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Velocity model building is a long 
term interest and challenge in 

seismic exploration
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Why are there challenges?

• All seismic methods make assumptions (and 
have prerequisites) – and when assumptions 
are satisfied they are effective and when they 
are violated the methods can (and will) fail.

• That failure can contribute to dry hole 
exploration wells or suboptimal development 
well placement.

4



That breakdown in effectiveness and 
capability defines a seismic 

challenge
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Seismic E&P challenges

• Among assumptions:
– Acquisition
– Compute power
– Innate algorithmic assumptions/requirements
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Innate algorithmic assumptions

• Many processing methods require subsurface 
information

• In complex and ill-defined areas that 
requirement can be difficult or impossible to 
satisfy
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Responding to seismic challenges

• Two ways to address:
– Find a more effective way to satisfy the 

assumption or prerequisite—thereby removing 
the violation

– Find a way to remove the violation of the 
assumption by removing the assumption—find a 
new algorithm that achieves that same exact 
processing objective without that assumption
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Responding to seismic challenges

• There are times when one or the other of 
these two responses to a particular challenge 
can be indicated and appropriate choice
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Velocity plays different roles in seismic 
exploration:

• As a direct interpretation tool and value
• As an essential prerequisite for other methods 

to be effective, e.g., imaging and inversion
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In addition, ‘velocity’ comes in 
different forms and varieties:

• As migration methods evolved and became more 
effective there was a concomitant need for a 
more accurate and realistic velocity model
– Stacking velocity (for post-stack migration)
– Velocity for pre-stack time migration
– Velocity for depth migration

• RMS velocity
• Interval velocity
• P and S wave velocity

– Velocity (as one among parameters) for inversion at 
depth
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• Among methods that are employed :
– Stacking
– CIG flatness
– Tomography
– FWI

• Not a closed subject
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There are different issues in seismic 
processing for on-shore and offshore 
plays—and that includes for velocity 

analysis
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The state of velocity analysis is 
directly related to (and impacts) 

other seismic issues and challenges
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Those seismic processing methods 
that depend on an adequate velocity 
model are in turn used (as a metric) 
to define the accuracy of the model.

That measure of the adequacy of a 
velocity model deserves our critical 

attention and analysis—we will 
discuss that in what follows.
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That leads us to discuss seismic 
migration—a topic intimately 

related to velocity model building 
and the purpose of this Workshop.
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Wave equation migration has two 
ingredients

1. A propagation model
2. An imaging principle
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Three Imaging Principles
Claerbout 1971

1. Exploding reflector (for post-stack data)
2. Time and space coincidence of the down 

wave from the source and the upwave from a 
reflector

3. Predicting a coincident source and receiver 
experiment at depth and asking for t = 0
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Imaging Principles Continued

• We label these imaging principles Claerbout I, 
II and III (CI, CII, CIII)

• Only CII and CIII for pre-stack data
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Imaging Principles Continued
– CIIàRTM—assumes (at most) planar specular 

reflection
• provides a geometric optics (high frequency approximate 

reflection coefficient)
• CII cannot accommodate a discontinuous velocity model

– CIIIàStolt Claerbout III to image and invert specular 
and non-specular (curved, diffractive, pinchout
reflectors)
• Recently extended by M-OSRP to accommodate 

discontinuous media
– Weglein et al 2016 SEG Abstract
– Ecopetrol paper
– Y. Zou et al Wedge paper 2017
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When using the most capable migration 
methods, Stolt CIII migration for heterogeneous 

media and a smooth velocity for migration

• Multiples will cause artifacts (false images) 
and hence must be removed.
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When using an accurate discontinuous velocity 
(and density etc.) in Stolt CIII migration

• Multiples provide no benefit and cause no 
harm

• No need to remove
• See, e.g. Weglein et al 2016 SEG Abstract and 

the references and links below
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• See link: SEG/KOC Workshop: Seismic Multiples, the 
Challenges and the Way Forward” in Kuwait December 3-5
2019 .

• “ A new perspective on removing and using multiples | they 
have the same exact goal | imaging primaries, recorded and 
unrecorded primaries | Recent advances in multiple removal”.

• https://youtu.be/sD89_418h1A
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• At this moment, (and for the foreseeable 
future) the high water mark of velocity 
analysis capability (including tomography and 
FWI) is to improve a smooth velocity for 
migration—while that can be adequate for a 
structure map—that requires that all multiples 
must be removed
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• However, when going beyond a structure map 
for parameter estimation at depth with 
migration-inversion a multiparameter 
elastic (anelastic) migration, with known 
discontinuous properties above the target is 
needed for a direct non-linear inversion of 
mechanical properties at the target.
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• References:
– Stolt and Weglein, 1985 Geophysics
– Stolt and Weglein Cambridge University Press 

2012 SII
– Haiyan Zhang Thesis
– Haiyan Zhang and Weglein 2009
– Hong Liang and Weglein 2013
– Hong Liang Thesis
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• As the industry trend moved to more complex 
offshore and on-shore plays challenges arose 
from the inability to provide an adequate 
velocity model for migration and other seismic 
objectives.
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One Response: BETTER SATISFY THE 
ASSUMPTIONS

• Although there has been progress in that 
endeavor (that this Workshop reports and 
recognizes) there are serious and significant 
challenges that remain—we encourage 
further research investment along that path of 
providing ever more effective velocity model 
building—there is no final and ultimate 
solution—always a work in progress.
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A Second Response: REMOVE THE 
ASSUMPTIONS

• At the same time—in the late 1980’s-1990’s a 
second response to this same industry trend 
to ever more complex overburdens and 
inaccessible targets motivated a campaign to 
directly achieve all processing objectives 
directly and without knowing, estimating, or 
determining subsurface properties.
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Up to this point in this presentation, 
we assumed that information in the 

overburden (above a target) is 
achievable
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Innate algorithmic assumptions

• The inverse scattering series states that all
processing objectives can be achieved directly
and without any subsurface information.

• Among processing objectives
1. Free surface multiple removal
2. Internal multiple removal
3. Depth imaging
4. Non-linear AVO
5. Q compensation
All without subsurface information
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Multiple Removal
• The impact of the inverse scattering series on 

removing free surface and internal multiples is well 
documented in the seismic literature—as the only
methods that can predict the accurate amplitude 
and phase of all free surface and internal multiples 
at all offsets, automatically accommodating 
specular and non-specular generators, without any 
subsurface information (known, estimated, or 
determined) and without adaptive subtraction
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• A few references: 
– Chao Ma et al 2018 Geophysics (ISS FSME 

compared to SRME)
– Yanglei Zou et al 2019 SEG Abstract (ISS internal 

multiple elimination)
– Yi Luo et al TLE 2011 (on-shore application)
–Weglein, Jing Wu and Fred Melo 2021 EAGE, 

Workshop on Multiples (a toolbox of multiple 
removal methods)
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Now returning to our earlier slide: 
Responding to seismic challenges

• Two ways to address:
– Find a more effective way to satisfy the 

assumption—thereby removing the violation
– Find a way to remove the assumption or 

prerequisites
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We encourage investment and 
support for both ways to address 
the open issues in velocity model 

building
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• Develop fundamentally new and more 
effective methods to satisfy the assumptions, 
finding an adequate velocity model

• Further develop and deliver imaging methods 
that do not need to know, estimate, or 
determine a velocity model
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In Conclusion

I. Velocity model building:
1. Improvements reported in providing a smooth 

velocity model
2. Purpose: to serve and improve structural imaging

(migration)
3. For any velocity model—we recommend using Stolt

Claerbout III imaging rather than RTM, to provide 
differential added value for imaging and inversion of 
specular and complex nonspecular and diffractive 
(pinchout) mapping, and for improved illumination 
and target and reservoir resolution
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Conclusion (continued)

– We suggest using the most effective migration 
method, Stolt CIII for heterogeneous media 
(rather than RTM) in judging the efficacy of a 
velocity model—it makes no high frequency (ray-
theory) assumption and can automatically 
accommodate every type of structure.

– Weglein et al 2016 SEG and Y. Zou et al 2017 SEG 
Wedge Model
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Conclusion (continued)

– What about Illumination?
– To paraphrase Jon Claerbout “Waves are 

ubiquitous and do not have illumination issues.” 
“Seismic processing methods that make 
asymptotic or high frequency approximation will 
introduce illumination issues,” e.g., like Kirchhoff 
migration and RTM, that impose ‘ray-like’ 
constraints on imaging paths and can result in 
illumination issues. An interest in illumination 
points to using Stolt Claerbout III migration for 
heterogeneous media.
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II. Velocity model building (continued)
1. Providing an accurate discontinuous velocity (and 

density etc.) model is beyond all current capability.
2. Direct determination of changes in earth 

mechanical properties at the imaged target is 
beyond current capability

III. Items I and II above directly communicate that 
removing multiples will remain a high priority 
and pressing need now and for the foreseeable 
future.
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Conclusion (continued)

IV. What about using multiples?
1. Removing and using multiples are after the same

exact objective, imaging primaries
2. Recorded and unrecorded primaries
3. A recorded multiple can be useful
• When it consists of two subevents, one recorded and 

the second subevent an unrecorded primary
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• After the recorded multiple is ‘used’ it must be 
removed to image recorded primaries

• To find an approximate image of an unrecorded 
primary, unrecorded multiples must be removed

• Summary:
– To image recorded primaries, recorded multiples must 

be removed
– To image unrecorded primaries, unrecorded multiples 

must be removed
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• All the above conclusions on the need to 
remove recorded and unrecorded multiples 
derive from the current capability of (at most) 
determining a smooth velocity model for 
migration.
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Thank you to Fons Ten Kroode and the entire 
SEG/DGS Workshop organizing committee for 

the honor and privilege of delivering this 
closing presentation.

Thanks to the sponsors of M-OSRP for their 
encouragement and support of this research.

A. B. W. thanks Samuel Oedi, M-OSRP/Physics 
Dept./UH for his assist in the preparation of 

these slides.
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A selection among of additional references for 
the topics and discussion in this presentation.

• See link: SEG/KOC Workshop: Seismic Multiples, the Challenges and the Way 
Forward” in Kuwait December 3-5 2019 .
– “ A new perspective on removing and using multiples | they have the same 

exact goal | imaging primaries, recorded and unrecorded primaries | Recent 
advances in multiple removal”.

– https://youtu.be/sD89_418h1A
• http://www.mosrp.uh.edu/people/faculty/arthur-weglein
• Google Scholar: Arthur Weglein
• Recent advances in the physics of imaging and potentially game- changing Q 

compensation without knowing, estimating or determining Q (for improved 
resolution, amplitude analysis and illumination) assuring increased low and high 
frequency benefit for petroleum exploration
– http://www.uh.edu/nsm/physics/news-events/stories/2018/0525-seismic-

processing.php
• WebTalk - Séries de Conversas Geofísicas com Dr. Arthur Weglein e Msc. Odette 

Aragão – YouTube
– https://www.youtube.com/watch?v=iir4cuk50Cw
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https://youtu.be/sD89_418h1A
http://www.mosrp.uh.edu/people/faculty/arthur-weglein
https://scholar.google.com/citations?user=3ulCgMYAAAAJ&hl=en
http://www.uh.edu/nsm/physics/news-events/stories/2018/0525-seismic-processing.php
https://www.youtube.com/watch?v=iir4cuk50Cw


• For the specific interest of this Workshop
– Game-changing migration
– Petrobras invited us to present at a game changing seminar series- thought that might 

be of interest
• M-OSRP Invited Presentation at the Petrobras Workshop on Game Changing 

Seismic Technology
• http://mosrp.uh.edu/news/invited-presentation-petrobras-workshop-aug-2016

– On direct inversion for FWI objectives
• Key–note address, Abu Dhabi, March 31st , 2015 presented at the SEG FWI, 

Workshop Filling the gaps in Abu-Dhabi
– Q compensation without Q

• Yanglei Zou and Weglein JSE 2018
• Recent advances in the physics of imaging and potentially game- changing Q 

compensation without knowing, estimating or determining Q (for improved 
resolution, amplitude analysis and illumination) assuring increased low and high 
frequency benefit for petroleum exploration

• http://www.uh.edu/nsm/physics/news-events/stories/2018/0525-seismic-
processing.php
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http://www.mosrp.uh.edu/events/annual-meetings/meeting-18
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55



56



57



58



59



60



61



62



63



64



65



66



67



68



69



70



71



72



73



74



75



76



77



78



79



80



81



82



83



84



85



86



87



88



89



90



• Link to 2018 M-OSRP Annual Meeting
– This link below provides a menu for all the video 

presentation from the 2018 M-OSRP Annual Technical 
Review- we point out, and possibly of particular 
interest for this SEG/KOC Workshop, are the advances 
by Dr. Jing Wu in on-shore ground roll and reflection 
data prediction without damaging either, and for on-
shore de-ghosting.

– M-OSRP Annual Technical Review Presentations: 
Videos with Synced Slides and Meeting Agenda
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http://www.mosrp.uh.edu/events/annual-meetings/meeting-18

