patterns, provide geological control to the chaotic moderate amplitude
seismic pattern. Internally to the Kora volcano, the seismic data exhibit two main patterns:
strong continuous (TP1) and moderate chaotic reflectors (TP 2). According to the core
data and seismic-to-well ties from wells Kora-1 through 3, I interpret that the penetrated
chaotic, moderate-amplitude reflectors are correspond to pyroclastic flows whereas the
geological process corresponding to the strong, continuous reflectors remains unknown.

Figure 3.25 shows a vertical slice connecting the four Kora wells illustrating the
distribution of TP1 and TP2. The same vertical slice is then shown with the SOM clusters
(Figure 3.26). From these clusters, we can observe three distinctive colors (seismic
facies). The Orange/yellowish color represent the continuous, high-amplitude reflectors
(TP1), while the purple/dark blue colors represent the chaotic, moderate-amplitude
reflectors (TP2). A third green color is more representative of the clastic sediments
underlying and onlapping onto the volcano, while the geometry of the orange/yellow
color appears to be more dominant adjacent to the Kora-4 well. Extracting the SOM
clusters on top of the time structure map of the volcano shows its geomorphology. The
orange/yellow facies occur mainly on the western flank of the volcano, while the

purple/dark blue facies occurs more on the eastern flank and between the orange/yellow
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facies (Figure 3.27). The black solid line highlights these unknown facies. Based on and
understanding of volcanic processes, geomorphology and structural relation of these
facies to the volcanic cone, | interpret the orange/yellow facies to be lava flows such as
those reported by Klarner and Klarner (2012), Holford et al. (2012) and McArdle et al.

(2014).

External elements of the Kora Volcano and adjacent volcanoes
Subaqueous flows

Volcanic eruptions allow the volcano to grow. A coned geometry like the one
observed in the Kora and nearby volcanoes suggests that the volcanoes grew by
preferential addition of material to the summit area (Magee et al., 2013). Furthermore, a
discontinuous to semi-chaotic with short (100 m) continuous reflectors, creating a
distinctive seismic pattern (TP 3) can be seen as far as 20 km to the northwest form the
Kora volcano. Fortunately, this and other similar seismic patterns have been penetrated
by several wells offshore Taranaki Basin, including the Ariki-1, Arawa-1, Kanuka-1,
Moana-1 and other wells (Well report series). Well-to-seismic ties coupled with
completion reports indicate that this seismic pattern is representative of sediments with
significant volcaniclastic content called the Mohakatino Formation named by Hansen and
Kamp (2004). The Ariki-1 well drilled through semi-continuous, semi-chaotic seismic
patterns (Figure 3.4) similar to the mass transport deposits (MTD) previously documented
by Posamentier and Kolla (2003), Lee et al. (2004), Dallas et al. (2013), Qi et al., (2016)
in steep slope clastic environments. In my survey, the MTD seem, at least partially

originated from the west flank of the Kora volcano (Figures 3.28 a 3.28 b). The Ariki-1
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well completion report defines cuttings from the interval 2256-2556 m as volcaniclastic
deposits, where: “Tuffaceous material is most abundant in the lower part of the formation
and decreases upwards, reflecting the waning of volcanic material”. The lithology varies
from gray mudstones with a tuffaceous matrix including biotite, chlorite, pyrite and at the
base, light to moderate gray sandy tuffs. These tuffs contain abundant angular to sub-
angular, fine-to-medium-grained, poorly sorted clasts of biotite, garnet, olivine,
hornblende, and aphanitic material together with quartz and feldspar of both sedimentary
and volcanic origin. Comparable descriptions are also given for the cuttings of the other
wells that drilled through similar seismic patterns in the Arawa-1, Kanuka-1, and Moana-
1well series reports. Given the morphology of TP 3 (Figure 3.28a) it is possible to infer
a depositional process. Figure 3.28c shows a scour-like base of about 3km width that
spreads out in a fan-like geometry beyond 20 km the limits of the 3D survey reaching
Ariki-1. This geometry is highlighted by SOM purple/dark blue facies where the chosen
input seismic attributes (entropy/homogeneity, peak magnitude, peak frequency)
highlight the characteristics of TP 3. Interestingly, although the nature of TP 3 is
considered to be composite, it is still possible to isolate and map TP 3 because this pattern
is very different from the background clastic sediments. The fact that reflectors in TP 3
are far from being parallel (indicative of tuff clouds settling in volcanic facies) and that
they form a fan-like geometry, indicates that the process that deposited the volcaniclastic
material was a subaqueous flow. | use the term volcanic mass transport deposit (VMTD)

to describe these volcaniclastics.
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Additionally, Figure 3.28b shows evidence of sill junctions that appear to have
erupted lava onto the west flank of the Kora volcano which, could explain the spatial

distribution of these flows in the western flank of Kora (Figure 3.27).

Pyroclastic flows from volcanoes adjacent to Kora

Given the proximity of TP 4 to the Kora volcano, it is reasonable to attribute TP
4 to a younger eruption in the history of this volcano. Nevertheless, the distribution of the
submarine volcanoes of the MBV mapped by Giba (2010) (Figure 3.2b), depicts younger
(8-4 Ma compared to Kora’s 16-12 Ma) volcanoes to the East of Kora. According to the
mapped geometry of these andesitic volcanoes, they appear to coalesce instead of forming
a single volcanic cone like Kora. Furthermore, their aerial extent appears to be at least
five times larger than Kora. Detailed examination of the Kora 3D seismic survey indicates
that TP 4 exists only on the eastern section onlapping onto the Kora volcanic edifice
(Infante-Paez and Marfurt 2017). Therefore, | interpret TP 4 to be related to the activity
of the volcanoes located East of Kora which is also confirmed by the SOM clustering
results (Figure 3.29) where the purple/dark blue facies appears to dominate the entire
area, even though isolated blocks of orange/yellow facies can be observed within the
purple/dark blue facies. The presence of these two facies is because the nature of TP 4 is
“composite” consisting of two or more patterns. In this scenario the orange/yellow facies
represents a greater content of clastic material being deposited within the volcanics in the
basin. Due to the similarities of TP 2 and TP 4 and the fact that other andesitic volcanoes
exist adjacent to Kora, | interpret TP 4 to be pyroclastic flows originated from the

previously mentioned younger andesitic volcanoes from MVB.
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Potentially enhanced volcanic reservoirs.

As stated in the previous sections, the submarine volcanoes in the Taranaki Basin
represent potential reservoirs as indicated by the DST in Kora-1A and the good log and
core porosity from the Kora and other wells. The uncertainty in this type of reservoir is
how well connected those pores are. For that reason, an area of potentially enhanced flow
capacity is that of the interpreted pyroclastic flows (TP 4) adjacent to the East flank of
Kora. In this area, the volcanics are probably fractured due to the faults associated with
the Kora and/or the adjacent andesitic volcanoes (Figure 3.29b) like in the case of the
fractured andesites in the Jatibarang field in Indonesia where permeability is up to 10 D

(Schutter, pers. Comm., 2018).

LIMITATIONS

Different authors (Meldahl et al., 2001; Roy et al., 2013; Qi et al., 2016; Sinha et
al;2016; Sinha et al; 2017 Zhao et al. 2017; Kumar and Mandal, 2017; Qi, 2018) have
used different methods, including MLFN, SOM and CNN to predict well production
performance and to cluster different patterns (gas chimneys, faults, MTDs) in seismic
data and. However, these patterns have different nature (e.g., monogenetic, composite
and intricate) that present different levels of difficulty for machine learning. Thus, |
propose that monogenetic and composite patterns can be mapped by feeding appropriate
geometric, instantaneous, spectral, and seismic inversion-derived attributes to an
unsupervised machine algorithm such as SOM. Intricate patterns (Figure 3.8) on the other
hand, may need a different method, such as CNN, where the algorithm convolves adjacent

amplitude values to generate its own “attributes”. At present there is not a single method
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(SOM, GTM, MLFN, SVM, CNN) that is best to map seismic patterns. The clustering
method chosen depends on the nature of the pattern that represents the facies of interest
(Figure 3.12).

As seen in Figure 3.26, the voxel based approached is most useful in monogenetic
patterns where we can easily differentiate the interpreted lava flow facies from the
pyroclastic flows (TP 1 and TP 2 respectively). Similarly, Figures 3.28 and 3.29 show
that the voxel-based approach is also useful in isolating composite seismic patterns,
though they are represented by more than one cluster. The key to a successful clustering
of a specific seismic facies is to determine the nature of that pattern. The limitation in this
proposed workflow is twofold. First, a human interpreter needs to quantitatively define
the nature of the target pattern. The illustrations shown here provide an example
appropriate for volcanics in the Taranaki Basin. Second, once the pattern is recognized,
the interpreter has to decide which attributes provide a quantitative measurement that
serve as input to a machine learning algorithm. Our task as interpreters is to construct a
dynamic library of the attribute expression of different geological facies in seismic data
that can be updated as they are encountered with new facies and new attributes as they

are developed.

CONCLUSIONS
From my experience in trying to isolate the extrusive volcanics related to the
Miocene volcanism in Taranaki Basin, New Zealand, | realized that when trying to isolate
a target pattern, interpreters usually describe it regarding their continuity, parallelism,

amplitude and frequency. Therefore, a good rule of thumb as to what attributes to input
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for clustering of monogenic and composite patterns would be three types of attributes:
attributes that highlight the amplitude (such as envelope, energy, RMS amplitude, relative
acoustic impedance) attributes that highlight the continuity (such as GLCM entropy
chaos), and attributes that highlight the frequency (peak spectral frequency, average
spectral frequency, bandwidth, etc.) Furthermore, there is the need of a seismic attribute
that measures the self-similarity of the different patterns in the seismic section (with a
change in lateral and vertical location, and scale). Ideally, the interpreter draws a polygon
around the target pattern to be mapped, and this new seismic attribute (self-similarity)
would quantitatively evaluate whether the target pattern is monogenetic or more complex
(intricate).

SOM and similar clustering algorithms do what they are supposed to do: cluster
the attributes they are fed. Attributes that are good for 3D interactive interpretation may
not be appropriate for machine learning. Thus, the need of a new set of seismic attributes
that assist machine learning so that they can identify more complex facies such as
composite and intricate seismic patterns.

Geologically, | propose that volcanics/volcaniclastics associated with eruptions
or landslides from Kora and other nearby MVB volcanoes should be evaluated as
potential migration pathways due to the good log porosity (and good core porosity and
permeability from some cored wells) observed in wells penetrating the Kora volcano and

the potentially fractured adjacent volcanics.

85



Chapter 3 Figures

Figure 3.1. (a) Three-dimensional map of buried volcanos in the Xujiaweizi graben in
the Songliao Basin, China showing several wells targeting the buried volcanoes (Chen
and Wang, 2015). (b) buried volcanoes in the Taranaki Basin New Zealand. (After Giba
et al., 2013 and Bischoff et al., 2017).
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Time slice

TP 4

semi-continuous to continuous, moderate to high amplitude

reflectors.With few isolated flat reflectors

TWT (ms)

Shallow I M Deep

92

Time slice= 2168 ms

Figure 3.7. Examples of “composite seismic pattern. Note the different scales in the zoomed boxes. Black dotted polygon in time

slice shows the extension of TP 4. TP

Target Pattern. Seismic data courtesy of NZP&M.
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Selecting the right attributes (ground truth) SOM Latent space

Income

3 Clusters

V.

&

o

Multi-attribute three dimensional space SOM Axis |

Figure 3.9. Headshots of four people who work at a University. a) The input data are
three attributes that somehow distinguish them- hair length, happiness and income. (b)
Using this combination of attributes, the machine learning algorithm correctly clusters
the two professors into the same group and the student and the dean are into their own
group. Notice 3 clusters where the two professors form 1 cluster and the student and the
Dean two different clusters.

SOM Latent space

Selecting the right attributes (reality)

Clothes (tie) 3 Clusters

T

SOM Axis 2

X o
A3

Multi-attribute three dimensional space

SOM Axis |

Figure 3.10. Headshots of the same four people shown in Figure 3.9 where the input
attributes are hair length, gender, dress code. All four samples are male and have similar
dress code (wearing a tie). For this reason, the clustering is driven by hair length alone,
misclustering one of the professors with the dean
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. . . . SOM Latent
Selecting the right attributes (reality) atent space

Clothes (tie)
I Cluster

SOM Axis 2

c,e“ée‘

SOM Axis |

Multi-attribute three dimensional space

Figure 3.11. The same “samples” as in Figures 3.9 and 3.10 where attributes are clothing,
gender and happiness. In this examples SOM results in only one clusters, suggesting
happy conformity in this University, but no indication of the role occupied by each
person.

[ Choose target facies to be mapped ]

!

[ Define nature of the target facies}

!

Is the target
pattern
approx.
If-similar?

Yes

Compute candidate attributes w
based on description of patterns J

Geometric Single trace pectra
attributes attributes attributes

Does
Attribute
differentiate
TP?

Convolutional neural
networks (CNN)

nversion
products

No

Figure 3.12. Proposed workflow to decide clustering of the patterns approach in seismic
data.
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Yes Well data No

available?
Seismic well tie
3 . . . . 4
Define a window of seismic data using hard
data( a well facies) Define the target pattern
l on the seismic amplitude
data using soft information
Describe the target patternin terms of reflector (interpreter’s experience)
configuration, e.g. chaotic, continuous

Determine which seismic attribute
capture these differentiating features.

Determine which combination of
attributes differentiate the target
seismic pattern/texture.

Figure 3.13. Proposed workflow to decide which seismic attributes to select for machine
learning.
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Target Pattern = Normal fault with offset reflectors Attributes

multiple voxels I-High k, SOM

Magnitude

\l on footwall
—_— Y 2-Low
* on offset
™ reflectors

Footwall

Inaccurate clusters in the fault

Hangi I
anging wa 3-High k,

k, k; magnitude
on hanging
wall

Figure 3.14. Cartoon showing a normal fault and its attribute response. Such red-yellow
and blue pattern is easily recognized by a human interpreter. However, since they occur
at laterally shifted voxels, they are more difficult to interpret for a machine. Most positive
curvature, k1 (in red) illuminates the footwall, most negative curvature, k2 (in blue)
illuminates the hanging wall, while coherence (in yellow) illuminates the fault
discontinuity. After Qi, 2018.

Target Pattern = Normal fault with offset reflectors Attributes

|- steep = SOM

dips in

Footwall
actual fault
\l voxel.
[ —
2- Low -
coherency

on offset
reflectors.

3- high
aberrancy

in actual
fault voxel.

’\ multiple voxels

Accurate clusters in the faults

Hanging wall

COH Aberrancy

Dip Magnitude

Figure 3.15. Cartoon showing the same normal fault as in the previous figure. The
attributes are: Coherence, dip magnitude and aberrancy (Qi and Marfurt 2018). These
three attributes image the fault at the exact same location (voxel) and are therefore
amenable to machine learning for clustering). After Qi, 2018.
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Kora volcano

Time(s) @
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25

Figure 3.16. Same vertical amplitude slice as in Figure 3.3. The color scale has been
changed to black and white, to facilitate co-rendering with seismic attributes. Yellow
boxes represent extrusive volcanics and volcaniclastics. Seismic data courtesy of
NZP&M.

0.5

1.5

Time (s

N

Figure 3.17. Vertical amplitude slice co-rendered with peak spectral magnitude. Same
seismic section as in Figure 3.3. Yellow boxes represent extrusive volcanics and
volcaniclastics. Seismic data courtesy of NZP&M.
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Figure 3.18. Vertical amplitude slice co-rendered with GLCM entropy. Same seismic
section as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics.
Seismic data courtesy of NZP&M.

A A

Kora volcano

Figure 3.19. Vertical amplitude slice co-rendered with GLCM homogeneity. Same
seismic section as in Figure 3.3. Yellow boxes represent extrusive volcanics and
volcaniclastics. Seismic data courtesy of NZP&M.
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Kora volcano

Figure 3.20. Vertical amplitude slice co-rendered with Peak spectral freq. Same seismic
section as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics.
Seismic data courtesy of NZP&M.

A A

High

15

Time (s

N

Figure 3.21. Vertical amplitude slice co-rendered with magnitude of reflector
convergence. Same seismic section as in Figure 3.3. Yellow boxes represent extrusive
volcanics and volcaniclastics. Seismic data courtesy of NZP&M.
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Kora volcano

15

Time (s
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Figure 3.22. Vertical amplitude slice co-rendered with dip magnitude. Same seismic
section as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics.
Seismic data courtesy of NZP&M.
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Figure 3.23. Vertical amplitude slice co-rendered with coherence. Same seismic section
as in Figure 3.3. Yellow boxes represent extrusive volcanics and volcaniclastics. Seismic
data courtesy of NZP&M.
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Figure 3.24. Workflow implemented for clustering analysis using Self-Organizing maps
(SOM).
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TP2
Kora-4 ) TP | Kora-2 Kora-3  Kora-1 Chaotic moderate
— Continuous high

floct amplitude reflectors.
reflectors.
N A

Figure 3.25. Vertical section connecting the four Kora wells through the seismic
amplitude volume showing the distribution of TP 1 and TP 2. (After Infante-Paez and
Marfurt 2017). Seismic data courtesy of NZP&M.
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m

1 7 e S

Time (s)

3

Figure 3.26. Vertical slice connecting the four Kora wells through the SOM clusters
showing the two distinctive colors (purple-ish and yellow-ish) indicating two different
facies. The green facies represent clastic sediments. Facies are colored based on the latent
space projection. (After Infante-Paez and Marfurt 2017) Seismic data courtesy of
NZP&M.
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Pyroclasticflows
Facies:
Interpretation based
on core data and well
reports

SOM axis 2

Landslides? SOM axis |
Voleanic tongue?
Interpretation based on
Geomorphology of extent

Clastic (Solid line)

facies

DST Kora-1
668 BOPD for 254 hours

Figure 3.27. SOM clusters extracted along the top of Kora structure map. Core
descriptions provided in the well completion reports for wells Kora-1,2 and 3 indicate the
purple facies to be pyroclastic flows. In contrast, based on their geomorphology and
structural relation to the volcanic cone the yellow/orange facies are interpreted to be lava
flows such as those reported by Klarner and Klarner (2012) and Holford et al. (2012).
Clusters are colored based on the latent space axes. (After Infante-Paez and Marfurt 2017)
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CHAPTER 4
MEGA FORCED FOLDS ASSOCIATED WITH ANDESITIC VOLCANOES IN
TARANAKI BASIN, NEW ZEALAND: IMPLICATIONS FOR
HYDROCARBON EXPLORATION.
ABSTRACT

Subduction related volcanism like that seen in the Taranaki Basin, New Zealand
can create structural deformations of varying orders of magnitude within the host rock.
Such deformations include folding in both the strata that pre-dates and post-dates the
volcanism. Similar types of folds have been commonly found to create structural closures
of ~10 km? in extensional basins due to the emplacement of igneous sill. By performing
seismic-to-well ties, three-dimensional (3D) mapping of the Eocene, Miocene and
younger strata and examination of well completion reports, | show that there are spatial
and causal relationships between andesitic volcanos and forced folds with structural
closure of >20 km? that have the potential to host economic accumulation of
hydrocarbons. Contractional deformation in the pre-magmatic sequence is interpreted to
be due to elastic bending induced by the emplacement of a magma chamber within the
upper crust at a unknown depth, where the deformed area extends across ~170 km? with
arelief of up to 800 m. Whereas, deformation of the post-magmatic sequence is developed
through differential compaction of the overlying softer sediments around the more rigid
andesitic volcanoes. Here, | introduce the term “Mega Forced Folds”, to describe forced
folds of >20 km? and could be as large as 170 km?2. These large structural closures are
important because of their potential hydrocarbon storage capacity. In this study, a Mega

forced fold in the post-magmatic sequence measures ~76 km?, which if filled with
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hydrocarbons could hold >1 billion of barrels of oil in place, assuming the presence of a
mature source rock and charge (to spill point) of migrated hydrocarbons into the trap.
Finding that demonstrates previously unidentified positive impacts to hydrocarbon

exploration in sedimentary basins associated with subduction related volcanisms.

INTRODUCTION

Igneous bodies in sedimentary basins can have both a positive and/or negative
impact on hydrocarbon exploration. For example, in some cases, the thermal effects of
igneous intrusions can beneficially affect the maturity of source rocks, by increasing the
geothermal gradient and placing immature source rocks within the oil window (Chen et
al., 1999; Rodriguez Monreal et al., 2009; Holford et al., 2013). In other cases, this
increase in temperature may adversely affect the maturity of hydrocarbons by
overcooking the source rock (Barber, 1988; Kingston and Matzko, 2015). Buried
volcanoes can potentially provide pathways for vertical fluid migration due to the higher
bulk permeability of the volcanic complex compared to the surrounding sediments
(Holdford et al., 2017). Igneous rocks can also act as seals and traps (Holford et al., 2013).
If fractured, igneous rocks can serve as migration pathways (Rateau et al., 2013) or form
the reservoir (Kartanegara et al., 1996; Schutter, 2003; Rodriguez and Montreal 2009;
Zhang and Marfurt, 2011;). Deformation of the host rocks induced by igneous bodies,
can result in forced folds. Forced fold were first defined by Stearns, (1978) as “folds in
which the overall shape and trend are dominated by the shape of a forcing member
below”. During the past two decades, several studies have shown evidence of the

relationship between igneous sills and overlying forced folds (Hansen and Cartwright,
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2006; Jackson et al., 2013; Magee et al., 2014; Alves et al., 2015; Schmiedel et al., 2017;
Infante-Paez and Marfurt, 2017).

In this chapter, | analyze a series of folds that are spatially related to andesitic
volcanoes. In order to understand that spatial relationship, | examine several 2D and 3D
seismic surveys from different locations that connect exploration wells that targeted four-

way dip closure of deepwater reservoirs.

Drilling History in Permit PEP 38485 Offshore Taranaki Basin, New Zealand

A total of sixteen wells have been drilled in the permit area PEP 38485, where
nine of them targeted structural traps associated with volcanic cones.

According to well completion reports, the Kora-1 well was drilled in the 1980’s
by Arco Petroleum NZ Inc. to test the Eocene Tangaroa Sandstone member with a large
dome structure associated with a Miocene age “volcano”. The well was drilled to a TD
of 3421m (11,224 ft.) and encountered significant indications of hydrocarbons in the top
of the Miocene volcanic section and in the upper and lower Tangaroa Sandstone. Results
of three drill stem tests (DST) evaluating the Tangaroa shows indicated that the Tangaroa
Sandstone member was a tight formation. However, the Miocene volcanic sections were
tested as a sidetrack Kora-1A. A long-term production test was conducted which resulted
in 32 API oil flow of 668 BOPD for 254 hours. Following the success of hydrocarbons
found in the Miocene volcanic wells Kora-2, Kora-3 and Kora-4 were drilled to keep
testing this volcanic potential. Only shows were found in wells Kora-2 and Kora-3
whereas Kora-4 was barren of hydrocarbons. Therefore, the 3D Kora seismic survey was

acquired in 2006 with the objective of imaging the Miocene Kora Volcano.
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Mangaa-1

The Mangaa-1 well was the first exploration well drilled to total depth of 3553m
by Hematite Petroleum N.Z Ltd. The primary objective of this well was the structural
closure of the Upper Miocene-Pliocene Mangaa sands. Although not discussed in the well
report series, | hypothesize that the targeted structural closure was due to differential
compaction over the deepwater Miocene-Pliocene sediments related to an older volcano
below the target turbidities. The well was plugged and abandoned. (Awatea-1 well

completion report series)

Te Kumi-1

The Te Kumi-1well spudded on 21 March 1988, drilled to a TD of 3824 m on 21
April 1988. The well was drilled as an exploratory well in the PEP 38485 permit area,
offshore New Zealand in the Tasman sea. The primary objective of this well was to
evaluate structural closure and potential hydrocarbon production of the Pleistocene,
Miocene and Eocene sediments. The well was plugged and abandoned as a dry hole. No

testing was done (Te-Kumi-1 well completion report series).

Tua-Tua-1

The primary objective of the Tua-Tua-1 well was the Upper Eocene Tangaroa
Sandstone. This well was drilled in Taranaki Basin, targeting an anticline which is
dissected by a series of normal faults. This structure has three-way dip closure and is
dependent upon a graben-margin normal fault to the East for complete closure (Tua-Tua-

1 well completion report series).
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Kora wells

The Kora-1 well was drilled in 1988 by Arco Petroleum NZ Inc. to test the Eocene
Tangaroa Sandstone member with a large dome structure associated with a Miocene age
“volcano”. The well was drilled to a TD of 3421 m (11,224 ft.) and encountered
significant indications of hydrocarbons in the top of the Miocene volcanic section and in
the Upper and Lower Tangaroa Sandstone. Results of three drill stem tests (DSTs)
evaluating the Tangaroa shows indicated that the Tangaroa Sandstone member was a tight
formation. The Miocene volcanic sections were tested as a sidetrack Kora-1A. A long-
term production test was conducted which resulted in 32 API oil flow of 668 BOPD for
254 hours. Following the success of hydrocarbons found in the Miocene volcanic wells
Kora-2, Kora-3 and Kora-4 were drilled to keep testing this volcanic potential. Only
shows were found in wells Kora-2 and Kora-3 whereas Kora-4 was barren of
hydrocarbons. For this reason, the 3D Kora seismic survey was acquired in 2006 with the
objective of imaging the Miocene Kora Volcano (Kora-1 well completion report). No

further Kora wells have been drilled to date.

Awatea-1

Awatea-1 was spudded on 24 September 1996 and reached Td of 3255 m on
October 1996 as a vertical wildcat well drilled on a structural closure, offshore North
Taranaki Basin (PEP 38485). The primary objective of the well was to penetrate and
evaluate the Pliocene Mangaa Sands. The Mangaa sands encountered exhibited good
reservoir quality but were water bearing. No testing or coring was performed. Awatea-1.

The well was plugged and abandoned (Awatea-1 well completion report series). Although
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not discussed in the well report series, | hypothesize that the structural closure was in part
due to the faults associated with the compaction of the paleo-sediments where an andesitic

volcano formed.

Albacore-1

Albacore-1 was a vertical exploration well designed to evaluate two series of
Lower Pliocene and Upper Miocene turbidities. The target was a combined stratigraphic
and dip closed turbidite fans, draping a mid-Miocene volcanic edifice in the North
Taranaki Basin in permit PEP 38485, offshore Taranaki New Zealand (Alabacore-1 well

report series).

Kanuka-1

The Kanuka-1 well spudded on 23 October 2007 and reached a total depth of
2879m TD on 1 November 2007. The primary objective was to evaluate the hydrocarbon
potential of the Lower to Upper Miocene sand sequences laid down in a basin floor fan
setting. These units have variously been called the Mt. Messenger sands, Mohakatino
sands and Moki sands. Secondary objectives were to understand the stratigraphy and
reservoir quality of other formations within the Pliocene and Miocene section. Structural
closure had been mapped from the Late Miocene down to proposed TD using recently
(2006) reprocessed 2D seismic data. Closure is subtle and is more pronounced on the
depth maps than on the TWT maps. Although not discussed in the well report series, |
hypothesize that the structural closure was due to differential compaction over the

deepwater Miocene-Pliocene sediments related to an older volcano below the target
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turbidities. This well was plugged and abandoned (Kanua-1 well completion report
series).

The remaining of the exploration wells drilled in PEP 38485 (Figure 4.1) targeted
four-way dip closures of the Eocene turbidities. However, these structures were not
associated with magmatism, but rather with basement highs (Moana-1 well completion

report series).

Potential hydrocarbon traps associated with andesitic volcanoes.

Subduction related volcanism can produce giant domes with four-way dip closure
both in the pre-magmatic and post-magmatic sequences. In the pre-magmatic sequence,
the host rock is “jacked-up” due to the emplacement or growth of a magma chamber in
the lower crust because of the partial melting of the subducting slab. Once volcanism has
ceased and a volcanic cone becomes buried by sediments of the post-magmatic sequence,
the sediments around the volcano suffer differential compaction because they are softer
than the more rigid volcanic edifices, resulting in a dome structure.

Exploration in the offshore Northern Taranaki Basin began in the 1980s. In PEP
38485 most of these wells targeted deepwater deposits either from the Late Eocene or
Mid to Early Miocene. Of the 16 exploration wells drilled in PEP 38485, only six of them
did not target structural trap associated with volcanoes. (Figures 4.2-4.6), suggesting that
volcanoes can be beneficial to hydrocarbon exploration.

Summarizing the drilling history of permit PEP 38485, the main target plays in
this area exhibit four-way dip closure of Eocene and Miocene-Pliocene turbidities

(Figures 4.2-4.6). | hypothesize that the four-way dip closure of Eocene turbidites are
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associated with the emplacement of magma chambers that fed different Miocene
volcanoes. Following Bischoff et al.’s (2017) terminology for strata that predate and
postdate volcanism, the Eocene turbiditie plays in this study area are “pre-magmatic”
turbidite plays and the four-way dip closure of the Miocene-Pliocene turbidites associated
with differential compaction of softer sediments deposited around the more rigid volcanic
cones are “post-magmatic” turbiditie plays.

Since the nature of these four-way dip closures is very different, | distinguish them
based on their mechanisms. The Mega forced folds of the pre-magmatic sequence are
formed by elastic bending of the host rock similar to the deformation induced by intrusive
sills (Schmiedel et al., 2017). Whereas the Mega forced folds formed by differential
compaction of the post-magmatic sequence are created by the greater loss of porosity of
the sedimentary rocks compared to the more rigid andesitic volcanoes (Hansen and
Cartwright, 2006). Here, | introduce the prefix “Mega” to indicate structures with large
(>20 km?) four-way dip closure areas that formed above emplaced large igneous bodies
(e.g., a magma chambers or andesitic stratovolcanoes), in contrast to the forced folds of
~10 km? of closure area formed by igneous sills documented by Hansen and Cartwright,

(2006).

Mega forced folds Mechanisms
Elastic Bending

The elastic bending model, as presented by Hansen and Cartwright (2006) and
Schmiedel et al. (2017) is associated with intrusive sills where the volume of the magma

intruded is responsible for the amount of uplift in the host rock. Figure 4.7 shows a
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composite vertical section where wells Ariki-1, Moana-1 and Kora-4 penetrate the top
Oligocene and the top Eocene. The available well control reveals a difference in relief of
at least 400- 500 m (~500 ms TWT) in the Eocene strata and 500-600 m (~600 ms TWT)
in the Oligocene strata. The total uplift should be more than the difference in elevation
found in wells Moana-1 and Kora-4 (~400 m) because Kora-4 drilled the flank rather than
the crest of the Eocene strata (Figure 4.7). In this portion of the basin (west of Taranaki
Graben) tectonic activity is absent (Giba et al., 2013). Therefore, the difference in relief
is likely related to volcanism. There is no reason the 600 m uplift had been produced by
a single vertical pipe that fed the Kora volcano. Such pipes have been reported to range
from tens to hundreds of meters. Following Morley (2018, in press) | suggest that this
uplift is due to the emplacement of a magma chamber located at unknown depth. A similar
magnitude in uplift (about 500-700ms TWT) can be seen in seismic sections imaging
Tua-Tua, and Te-Kumi volcanoes (Figures 4.5-4.6).

In terms of the reservoir trapped by these forced folds, they would be dependent
upon the original depositional environment prior volcanism. The Mega forced folds
formed by an elastic bending mechanism can trap reservoirs from any depositional

environment (e.g., carbonates, deepwater-shallow water clastics etc.)

Differential Compaction

In contrast to the elastic bending mechanism, differential compaction folds are
formed after the igneous activity had ceased and the volcanoes became extinct. These
folds form because the sediments are less rigid than the volcanic cone, and thus, compact

more under the load of subsequent sedimentation. The expression for such mechanism is
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associated with a divergent geometry of the stratal reflections within the overburden
because of a more gradual evolution of fold amplitude during vertical loading under
increased burial (Hansen and Cartwright, 2006). Thus, the structural relief of the
sediments deposited on top of the volcanoes appears to “heal” as the strata become
stratigraphically younger away from the volcano (Figure 4.8). Since the andesitic
volcanoes from the Mohakatino Volcanic Belt grew in a deep-water environment the
sediments that buried them are mostly deep water clastic sediments. In some cases, they
are not completely buried by deep water clastics and are late buried by progradation of
the continental shelf (Figure 4.11). Thus, the Mega forced folds associated with a
differential compaction mechanism could be trapping either deep water or shallow water
sediments.

Due to insufficient 3D seismic data to image multiple volcanoes in the Taranaki
Basin, | am unable to construct a quantitative relationship between the size of the
volcanoes and the area and relief of such compactional folds. Nevertheless, based on less
optimum 2D seismic surveys, that, | found a positive relationship regarding the size of

the andesitic volcanoes and the size of the compactional fold (Figures 4.2, 4.3 and 4.8).

The Kora submarine volcano as an example of mega forced folds associated with
andesitic volcanoes.

The excellent data quality and three dimensionality of the Kora 3D survey allows
me to better study the geometry and dimensions of these Mega forced folds. Relying on
Morley (2018), the size of the forced folds developed due to elastic bending will depend

mostly upon the size of the magma chamber. Figure 4.9 shows the Mega forced folds

121



associated with the Kora VVolcano. Based on the well data (Figure 4.7), the structural relief
induced by the hypothesized magma chamber that fed the plumbing system of the Kora
Volcano is up to 800 m of uplift in an area of ~ 170 km? (~13x14 km) within the pre-
magmatic sequence. The amplitude (800 m) and lateral coverage of the uplift (170 km?)
is validated by the difference in elevation between wells Moana-1 and Kora-4 (Figure
4.7). On the other hand, the post-magmatic sequence deposited about and above the
volcano suffers differential compaction resulting in the development of Mega forced folds
that have a closure area of about 76 km? and a vertical relief up to 200 m. The pink
polygon in Figure 4.10a defines the aerial extension of the Kora volcano in comparison
to that of the forced folds. The spatial relationship of the Mega forced folds and the Kora
volcano indicates a causative relationship between the two.

I use a deterministic approach to estimate the hypothetical capacity the differential
compaction Mega forced folds of the post-magmatic sequence could store, if fully filled
to the spill point. I assume a net to gross ratio (N/G) of 50%, an average porosity (&) of
20%, an oil saturation (So) of 80%, and a formation volume factor for oil at initial
condition (Boi) of 1. These are reasonable ranges for a shallow water uncompacted
sandstone reservoir. The bulk rock volume (Vb) is calculated using the surface of the
Pleistocene along with a constant spill plane via commercial seismic interpretation

software, which gives a bulk rock volume Vb of ~16 billion barrels.

00IP =

(Vb)(N/G) (9)(So)

Boi @

Inputting these values into PetrowWiki 2018’s variant of the Original Oil in Place

(OQIP) equation (1), gives OOIP of ~ 1.28 billion barrels. Estimation of hypothetical
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hydrocarbon volumes for the pre-magmatic sequence becomes more difficult since these
strata have also been deformed by the plumbing system of the Kora volcano such as, sills,
dikes, and possibly laccoliths. However, based on the bulk rock volume Vb of ~400
billion of barrels results in an accumulation that is at least one order of magnitude larger
than the one stored by the post-magmatic sequence, assuming the trap is filled to the spill
point.

A critical factor is the environment of deposition in which the volcanoes grew.
The Kora volcano is thought to have formed in a deep marine environment of about 1300
m of water depth (Kora-1 well report series). Therefore, sediments that began burying
Kora were deep water clastic sediments (mostly mudstones). However, Kora became
completely buried by the progradation of the clastic shelf (Figure 4.11), indicating that
the four-way dip closure of the sediments in the compactional folds are shallow water
sediments from the shelf that are Pleistocene in age sediments, rather than forced folds
which trap deep water sediments.

Although only some wells have been drilled into the structural traps created by
the andesitic volcanoes (Mohakatino Volcanic Belt) in the offshore Taranaki Basin, there
is still tremendous potential where other similar-size and larger volcanoes occur and
create Mega forced folds. (Figures slides 4.12-4.18). From these vertical slices it is
possible to note that compactional folds exist at different stratigraphic levels associated
with the more rigid andesitic volcanoes.

Figure 4.19 summarizes the main finding of this chapter showing three different
andesitic volcanoes that form at different ages and present compactional folds above

them. The sediments draping on each one of these volcanoes are of different age and may
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represent different depositional environments. Furthermore, although most of these
volcanoes were mapped by Giba (2010), there may be additional andesitic volcanoes that
have not been mapped by the 2D seismic surveys, promising a myriad of untapped

different potential plays in Taranaki Basin, New Zealand.

LIMITATIONS
Although the interpretation and findings in this chapter were exclusively from
offshore New Zealand, | emphasize that similar “Mega forced folds” do occur in various

sedimentary basins where volcanism is associated with subduction.

CONCLUSIONS

Contrary to the common belief, volcanism can be of significant help in creating
Mega forced folds (giant structural traps).

The interpretation of the 3D Kora seismic survey reveals that there is a causal
spatial relationship between the Kora volcano and Mega forced folds in the strata that
pre-dates and post-dates the formation of the Kora volcano. | find that building of the
Kora volcano can cause: (1) deformation of the pre-magmatic strata creating large scale
folds (>170 km?) with a topographic relief of up to 800 m. Such deformation is probably
due to a magma chamber growth or inflation into the upper crust. (2) development of
large (=80 km?) folds with topographic relief of up to 200 m in the post-magmatic
sequence through differential compaction of sediments deposited around the more rigid

Kora volcano.
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These Mega forced folds have the potential to create giant fields depending on the
size of the emplaced magma chamber and the size of the resulting eruptive volcano. In
the Taranaki Basin, New Zealand, these volumes are greater than 1 billion of barrels in
the post-magmatic sequence and even larger volumes in the pre-magmatic sequence. Of
course, the trap is only one element of the petroleum system. Therefore, there must be a
mature source rock that can charge the previously formed traps through adequate
migration pathways, and top and lateral sealing rocks that prevent the hydrocarbons from
escaping the trap.

It is my hope that this study can help remove the misconception that volcanic
systems only pose a direct threat to hydrocarbon exploration in sedimentary basins

affected by volcanism.
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Figure 4.1. Study area showing exploration wells drilled in the offshore Taranaki Basin
permit area PEP 38485 as well as the approximate location of the seismic vertical slices
of subsequent figures.
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Figure 4.2. A N-S vertical slice through the seismic amplitude P95 2D survey showing
the Mangaa-1 well which targeted the structural closure of Miocene —Pliocene turbidities
associated with andesitic volcanoes. Blue dotted lines point to some folds. Seismic
polarity indicated by the red-blue-red wavelet insert. Location of line shown in Figure
4.1. Seismic data courtesy of NZP&M).
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Albacore-1 Andesitic volcanoes | Miocene-Pliocene Turbidities

Figure 4.3. A N-S vertical slice through the seismic amplitude P95 2D survey showing
the Albacore-1well targeting the structural closure of Miocene—Pliocene turbidities
associated with andesitic volcanoes. Blue dotted lines point to some folds Location of
line shown in Figure 4.1. Seismic data courtesy of NZP&M.
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Figure 4.4. A N-S vertical slice through seismic amplitude volume showing the Kora-4
well targeting the structural closure of Eocene turbidities associated with the Kora
volcano. Yellow dotted line indicates the Top Eocene. Location of line shown in Figure

4.1. Seismic data courtesy of NZP&M.
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Figure 4.5. A NE-SW vertical slice through the seismic amplitude P95 2D survey
showing the Te Kumi-1 well targeting the structural closure of Eocene turbidities
associated with the Te-Kumi volcano. Yellow dotted line indicates the Top Eocene.
Location of line shown in Figure 4.1. Seismic data courtesy of NZP&M.
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Figure 4.6. A NE-SW vertical slice through the seismic amplitude P95 2D survey
showing well Te Kumi-1 targeting the structural closure of Eocene turbidities associated
with the Te-Kumi volcano. Yellow dotted line indicates the Top Eocene. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M.
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Figure 4.8. A N-S vertical slice through seismic amplitude P95 2D survey showing mega
forced folds associated with the Manga volcano. Notice how the structural amplitude of
the folds decrease as they decrease in age farther from the volcano. Location of line shown

in Figure 4.1. Seismic data courtesy of NZP&M.
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Differential Compactional Mechanism

Kora Volcano outline
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Figure 4.10. Mega forced folds associated with the Kora volcano showing (a) differential
compaction mechanism on post-magmatic sequences according to Schmiedel et al. (2017)
and (b) elastic bending mechanism on pre-magmatic sequence.
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W E
| Andesitic volcanoes . — Mega Forced Folds

TWT (s) |

Figure 4.13. An E-W vertical slice through the seismic amplitude P95 2D survey showing
folding of the post-magmatic sequence due to differential compaction of softer sediments
about the more rigid andesitic volcanoes. Location of line shown in Figure 4.1. Seismic
data courtesy of NZP&M.
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| TWT (s)

25

| Andesitic volcanoes

Figure 4.14 . A N-S vertical slice through the seismic amplitude P95 2D showing folding
of different horizons of the post-magmatic sequence due to differential compaction of
softer sediments about the more rigid andesitic volcanoes. Location of line shown in
Figure 4.1. Seismic data courtesy of NZP&M.

Andesitic volcanoes

Figure 4.15 . A N-S vertical slice through the seismic amplitude P95 2D survey showing
folding of different horizons of the post-magmatic sequence due to differential
compaction of softer sediments about the more rigid andesitic volcanoes. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M.
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Mega Forced folds ~ | Andesiticvolcano | |

Figure 4.17. A N-S vertical slice through the seismic amplitude OMV 2005 2D survey
showing folding of different horizons of the post-magmatic sequence due to differential
compaction of softer sediments about the more rigid andesitic volcanoes. Location of line
shown in Figure 4.1. Seismic data courtesy of NZP&M.
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= Mega Forced folds

Figure 4.18. A N-S vertical slice through the seismic amplitude volume from the
Parihaka 3D seismic survey showing folding of different horizons of the post-magmatic
sequence due to differential compaction of softer sediments about the more rigid volcanic
cone. Location of line shown in Figure 4.1. Seismic data courtesy of NZP&M.
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CHAPTERS
CONCLUSIONS AND RECOMMENDATIONS

In this dissertation | have shown that the seismic expression of igneous bodies
often mimics that of other facies of exploration interest. VVolcanic cones may appear
similar to carbonate build ups and exhibit a similar high impedance contrast and internal
reflectivity. Volcanic mass transport deposits look like siliciclastic mass transport
complexes. If one does not properly account for polarity, igneous sills/volcanic piles can
be easily misinterpreted to be hydrocarbon bright spots. In many situations, identification
and linkage (in-context interpretation) of the diverse architectural elements that compose
the volcanic system described in this study (igneous sills, forced folds) provide the means
to avoid such interpretation pitfalls.

I also showed that volcanic rocks of andesitic composition show distinctive
patterns in seismic data that can be exploited using machine learning algorithms to
identify and map their geomorphology. | find that, clustering seismic attributes that
highlight the continuity, amplitude and frequency of the volcanic facies using SOM,
provides a means to identify architectural elements such as lava flows, pyroclastic flows
and subaqueous landslides associated with the andesitic Kora Volcano. Although the
patterns of interest in my research represent volcanics, | believe this approach can be
applied to similar monogenetic seismic patterns.

In addition to acting as potential reservoirs, my study finds that andesitic
volcanoes can create giant structural traps in both the pre- and post-magmatic sequences.
Deformations of the pre-magmatic strata appear to be caused by inflation or growth of a

magma chamber that results from subduction of oceanic crust underneath continental
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crust, whereas deformation of the post-magmatic sequence occurs due to differential
compaction of softer sediments around the more rigid volcanic cone or sills. The
volumetric capacity of potential hydrocarbons the Mega forced folds of the post-
magmatic sequence above the Kora volcano can accommodate is more than 1.0 billion of
barrels of oil if filled to spill point.

Although one should be careful in defining hydrocarbon prospects in andesitic
volcanic terranes, the presence of igneous extrusive and intrusive rocks can pose a
positive rather than a negative impact to hydrocarbon exploration in sedimentary basins.
Therefore, | recommend interpreters to not condemn a new area because the presence of

igneous rocks, but rather to properly evaluate their impact to petroleum systems.
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Seismic expression and geomorphology of igneous bodies: A Taranaki
Basin, New Zealand, case study
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Abstract

Wery hitile messiarch has been done on voksnde mscks by dhe o industry due to e misooneeplion that Gese
ks czmnat bee “godnd resseroodne.” Heosrever, in the st b decdes, significant quemtities of hy drocadons have
bt proxtucesd Fom voleanie meks in China, New Zealanad, and Argentina. In Fontier basins, voloanic pils are
st rmess misinberpoesbed to be ydmocarbon anomalies andfor carbonade buikiupes. Unlikee clastic and cadwmade
sy s, the 3D seismic geormorpihodogy of igneous syl mes is only partially documented. We hane inbegraded S0
meiermie diian, well logs, well mepeorts, oome data, and ¢hebering tec bniques sueh s sdForganddng mops o meg two
distinet Facies (pormoclastic and bova Bows), within a Miooense sulrma rine voleano in e Taranaki Basing New
Eealand. Theee wells Ko 1=3 drilled the pyroclastc facies within the voleano enoounbering evidenoe of a petm.-
lenmm sysierm, wihee reses e Ko -d wee Il drillesd the BavaeDon faciess, whic hewss barme nofhyedmoe arbaons. By inbegating
s P g@eoe hermistry anad beesin modeding repaorts preparesd for Crosn Mineral, Mew Zealand, we conchdd
that the resseon thed Eors-d was dey was due 10 a ek of soumee charge — nod boithe abeenee of mssenodr quality.
Maoreover, the Korae 1 well drillsd a thick sequenoe {31000 m) of pyrosclestic Qows in this sulamocine wbonao by

whamete smal fumad highpeeskes of geesin the moasdogs nesr the dopy 25 m ol this sequence. & onghbenm besct in this upgeer

1 mection

el in 32 APT odl Oow of 668 harmeds of all per day for 254 h = a rsuli thet challenges: fhe

Introduction

Althowgh igneons ntrisive amd eomsive rocks are
e inthe Morth Sea, Mew Zealand, northwest Aws-
tralia, Arpenting, ofshom Bragl Ching amd other oil
provinees aroumd the wofd, thene is only limited docie
moentation of the seismic expression of iEneos rocks n
AD sedsmie data. In most cases, gneous moeks have lim-
ited impact on the exploration objective, unless some-
one i unfortunste o drill a bright spot heving the
wrong polarity (Alvez o al, 2015), or a nonmagnetic
volcanie phig masquerading as a carbonate budldup
(Elarmer of al 20061 I some cases, the thermal effects
of igmeois ntrisions can benaficially affect the mate
rity of soure rocks, by inrensing the geathermal gra-
dient and placing immabume source pocks within the ol
windbow (Holfomd e al |2003] and this stedy). Howeer,
inm others cases, this irease in banperatune may
adversely aflfect the matuty of hyd mcarbons by over-
copking the soume rock (Barber et al, 1988; Kingston
and Matzko, 1995). Volcanie facies can also act a3 seals’
trages { Holford et al |, 2003 and if fractured, they semve
as migration pathways (Rateau et al, 2013). Similady, a
violeande fow might form the eservoir (eg, Thang and
Marfurt, 20117 Dedping awd Bermasdes (2008) draw on

espeerienees in e Moo en s San Jorge Basins of Ar-
genting andd Bolivia anad finad thet i e onss intmesions can
imrense ad decrease eservolr permeability and may
also give rige to fractumes inoverlying clastic reservoins
throgh differential compaction on batholiths. Faroosgi
et al (AW provide an eocellent summary of the rich
divesity of igseous reservoirs from arownd the word
e oo theee boey reanes of dentify ing | meons et ons
and intrissions is throwgh tedr morphology, either seen
im & vertical section or throwgh the anmboate time and
hertzom slices. Planke ef al. { 206, Elamer o al (2004),
Jackson et al. (2013), Alves et al 2005), s Delpinog
ansd] Berronn che { 2008 a5 well fs others G that imeons
sills often appear to be of high amplinge and bowl
shaped, climbing wpward to form a stacked bt offizet
pattern. Blarmer o al {(306), Pena et al (200807, and
Zhamg aowd Marfurt (201 1) all magy tee charaete ristic wol-
canie comnes seen on the earth’s surface, although the
asspeiabed voleanie Nows amd (T appear similar to
mEs-tEnspon completes and other sedimentary Ba-
tures, such as bva fows that rimie distdbotary chane
etk maapped by MeAndle et al (2004). We have not seen
any clear images of feeder stocks on data that we have
analyzed from Mecioo, Ching, or New Tealand, with the
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chaotic eolumm of amplitede beneath a voleanic cone
being overprinted by velodty pullap and degraded
imaging on tme-migrated data volumes The second
anthor las fomed nearvertical dikes to be vy wel
imaged by colerence volumes in the San Jonge, Sanios,
MNeoquen, and Portigusr Basing of South America,
altlrgl none of these images have bean released
e ebalicztion. Blarmer etal. (2006 find thet jdentify ing
eagily imaged Batumes is key to identifying subiler or
peotentially misleading arclitec turml elements of avoles
nilastic system. Specifically, the presence of deeper
sills near te shallower volcanic venls i 4 key warning
teat they may not be carbonate collapse feahires or
buikiups. Sech feature dentification aml awareness
s ome of the man objectives of this special issee in
I .

In addition o a specific geomonphaology, imeons
riocks often exhibit anomalows mpedances. However,
Blarmer et al {2006 finad theat high-imgsedance volcanic
st amsd I g i ped me e carbonate budbdups can be
sifikingly similar. Delpino amd Bermmsdez (2004) wse
fpeekance dvversion 0 confirm and help to map inme
sive sills thet fingerupwand & ves etal (2005) analyzea

Brazilian survey and show that the polarity & opposite

Taranaki Basin, New Zealand

"WANGANLUI

F

BASIN

Lig ]

Figwre 1. Location of the study area showing the stroctural
style of the hesin and the distribation of voleanic events_ After
Eing ot al {1993), King and Thresher {1996), Thrasher o al

{2002, and Hamsen and Eamg (2006

for igmeos amd gas-charged samd “bright spois. ™ Zhang
il Mzl { 20011 ) wee well condmod o map te reservoir
faries in a voleanic buildup in the Songiao Basin of
northenst Ching. Sarkar o al. (2006) Tind that de in-
terbeed mualtiphes associated with g impedance vok
canie sl can be stmonger then undedying primanies,
sl i ple ke in thee velocity analysis, they can gve rise
T £ TS (s

Beganfless of the naiume of ihe igneows event, three
Tustamental questions weed o be asked when eoplor
g in beasins afecied by magmatic svents. Firs, can we
ensily distinguish exmsive bodies sech s woleases
from cafsonate buildups wsing seismic daia® Seoomd,
oo e oot Dol et petrol e Systenms e gatively
or positivel y? Third, shoukd we always categorize igne
oz Dol i a5 b ingg nonreservois? These ane the ques-
tions that we will try o answer based on tee dala
available for this msearcd

I this paper, we ise seismic amgplinee data o §den-
tily sl map igneos inrfsions sueh as hornfels, sills,
andd dlikes (of which spatial and temporal assodations
are essential for disinguishing exmsive bodies achas
voleanses fhom carbonate buikdeps). We also compsie
geomeric aiifibuies from the 30 seismic amglinse
dhata inclnding dip e tde, dip vt awd ooler
enge bomap tee voleande cone and assodated Faulting
in the differentially compacted overburden We use
selsmic stmtigraphy pricciples asd geomorphology
o i el Wil s s e soiume sl Treg ey atiributes
in s sel Forganizing clustering tee hobgue | se o nranizing
maps [SOMs]) to map prodective amd umgrodective
zomes of the oi-bearding Miotene Kora volcans in the
Taranaki Basin of New Zealand Finally, we investigate
the ressons of the absence of hydmearbons in the um-
prosdisctive zones theowgh calibration of core and well
data present in basin modeling, well comgletion, and
geacleaniziry reporiz peblicly available online in the
MNew Zealand, Petrolewm and Minersls (Ministey of Busi-
s, Innwvation, and Employment, 20067

Geologic background

The smdy area i in the Morthem Graben of the
Taranaki Basin, Mew Zealand (Figure 11 Alihough very
espbensive amd comples, the evolution of the Tamnaki
Basin can e briefly summarized in theee major plases
of deformation: phase one, Crefaceons o Paleocens
(approximately 34-55 ma) extension; phase two, Eo-
cene B0 recent (appmsimately 400 ma) shorening
anll phase tres, Late Miocene (o recent (approxinaiely
12 ma) etension (Giba o al, 201070 Late Cretaceous
extension was responsible Tor dwe breakoop of Gomd-
wand | Bing amd Thrasher, 1902, 19696), whenas shon-
e im e Tarana ki Basinis thaowght to have formed as
a eomsequece of the sulsduetion of the oeeanic Pacilic
plate with the oontinental Avsiralian Plage | Demets
el oal, 1904; Beavan et al, H02). The lasi phase of
deformation in the Tamanalki Basin was the Miocene
anl younger extension [t was accompanied by volean-
Em that commenced al approximately 16 myr amd
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continees at ML Tarana ki toadkay | Meall of al | 1986; Hay-
wanl ef al, 1957; Bergman ef al, 196; King amd
Thrmsher, 1882 ) These voloanic cenlers are mainly stra-
tovolcanesss, of mosty low-medinm K andesitic oompso-
sitiom and, Toggethser Wit Chesr morthenaori e ast-ire ning
aligarent (Figire 1) pamile to the e Miooens sul-
detion margin, suggest that magmas are derived from
thee sulsdiscting Pacific Plate beneath the basin (Berg-
man e al, THHE).

Data set

The tata set available Tor this stedy is shown in Fig-
wre 2, and it inclwdes approgimaiely 300 ki of 30 pre-
stack time migration (FETM) sesmic data aoquired in
2, =i wells with foner of Dhem inside Owe G0 S smie
sprvey (Kom-1-4) ech with caliper, gamma ray, bulk
density, meuiron pomsity, Peonic resistivity logs, amsd
some of dwem with phatoeledric faotor. The operator
of vese wedls drilled in the 19305 was te Tormer ARUDO
Predrodem few Leatand Inc. Basin modeling, geochem-
iztry, aml well-complaion reponts for all the wellk as
well & one 20 PSTM seismic line passing throwgh
e Of the wells outside the 30 sesmic survey am ako
availalie.

Drlling history

Accomiing to e well-comygleti on regsorts, e Bora-1
well was drilled in e 158506 by A RUL Perolesm New
Zealandd Inc to Desst the Eocens Tangama Sandstons
memiser, with a lange dome strscieme associated with
a Miocene age volcano, The well was drilled to a T
of 3421 m {11 224 i) and encountersd signilficant indi-
cations of hwlrocarbons in the top of the Miocens vwol-

canic section amd in the npper and lower Tangama
Banabsione. Hesulis of three drill stem tests (DSTs)
evalmting the Tangama shows Ddicated that the
Tangaroa Samdstonse menbsr was a Gght Tommation
However, e Miooens voloanic sections were ested a2
a siddrack hom-1A A long-derm prodisction test was
comfecied, which resulted in 32 AF il Dow of G668
BOPL Tor 254 e Following the suecess of hydmscarbsons
Tonmed i the Miooene, valcanic wellk hom-2-d wem
drilled 0 Keep testing this volcanic potental Only
shows were foumd in wells Bom-2 amd Bom-d, whereas
Eora-4 was barren of hyd mcarbsons. Therelore, the 30
Rora seEmic survey was acguired in 2006 witl the ob-
Jective of imaging the Miooens Bora voleano.

Lateral extension of the Kora volcano and faults
ssgociated with cooling and collapse of volcanic
edifice

Figure 3 shows a geneml view of e Kora voleans
with an arbitrary inline and orossline in 31 view, in
which difTerent amplinsdeTacies can e easily identi-
N Within thee voleans isell, we can identily two dif-
Terent facies a high-amgplinnde contimeoes Taoes amd
a more Chaotic moderate amplinede fades A bright,
shallow, low-Tequency al eflecior appears above
the voleans. This Eateme may indicate the presenoe
of inorganic gases, snch as water vapsor, cafson & odide,
and sulfur dioxide, which are commaondy Tound in
VOIS

Eisotraetingt a time slice thmmegl the colerenos atibb-
wie al ASD ms shows 4 seanicirolar, ow-onlerenee
feature thal delineates the edent of ihe voloano. The
exiension of the Kom volcano B approximaiely -7 kn

Tarmrak Danis Ko Traland

i v Baaiags

T
- el

Figure 2. Above model of the subduction of Pacific Alase with the Austmalian Plade. Below: 3Dview of tme- struc ture mag of the
Mioorme Enma volcano and neary modem anshore analogs.
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i dismeter, With a preseved peak height of approod
mately 1 kb These dimensions are oomparable with
U moore msdberm Mount Tamnakd { app mocdmatady 4 km
i dliameter andd 2518 m of peak hed gt ) and Mount Hice
et { approimatedy G-1 ki in diameber and 2097 m ol
peak hedght) analops in e Tamnald Peninsula, New
Levalanad Normeal Baulis ave observed a8 low-colsnenos
radial patierns similar to those created by salt diapirs
{Hojo o al, 2016) {Figure 4). Unbke sall diapirs that
credle Uwese radial-fault pattems by upwand modgration
bresbking thromgly e host mocles, dve oooling and ool
lapee episodes of e volcanic body are responsibibe
Tor prosdiscing the mdial-fanll patierns. Sech a hypo i
esi can e proposed becanse ths delmation s
observad in sedimenis above the volcano, which posk
date the volcanic activity (the 2060 ms tme slice culs
mainly postvoloank sediments). Hadial Taall patterns
like thise areated by e Rora voleand am likewise
docimended by Giba o al (2001.4) also in the MNorthern
Limalsen Of the Tamnakl Basin Simiarly, conendering
vohimetric dip aximith and dip magninede, we image
Uee viodcano and e mdial normal Gaults, showing e
dlirection in which both events are dipping The difTer
ent codors in the voleano indicate a dome st o
{ Figure o).

intrusive ignecus bodies and seismic amplitude
variability within the Kora volcano

Although not extensively dommented in selsmic
ilata, the most common features elated o igeous
Ietnilli e are indAesive sills like thise described by Plaks
et al { 1594980, Hollford et al (20035, Jae ksom ef al . {X153),
amd Alves of al {2015) as well & more recently by Ma
gee o al (A ) and Uorez and Cetalte-Sanios (A016).
T cateh the elements created by Qo episodic Mioeens
MA@tk events, we creale sedquential vertical seoions
willh different ofentations throwgh the amgdinsie vol
e (Figures 6, 7, 4 and 91 These vertical amplinusde
e tiomes shaow thse Gommne: Shapse OF the: &op of Dee vol oo
exhibiting higl amplitsde 115 bright anplibede at the
iop s dee o e highdmpedance oonirest between

Figwed. Arpresenzive 3Doomposie sec
tim of the amplitude dam showmng the Enm
volano and the good signaléo-noise mto
allmwing the identificaton of different setsmic
faries related to the vol cann

SK12 Intepetation / Auquet 2107

Fignre 4. Time shoe 2t 2050 ms thrugh $he coherenoe seis
mac adiribuie . The o menlar lowscchenenos feasones {rod armore )
delimeatrs the exent of the valrann Noee the waeochenenos
mdial fank pattemn (yellow ammows). The foar onlared dots m
sde the voleano represent wells Kora- -4

Figonre 5. Tmme shee at 2050 ms thmough e dip 2zzmeh
mahilated by dip magniinde setsmic valumes Like the pre
vimus figure, this attrihige il hmminates e voleana and the =
dial famlss, showing the direcion in which hoth events are
dmpmng The diffrrent colos o the voleano indicate & dome
structure. The four black dots mside the volcano represent
wrlls Korad-d

G o ¥
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ithe siliciclastic sediments awd voleanic meks Asoo-
ated with this Miooens imwors iDIAEON are Saweer-
shaped sl dikes, a s chimpey emanaling fom the
cenier of the voleass, and e ragma conduit distin
muskalle from other elements of the volcano by
e anordously low sesmic amplinsde Sedimentary

Time (5§

Figure f. Vertical secton XX hrough the setsmic amplitude
volume_ The high reflecindty of the top of the voloano s due
to siiciclsticignems mpodenos contrest The onlapping
wdge &t hoth sides of the vol cano indicates that the voleano
formed hedore than the wedges.

Figure 7. Vertical section Y through the seimmic amplitude
volume. The arangr amow paints o 2 calzoed high-amph
tnde, wdfraquency event, which we mtegret to he 2n mor
gamc ga= chimney emaneting from the valcano, Notice the
same cnlapping wedges 22 both sides of the volcano shown
in the previous figure, mdicatng the valeana formed befhoe
the wedgres

wedges aleo oomirred at both sides of the volcano indi-
cating thet the igneous by B formed before the
weddges | Figures 6-U).

Figure 10 displays a vertical amglinede section (s
trating “sancer -shaped inmsive bdies, in which the
ligh-amplitede and discontimeos maime B oevident
The upward migration of these intresions deforms he
surmiinding sedimens creating Torced Tolds, Tauls
{Jackson o al, 2003 Magee et al, 2004; Alves et al,

el i e e

Figure 8. Vertical section XY through the seismicampiude
volume. The oenge smow mdicatrs apopaup structure, which
s prohahly the msult of magma rsing and hraking nto the
hast rock, creating 2 aone of homfels. Naoge sgam the high e
fecthvaty and the onlapping wedge 2t hoth sides of the volcano
sern in the previos figues, mubicating thes the woloano
formed hefore than the wedges

Figure 8. Vertical secton X2 throug h the: seismicampliudes
vohume. The oenges amows indicate two pop-age sochre,
which we mirrpeet i be the resnltof magma rsng end break
mg mio the host mock, cresting 2 zone of hom#ds The oyan
srrow indicades an mErusve sl] chorserrmed by locsloed
high-amphimde refiecnm

mtation / August 2017 BK125
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2l 5), and possibly omlels sueh as tse desorilsed in
ot by Libso fus-lrarada and Tazmo (2012 ) { Figeres 3
amnd H). The spatial distribution of these sills s s
rated wsing a sel of corendered tme slices though
e instantaneons envelope attribute Figure 11 shows
the semicircular distribution of these intresive sills
st e viosdean, allowing s to hypotlesize thatl Dhese
inrusions are relafed o the same magma comdeit theat
later created the Rora violeano in the Early Miooens.
Such distributions of ik can e seen as evidens
Tor multistage volcanie episodes within the KEora vol
cand edifice

Lithologic composition of the wol canic/
voleaniclastic sequences from well completion
reports

A vertical random line theon@h all the wells available
i thee sty area shows difTerent seismic Tades regand-
ing the volcanicvokcaniclastic sequence. Becamse the
Ariki-]l well B ouside the Rora 41 survey, we e an ad-
diional available 21 FSTM sesmic sedion that ag-
ments e Al selEmic survey and tes the Akl well
{ Fligure 12). The Arili-1 well culs through some chaotic
sedsmic facies similar bo mass-Aranspon deposits (MTDs)
documented by Posamentier amd Rolla (200683), Lee
el al (2], Dallas et al. (2013, and 06 o al {2016)
theat originated fmom the western fank of the vooano
The wedl comgsletion repsor reads cobtings Trom e i nter-
val 2254 102566 m as voleanic astie degsosiee TolTaeeous
material is most alvomdant in e lower part of the forma-
o A derrenses upwand, reflecting the waning of vol-
canie activity. The lithology varies from gay misdstones
with a [ufBceons maidx, iscleding Diodve, ohdoribe,
prite, anad at the base, light to modermie gray sandy hulTs
These nulTs contain alsmumdant angular to sebanguar, fine
Tty meddivnm peeoy soried clasis of biotite, g, oliviee,
Tstnirmadsl e, avad apshend tie material togedver with quanz
amd Teddspar of sedimentary and vwolcanic ofgn

The Rom wells 1-3 drilled through the crest amd
eaziem Mank of the volcano, which are charactermed

Figmre 10k Vertical section Y2° throngh the
sesmmc-ampbinde volume The high-amph
tude kcalized reflectors at the botinm of
the figure represent mmsve slls. Their prn
cpal chacteristics are high-amplinde “17
or “murer” shapesd, desoribed by Flanke ot
2l (2005) smd Corter snd CewlieSsnins
{2016, which n fum give mse o the bldng
of the previnisly deposiied sedimentary over
burden 2= they nse (blue anmow )L

SKI2 Inerpretation / August 207

by chantic msdermte amplinsde. Acconding o the
Roord 1-4 well-completion reports, kora wells-1-4 cut
through a series of pyrodastic Dows deposits of andes-
ite composition dominated by plagioclase | andesine ),
homblemnde, awl pyroxene. Texiumal clhamdedstics
vary Imim samnd=ize andesite mi brecda o clast-sup-
ported andesite ag@omemies. hdumton qualities also
vary widely from uneonsolidated to welloonsoldated.
Upre data in korm-1 indicate G to @ood porosites (2%
average ], and good ofl shaows at the top 25 m, Dseonming
fair throwgh thee Daose.

Thee Alberoire-1 wedl cuis drowgh sal Vpseppser seiambic
faries The well compleion mepot indicates the well
difilled throwgh 11 m of an aggregate of sandstonse, sily
stoaee, el nusdstone in which asdeditic delriies is a
dominsnd constteent. This detrdine s overall brownish

wray, mainy fine to mediom grained, modesmtely o
ooy sorted, angdar to subangular, ad it compoeed

Fignre 11. Corendered time shees thmough the emelope
attribuie volume dhstadng the seral dstrbutin of deeinm
sve sllk Nowr the crmular distribation of the slls aboa the

magma omduit
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of T quaris amd fekispars, comunon black pymooenss
hornblende with welldeveloped crystal Faces, and yel-
lowish gresn agatite o epibote.

Based on the annlyped seisinie furles and coredu-
tings integration, we can debermine that the MTD-like
faries on the westerm pan are a resull of voloanic sub-
A ek Now. The eastern crest al fanks of the wol-
can o correspond o pyrocastic Dows, amd te sali-amt-
peepper-like facies in the eastern part mler to awbesitic
dhetrines mixed with clastic sands and mousbstomes | ADLT)
{Figure 12}

For utilitarian reasons, e welFliog esop ression of this
o AT Sed e i betber il ustrated by cormelating the
six wells w=ing the top of the voleanic sequens a5 a
fNattensd surface (Figure 13). Berase the gammsamy
tond reads wraniom, Ui, aed potassiom, the low
LA I Y mspinse i doe o e inermediate (in con-
trazt to fekic) magma oomposition (Somasmdamm
et al, 2T of the volean (Kom-1 wel report), which
is mainly oongesed of calcnm plagioclase, pyroxens,
and S0 mme et { Bowen, 15221 Per the mineralogy -
por, se minem gy composition s 429 plagoc e, 5%
Py, @4 guartE, and 31% of smectite day gving
an average grain density of 264 glom®. This grain den-
sty of 264 gfem? & wsed for cakoulating density poros-
ity in e Bora wells, wlkch ranges from 20% to 2604 In
addition, a summarized welblog and a selsmic expres-

siiom ol the wodeand o arcld teetural eleme s are shown in
Figure 131

The seizmic well tes with the Bora wells indicate
thet woells Baorar 1-3 pease trate e same olootic modemte
amplitude selamic e, whemas e KEom-d well pen-
eimmies the highamplinebe contineos sesmic e
(Figure 141 Come pieteres awd descriptions saisble
T thee Bora comgle tion well reports shaw that the vol-
camie rocks penetrsfed by Koral-3 wells represent a
series of alfered andesitic clasts with grain size all the
weay Trore Dl | vl o be sy} o peedilsles e presanting sev-
el sepuences of pyrocastc fows (Figee 151 This
series of altersd andesitic clase exhibits a repeated pat-
temm of fning upward dasts every 5-8 m, which serves
as evidenoe for mufistage voloanic episodes within
the Homolane edifice. Puthemore, sidewall oores
Tron the e volcanie section were faken Trom
Eiorarl wel] foor porosity s pe rines il Ty moessirean ends.
Theer Baosrar 1 woed bowsmegleion peguort meaubs paorosily rages
of %20 and 170240 mD of perneability, wiich
agrees with the log derhed pomsity.

Geomorphology of the Kora volcano

The conic geometry of e voleano makes it neces-
sary o snedy itin different directions. Figume 16 shows
the vertical section B-B in the nortlwest—soutleast G-
rertiong s sedtion crosses well Korm-£ i lstrat ing de

Fignre 12. Yertical section ARCD showmg en additional 20 PSTM srsmic section that angmens the 30 srismic sarvey and ties
the Anki-] well Komwells 1 -3penemaie the valeano gning mibrmaaomn abo ghe chentie moderaie ampliude sedmmic faoes. The
veDow armows indicase two different srsmic faces The Arild-1 well an the wesstern part identifl es TufBeeous saodstones to.clay-
stones, whereas the Ahacore well to the sat enoommiems andesite detrme mboesd w:u:h clastic &rm Corfrmmg that the wm.

knowm sedsnic {acies are in fact related to the voloanie event VMTD, wol i o

mixed with clastic.

t ADC, sndesific detritus

. £ o
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Figure 13 Commelation of all the welkavadlahls m thisstudy. Track 1 displaysthe caliper lng, sk 2 diplas the gamma my, and
track Jdiplays the densty porosiy logs. Secthons are flattened on top of the vaol came sequence for easier comela son. Node the low
gammaray resporss inall the wells consstent with intermedizde vemsms felsicmagma compostion (Somesmmnderam ot al, 2007
The Alhacon: well on the far right only shows ghe iop few fioet of e vol cani e event. The avesge dossty ponsity s approecomately
5% m Eora-1. All wells aoe shown with thear atrd sedsmic exg ]

Figmre 14. YVerocal secoon Al through the
four Ena wells. The wells 2 tied tothe seis-
mi data vsing comentimal seismic wellte
techniques. The seimic ampltude shows that
the chantic moderateamphtud s reflectos ane
prenetrated by wells Eom:l-3, whereas the
stng ocmtmous reflecnms am penetrated
only by well Enmad

SKid Inwrpretation / Aug
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sirong condmeoes awl chaotic reflectors. We also no-
tiee two onlapping wedges at both sides of tee voleand
inficating theat the volcanic activity originated before
these events. Them s also evidence of the g oo
it brenking e host mcks (Blee armow Delow) The
nerile-sonsth vertical section lhe=iraes mainly the cha-
otie sebmie facdes penstrated by wells Eom-1-3 The
magia comiul is also apparent in the selsmic section
evidenced by ithe anomaloes low amplinedes in the
cenier of U vokeang; e onlapping wedges are also
present {Figure 17, Similady, the east-west vertical
section shows o distindtive selEmic fbeies within
the volcano, Wells Kors1 and 4 et chaotic modemte
gl e sl ot highe amplitude rellec toms, -
spectively, the onlapping wedges are also present (Fig-
ure 181 The presence of ihe onlapping wedges n ile
previous fgeres sugress tat these sediments were
alvedd Trom all direcions

Analyzing the core daa from Korm-1-3, we can iden-
Lify the chantie moderate amplinade seismic facies a5
pymclastic fows Althowgh the Eora comgpleion well
reports find no significant difference in mineraloge
corgsition in voleanie rocks pendrated by Eorm-1-
3t e penetmied by Bora-d, the sligly hdgher
gamma my in Korad maybe due to higher clay content
{ possible higher altemtion of plgodase o clay rather
itheum it ooy sedimentation). Thies, the nefere of s
continsos high-amplinsds selmic fueies renains we
kown. For this reason, we wse oustering techodgues
amnd geomorphology to dentify te architecural ele-
ment mepresented by the continuous high-amplineds
seEmic faodes

S50Ms and geomorphology

The 50M is a classilication teclodgie that extmcs
similar patterns inhement in mltple seismic andbaste
vishunes and displays duose similarites ina oolorcoded
gy, withy diifTerent coloms representing GiTerent fades
{Ehao et al, 18], The S0M with detailed steps in owr
wirkllow i slown in Figere 189, The ingast attritisies io

Lm

Eiws | s ¥ Eaaa il Korn &
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Figume 16. Magnified vertical magnified shee BR thoough
the sFmmic amplimde wohme showing e chantic maoderate
empitude reflectors adjzcent to grong omtmous efetors
penctrated by e Komd well An MTD 15 cheerved on e
narthwest flank of the volcana

Figure 17. Magmiied vertical secoon O through the ses.
mic amptude valune showing the chantic maoderate ampli

tude reflectors prnemaied by wells Eoee 1-3 and the strong
commume reflecom m the nonthwest fank. Two differsm
srismic facies are oherved on the onlapping wedges

Fignre 15. Care dai maikbhle for wels
Enrz-1-3 and a cannon of the voleanic faces
pre=ent m Koz The sticky note m Koz is
approxdmately 3 cm i kenggh.
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Teved thee S0OM are tesiume [ laomogensty and entmpy),
peak fregquency, and peak magnitsde airiates. These
attrilyistes ane esorac ted Trom the mw anplinsde data us-
g software developed at the Undversity of Okdalworma
(eg, Matos et al., 2011; Qi e al, 2006).

HalbBeyer (207 defines teiure a8 “an everyday
tern relating to toweh that indsdes suecl conepts as

vy, il by, anad gy W e & tesohere is mowgh to the
tamecly, the surface exhibits sherp differsnces in eleva

tion within the space of your fingertip. In contrast, silky

rasEa

Figmre 18. Magnified veriical section DD through the ses-
amplimde refl ectors penetated by the Eomael well, wheneas
the strong westem contimous reflectons ape penetrade d andy
by the Enra<d well An MTD s olserved on the westemn flank:
of the val Vol cami clastic s are again presentin the eastem

Figure 18 Wordlow implemenied for imsupervised sesmaic

SKI130 Interpretatan £

tesciures esxchilbit very soall differences in elevation®
Seismie teoures work inoan analogous maamer witl
elevation replaced by anglitsde, and the probing of a
figer by arectanmlar or ellipical analysis window ori
enbedd abong e strcire

In geaweral, esture aitribates provide irages that ane
sonmnewhat Tuey and ot very wsefinl for man ndempre
tation. Rather, these afiribses serve as input data to
S0Ms or other chstering algoritlms.

The cormelation of the Kora wells with the homo-
geneity and entmopy  bechire attribotes displays the
confmemes highamplinade fades to havwe valms of
hmogenety amd low valves of entropy.

T aipipatssiibe: i trie Tor e claotic moderate-amgli
tide Facies, sugresting that we can separite these Do
(Figures 20 anad 217, The peak Tregueney modutated by
peak magninsde atribute displays the dominant fre-
qeency for the entive voleanic sequeawe, mndng Tom
app o irsubedy 4055 Hz (Figure 22 Abthougl eschilbit-
ing similar frequencies, low vales of peak ragnineds
are olserved in the center of tee fawe diagram (magma
o chgit) aud i Dsetweean ofi fTerent zones alsout the Bora
4 wall

Consequently, we ingut the eirrguted
ssed e atin butes indo the SOM faces classification. Be
R wWe A wsing four afivbstes at each vosel, our
anealysis is in the 4D agribute space In this case, the
olyjectveat 50M & to it a deformed 2D surface (called
a manifild) distrilastion of the data poing ving in 40
spare. Each data point & projpeded onto the neapest
perrt of manifold, which & dwen mapped o a 20 color
bear. I this rranmer, voxels that heove a similar responsse
{theey Lie mesct to each other in 4D space’) project onto
memrly docations on the manifold aml are displayed
a5 similar oolos. In oondrast, vocels that exhilbit a vwery
distinet agribute behavior {they lie far from each other
in 4D space]l, projed onto diferent paris of the
manifold amd appear as different colors. Details can
be found in Zhao e al (2016 and Eoden et al
2015).

Figure 23 shows a vertical slice connecting the four
Eora wells dhestrating the distribution of the chaotic
s erate anad the contimeos high-amg linsde seismic
facies. The same vertical slice is then shown with
oiif S0M facies dassification (Figeme 24). From this
classificaton, we can observe three distindive colors
{favies] The omnge colors represent e oontimeoes
highamplinede facies, wheness te pumple colors re
present the chaotic moderate amplitisde faces The
third, green-isly, fackes are more representative of the
siliciclastc sediments wsdedying and onlapping onto
the volcamn. [t i still mot clear from this vertical slice
what & e nahiere of this orange facies, which appear
to e more domicn adpeent the Eora<d well
Exiracting the S50M clussification on the top of the
timestrisctre map of the volcano, we can observe
its geomorphology. We observe the omnge facies to
b mindy distriased on the western flank of the vol
can, whereas the purple fwcies appear to e mone
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Fignre 20. Vertxal sbor AL thoough the
srmmac ampltwde vohme corendered wath
the homogrmesty sesmic textore atinboie
The chantc maoderasr-amplitude reflectons
comespond to low values of hamogensty,
wheness the smong contimous refleciors car
respand i high values of homogenety

Figum 21 Vertical section AN throogh the
setsmac amphtude volome oo ndersd with
the entropy se=mic texture agobue Node
that the chanticr modezteamplinde reflec.
tors comespond to high entogy, wheneas:
the strong communs reflectons cormesgaond
to ow emiropy

Fignre 22. Vertical shee comecting the four
Enra wells through the prak foeguency madu

lztedd by peak magniude stribuge. Notice the
frquency cmnient of the volcanic ssuence 5
ryan toblue mdicating frequenoes of apprme

imately 45-55 Hz
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b et in tee eastern Mank and beDwean e orangs
Tacies { Figure 255 4 solid black line is drawn o high-
light these unknown Facies Based on the geomorplol-
oy and srwdural relation to e wlcanic oone, we
inderpret e orange facies to be lava Dows'voleanic
tongnes, such as Uwse repored by Elarner ef al
{2WME) amed MeArdle et al (2004). In terns of the spatial
digtribation in which pyrodastic and lva Oows
exlemt One possible aplanation o why the purple
Tacies {pymclastic Nows) are mor prominent in twe
eastern fank of the voleano amd the orange (e
Nows] facies dominate the westemn flank, may be re-
lated to the pales-water currents Tow ing in the dipee
o of the shoreline amd evidenced by the ADC facies
In thee enst (Figure 12; which appears o kave been
east southeast, like today's Taranaki Peninsula shore-
line), wlvereas the lava fows where dense enough o

Figure 23. Vertical shee connecing he four
Eora wells throughthe seismic smplitude vol
ume showing the disrmgion of the chaotic

maderateamplinds and the srong contim.
o pefl eotons.

Figore 24. Vertical shee oonne ciing she four
Ema wells through the 30M classification
showmg the two distncine coloms (pople
znd yellow) indicating twa different faces
The green facks represnt sedime s, Facies
arn codored hased on owr btent space o,

Tght the water resitance and deposits mainly in te
wastern Mank

Dry-hole analysis

T dbeterming the failere of Borad in the Mioe e
woleanics, we need information alot the soume mek
im the Momhem Graben of Taranaki Bagin Acoording
1o the geochemistry report, a soume mek (Waipawa
Sheake) imterval is pemerated by well Ariki-1 Cuttings
Trom this wndt exhibit @ial organic waiber ranges be
weem 1 8% and % These samples along with the crsde
wils From Bom-1 DTSs were analyeed by Geoteclodiesl
services Py, Lud in 2005 for Crown Minerals, New
Fenbowd Thedr analysis based on biomarker pooliles
onncdisded thet the Bora ] oils from DTS in the Mio-
oo volcanics and the Eocene Ta et

correlate well with the Paledosme Waipaw a Blac k Shale
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Pyroclastictlows . f Modern Analogs

Facles: Awerage map on fop of
Intorpreiation beed “olcano time surface
an core data and wall

FapOrts

Landslides?
Valcanic tongue?
Interpratation basad an
Gaamorphology of extent
{Salid ling)

i / f ? P 200, P
E L E]

SO0 latimt s 1

Fignre 28 Seiamic facies chas fication resht g SOM. We mrmpret the purple facies o be pyroclastiic flows based on the cone
descrpions provided m the wells compleions reparts for wells Kom- <3 In contrast, the yelow fackes we msapoet io be bna
fowsAnlean e tongnes, such as thoss reponed by Kame retal (2006, arehased on gher geomamhology and stroctural relation to
the: valcamic cone. Facies are colored hesed on our labent space axes
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Fignre 36. {2) Partial m* 217 mass ¢ hmomatngrams showing the comelation hetwsen the sterene profiles of the Ankd-1 4 1285 m
samgile: with the Kom-1 ods. (b)) Partial miz 18] mass chrometograms showing he comelation between the hopane profiles of e
Ariki] 4128 m sample with the Ko ] ails (o) Wells Anki] aned Eora ] showang the gammes my log and the mtervalsanahzed for
biomar kers. The seomed Tack n Kora-l shows igh lacks in ghe mudlogs. Figore reprmted with permissson of Crown M emals,
New Fraland.
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edrivalent present in Ariki-1, (Figure 261 They also no-
ticed that although e A1 analyzed cultings sam-
ples were less matume (a8 one can observe nde low
vales of the resistivity log “LLD" in contrast to a ma
ture souree ek with high resistivity, like that de-
serbed more meoently by Infante-Paez o1 al, 20017
ithean the oils fownd in Eora-1, marie-dedved sberane
signaimes, which inclwde te presence of C30 comgo-
nents, damodedze the Bora-l oils amd the Ariki-l
4128 m exirmol

Altered thermal maturity

The difference in mahrity from the samples in
Ariki-1 and the Kora] orode oils & dee fo the ingen-
ious activity present in nearby wells Kora-1-4 and ab-
sent in Ariki-1 (Figure 12). Evidence of the imgact of
this imeons activity in thermal matrity can be ob-

Figmre 27. (2) Tempemture profie of the

served in the bural history and tempemire profiles
gemverated by the basin mode ing repon Tor Crown Min-
eml, Mew Zealand

The Ariki-1 temperaiure profie obiained from
baotbomrhaole data ndicates a geothermal gradient of
approsimately 2670100 m (Figere 27), which i a
narmal gradient for passive mangin basins (Nemdok
20161 In contrast, Figeres 28 and 29 5 how tue temper
ature amd vilrinite reflledance B, profile for wels
Eora-l amd 4, respectively. Temperabies obiained
for Kom-1 are more accumie because they wem
obtained from DET, whereas tempemiures for Eora
4 were obtained from botiomebole measuremenis.
Althowgh geothermal grmdients for both Eora wells
are similar {cdose to 32550 100 m), the vtrinite reloc
tance measurements ar substantially higher than
the expecied Kinetics mamrity mend (up to 5 B% in

Arnkd-]l well The crcles with ernor hars ane
the BHT. (k) Virinte reflsctanos pofile of
the Ariki-] well The small rircles ane the mes-
sured vitomite refleciance. Figure reprnted
with permission of Crowm Minemls New
Zrabmd

Fignre 28. (2) Temperamre profile of the
Enm1 well The crcles with emmor hars aoe
the temgeera mres mes sured from DET. (h) Yo
rnite reflecenes profile of de Eorsd well
The small circles ane the messune d virnite res
flerance. Notice the offset of values of the
mezsmned B, and the dnetics matumity maodel
due to ig nenis aciviy . Figure reprimted with
permissamn aof Crown Minerals, Kew Zraland

T i ek [ 1 Wi A, LAR0D]
) Termgaraturas
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Boora-1). The higher & valses are dise o the exressive with the surmmsbed mcks, as one can infer from
heat produced sither by the jgneons intresions, the vedical amplingde sedions (Figures 12 and
streaming hot gases, or hydmthernal interaetions 15-18)

Fignre 28. (2) Tempemtwe profie of the
Eorad well The crcles with emror bers aoe
the: temperzinres messured from BHT. (b) Vit
mnie reflecance profile of the Bomd well
tance. Noace the offsst of valies of the mea-
mured B, and the laneties mammty made] due
toigneous activity. Figure reprimed with per
maemdon of Crown Mmerals, New Zealand

Ariki-1

Tima [my) A

Ture 1 | Carmpanisn |Maarrcens | [ 1 TI Mcans |raa]o]

E Depthim) &

o,

: Temparatue (°G)
1

i

thy

Fignre 3. Burial histary profile of the Anls-1 well Cokors represent temperamne besed on the emperature profile from BT
Caolors represent emperature: m °C. Figire reprinted with penmissaon of Crern Minemls, New Zealand.
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Migration pathways analysis iy deabing Taneliz Figure 32 shows our interpread

Aconrding o the Dasin mosdeling repsom, e Falen- horizons of e Paescens Walpawa souroe ek, the
et Walpawa sounoe mok s eleved o have spedled Loy o Tl Eaosceane urboicdithe Tan gan Sandshione reser
irimst ol e ];\_\l-;hl;,-;'mlxm;\-; ||-n;1-l|;|]_|,' ;__"| mial sl after Vi, el Thee Inp-::-rllw Ml e e o WALI e stmctedd
it entered the ol window (Figures 30 amf 31). This hy- i Trecond Dude: and olip azimeth coremdered with the dip
drocadson world have been stored In the Tangama e itde, respectively (similar to Figuee 59, inowhich
savbstnnee, which B cappesd Dy U thick shale unit; Tur- thee Tanplt neewark can be observed Figune (B shows a
theerminre, any mwvable hydoocarbaon hed o migraie ALY view of D meastionesd Dorian s and thee rain Galis

al Kora-l (] Kora-d

- -Lh.;,;"...__

Fignre 3L Bunal history profile of the well Eoz-1 and 4 Colors reporsent temperature hesed on the temperagnre profile from
ST =nd BAT, respectively. Colors represent demgeraturne in "0 Figure reprmed with permission of Coown Mine s, New
T aland

Figure 3L D megmiude (ahove ) and dip magninde modulated by dip ammuosh (helow ) of the Pal socene Wad pawa snaree moc
the Eocene tirhidmes, and the Miocene YVoleanic, showing the evalution of she fak network Notor she presenee of the cast
dipgng fadis {green) i the mddle of ghe swrvey from the Paleoorne through the Miooene

TS
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conmecting the Paleorens soune roek and e Mioeens
vileanies It is noticeade that both Bolis ommect e
area drilled by Eoral and 4 Therefore, the Eaet that
Bara-d i a dry hole i most oy d e o the poor mi-
gration pathways of the barder faull becanse not even
showws were Tound in this exploratory well Allerns-
tively, that barrier Gt may have condseted Ty dnoear-
Isoms Prom the Paleocens Waipeawa source rock o the
lava-Now facies in the Micrene voleanss, ot then Kom-
A Tusil e D vt oneeed Do tee ol -water contact. This
in acdilition with the gomd log porosity shown in Fig-
re 13 makes s oonchede that dw reason Bora-d did
il emseoimder any hydmscadsons in due ba-0ow e
was dise oA soure dange Bsue produced by a poor
migration pathways, as shown in Figere 34

Conclusion
Integrafing well contml and well reporis, nearly
toisbern viodeano anabogs amd concepts of sesric geo-

Fignre 33. A ID view of te lose of the Pa
lenoene, the Encene, and the sop of the Min
ome valcare. Three main fanls (migration

mthways) are mapped, which connect the
sowree mck to the Minome vaolcanics.

Figure 34 Vertical amphinde section om-
neciing the Koa-1 and 4 wells. The previous
three ks are displayed, showing the miber
et Jealem g and hasmier fanks. The: gresn ar
s pane o the kaldng fauls and ther
evidemes of hydrocsrboms. The hlack ammow
explains 2 second ppathess This points to
pesble madenoe of hydrocarhaon, ssammg
the harmier fankt & kalang and the Enrad well
is below the ol -water contact

maorphology, we soecesalully map ihe disrioasdon
af e pyroclastic and bva Tows, as well as desper sills
amdd dikes, which are probably responsible for de
formation of te Miocene Eom voleans. In addition o
et bogy of shapse and prosimity o otler compo-
mends of e voleanic system, anplinsbe asomalies
aided in the identification of ivrsive sills, VMTDs,
ADC sediments, magna condits, and what we hypotl-
esize (o be birnfels

Moreover, imeons bodies can indeed alTect almost
every element of the petmleim systems As we showed
im this case sundy, i@wois INresions can positively al-
e thee matrity Of the somee m ek moving it ingo te oil
window. Igneons Deadies can create strstural tmps
{Torced Tokds), migmtion pathways Trom eooling and
collagse of e voleanic edifice (radial faulis) or from
upwan] migration breaking the lwost rock Vol
rocks can even B the resemnvaoir, which, inthis shsdy,
pymselastie fows fowed 668 BOPD for 254 h with

B e e S0
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porosity mnges of H%-25% and air permeab ity mnges
of 170-240 mD.

Likewizse, we woukd like to stress that the appear
ance of wolcanic ficies often mimics other facies of ex-
plomtion inberest. Small voleanic cones appear similar
1o earbsnete Dl duges and exhibsit a similar kigh impsed-
ance. The VMTDe look like siliciclastic massdranspon
comyplesves. [ omne does ot propedy account for polar
ity, imweous il can be easily misinterpreted to e hy-
drocaron bright spolk

In meny sinstions, imeos rocks exhilbi high mag-
nefic aml gammagay asomalies. Common piifalls ae
to fgre thee impact of residel magnetism, or de e
moval of 4 mageetc anomaly by dagessic allemtion
Fortunately, ident feation and lInkage of g diverse ar-
chiteciural elements that compese the vaeanic system
deseribed in this and companion papers in s special
gection provide the means to avokd such interprettion
pitfalls.
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