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Abstract

Full wave form inversion (FWI) uses the full recorded wavefieldat@rmine the physical
properties of the subsurface. Due to the lack of wide aperture arddguency data, a reliable
low-frequency starting velocity model is often requir&dzelocity model derived from prstack
depth migration (PSDM) is typically ed as the starting model for FWI. Iterative PSDM is an
expensive process and it also requires a velocity macro model. Traveltime tomogedbbgs
areefficientalgorithmsto construct a smooth velocity model using refraction and reflection
traveltimes However, with limitations caused by acquisition constsidata quality and
assumptions used in traveltime tomography methbésielocity model determined by these
methods can be stdptimal and results in degradation in the depth imbugthis thesis||
address severatrategies tamprove tomography and tocorporate error measurements from
refraction andeflection waveformsnto the tomographic inversion kerneldy goal is to helgo

alleviate the inherent limitations in traveltime tomography methods.
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Chapter 1

Introduction

1.1 Seismic imaging and velocity inversion

Seismic experiment records the ground motions caused by the propagation of controlled seismic
sources. We can use the time delaysplitude,and phase characteristics to estimate the
physical properties dhesubsurface. Traditional velocity inversiosas the time delays and the
kinematic of the wave propagation between the seismic sources and receiver to determine a
velocity model that can best match the measured time delays of the seismic data. Seismic
imaging (migration) transforms seismic datamaraage of lithological boundaries by reversing
the wave propagation using the supplied model of the physical parameters. Analyzing the
seismic waveform of the migrated data can quantify the accuracy and errors of the model
parameters. This allows the mégarameters to be updated and results in a higher resolution
model. Analyzing the seismic waveform of recorded seismic data can also reveal the absorption
and dispersion properties of the lithological units.

The accuracy of our estimation of the refieity and rock properties depends greatly on
the recorded seismic data and how we model the wave field propagation. Traditional velocity
inversion methods use tintelay characteristics of the seismic data to capturklatpescale
features of the velogitmodel. Seismic migration methods accurately model the traveltime,
amplitude and phase of the wave propagation to produce a highly resolved seismic image.
Although, seismic migration velocity analysis can update the velocity model using curvatures in
migrated image gather; an accurate starting velocity model still plays an important role in
producing a successfylmigrated image. Full waveform inversion updates the model

parameters, including velocity, by minimizing the difference between the recordetbdetled

1



waveform. FWI can produce a higher resolution velocity model than traveltime tomography.
Since FWI uses the full waveform, including the hfgdquency components, it can have many
local minima. Without an initial model thatlisasonablylose to the longvavelength

component of the true mod&W!I canresult in cycle skippingBunks et al(1995) address this
problem by iterating FWI from lovirequency band to higfrequency band. However, this

requires very low frequency and/or wide aperture data (Verieux and Operto, 2009), which are
often missing in seismic data. Recently source extension methods (Warner and Guasch 2014,
Huang and Symes 26) have been proposed to address the cycle skipping issue in FWI.
Claerbout (1985) summarized the accuracy and resolution for velocity analysis and seismic
imaging and pointed out that the traditional velocity analysis had resolution of up to 2.5 Hz in
apparent frequency and seismic imaging aeesolution of 10 to 100 Hz. Lambaré (20a4ided

that raybased traveltime tomography had increased the resolution of velocity inversion to about
6 Hz; while broadband data had expanded the resolution banawiskismic imagindgFigure

1.1). Both FWI and seismic migration algoritlsmoontinue to improve the resolution for velocity
inversion and seismic imaging. Traveltime tomography also continues to play an important role
in providing an accurate initial velilg model for both FWI and seismic migratiddowever,

with limitations caused by acquisition consttajrdata quality and assumptions used in

traveltime tomography methodbgevelocity model determined by traveltime tomography
methods can be sudptimaland results in degradation in the reflection image. Furthermore, in
order to build the most accurate velocity model from the surface to the target depth, it is
important to understand the advantages and limitations of each velocity inversion method

including refraction tomography, reflection tomography as well as FWI.
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Figure 1.1. Summary of resolution and accuracy of velocity inversion and imaiambare,
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1.2 Thesis proposal

Theprimarygoal of this research is to first investigate and understand the effects of errors from
traveltime tomography on the processed seismic data and then to develop strategies to quantify
these errors and to incorporate them in the tomogregeysion kernel$o alleviate the inherent
limitations in traveltime tomography methoasgorithms. Second, | propose to expand the

scope of traveltime tomography to include meablginformation from the seismic waveforo

improve the accuracy and efficiency of trawak tomography

1.3 Dissertation structure and overview

The main content of the dissertation is arigad into7 chapters. The next chapter. Chapter 2
reviews the tomography method. | compare medical tomography and seismic tomography.
Medical tomographynd seismic tomography shares some similar algorithms and technologies.

However, medical tomography has the benefit of small targets of investigation and not having to



deal with the vast problem of acquisition limitations in seismic tomograpit/resultén much
higher resolution images than that from seismic tomography.

Chapter3 reviews the forward problem of tomograply chapter 3, | review the wave
equation for modelling seismic wave propagation and the seismic ray theory for traveltime
computation| also review the basic principles of different traveltime computation methods
including the finite difference methods, ray shooting method, wavefront construction and
paraxial method. | analyze their differences and similarities to investigatéfelagyenesof
these methods traveltimetomography and seismic imaging.

Chapter 4 includesop aper fARobust r efr ac-surfacevelscityat i ¢ s
mod el building using feedback from ref6éection
U63-U77. It reviews the inversion problem of refraction tomography and how to use feedback
from the residual statics measurement of the deeper reflection data to improve-thefaear
velocity model and the refraction statics solutidie longwavelength components of the
reflection residual statics measured from deeper reflection data daoffestthe same acquisition
and data limitatiorof the refraction datalheyare used to compute the model and data weights
for the new refraction tomography kernel.

Chapter 5 includes op a p e r -suiféte \&elocity model building and statics corrattio
for blended | and datao published in the Canad
no. 1, spring 2021. Bvaluateshe problems of blended seismic data acquisition imposed on
refraction and reflection arrival times. It proposes a robustatedraarrival separation method
that uses amplitude burst supgsion and the sparse Radon transform to enhance the first break

quality of the blended data. It also demonst#iat after refraction statics correction, we can



perform normal moveout veldygianalysis and surface consistent residual statics prior to
deblending because of the passive separation property of the blended data.

Chapter 6 reviewslopetomography a reflection tomographyethod.In addition to the
reflection traveltime, lspe tonographyalso uses the slope of locally coherent events from the
shot and geophone gathers to improve the results of reflection tomodeaghyslope
tomography pick will reconstruct a ray pair that connects a scatter point to a shot and receiver;
therefoe, slope tomography is also called stei@mography! apply the slope tomography
method to the Hussar 2D survey and confirm its accuracy withlegdland depth migration.

Chapter 7uses machine learning &mldresssthe major problem with refraction
tomographyfirst breaking picking. First break pickingdone using automated first break
picking algorithms followed by laborious editing by trained technicians who are familiar with the
nearsurface geology and the first arrival energy waveform. | vetweo automatic tracéy-
trace first break picking algorithenl also applyanunsupervised clustering algorithm to reject
mis-picks in first break time picks. Finally, | use a supervised UNET to train the network with
first arrival energy images and thest break masks to automate the first break picking.

Chapter 8 contasithe conclusions and discussions of future works.



Chap2er
Tomography

2.1 Introduction

Tomographycomes fr om t he Greek word At omogroapneiaand ng

meaning fidescribingo. Thus, tomography is
within the body of investigation. Seismic tomography methods share some similar physical and
mathematical principles with medical tomograpBgth methodseek to determine the interior
distribution of values of physical properties (the integrant) from the projections (the integral or
the sums of some interior value) measured outside of an object (519&4ay). In seismic

tomography seismic energy propaghtierough the medium and are received at the receivers on

the surface or in the borehole. An example of seismic tomography is traveltime tomography (Fig.

2.1b):

0 i wQh (2.1)
where the measured travel timefor the raypathi is the integration of ¢ Qland the
objective of traveltime tomography is to determine the integrabtthe slowness of the
medium.

In medical tomography, @T scannetransmitsa fan of Xray beams through the target
of theinvestigation andhe detector elements record the attenuedation intensityFig. 2.1a)
As X rays pass throughe material of greater density, more of the rays are absolzaxdh
radiation intensity rading represents the accumulated attenuation along-tag Xeam (Fig.

21a) . Using Beerdéds | aw of ab saybgan,iravelledat h e

distance d, can be expressed as:

a

nt
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where E is the initial beam intensity=® is the attenuated intensity s the target thickness

andH e is the attenuation coefficient at grid location Equatios (2.1) and(2.2) are similar

What thetwo equationsneasure is the result of integration. What they seek to determine is the
integrant. For traveltime tomography, the integrant is the slowness of the medium. For CT scan,

the integrant is the attenuation coefficients, which are later transformed to Hbasfidor

subsequent interpretation:

()% Zp BT (2.3)

Table.2.1 shows the typical HU values for different tissues and maderial

Substance HU
Compact bone +1000 (+300 to +2500)
Liver +60 (+30 to +70)
Blood +55 (+50 to +60)
Kidneys +30 (+20 to +40)
Muscle +25 (+10 to +40)
Brain, grey matter +35 (£30 to +40)
Brain, white matter +25 (+20 to +30)
Water 0

Fat -90 (100 to -80)
Lung -750 (=950 to -600)
Air -1000

Table2.1. Hounsfield unit for sommaterial and tissues.



2.2 Medical tomography

Compute Tomography (CT) is also known as Computed Axial Tomography (CAT).
British engineer Godfrey Hounsfield invented the first dedicated head CT scanner baseg on x
computed tomography in 1967. Thest CT scanner took up to several hours to acquire the data
for a single slice and several days to reconstruct the image. Newer multidetector CT (MDCT)
scannes have seemcreasein both speed and resolution over the years ERa), and fult
bodyscars can now be processed in réiahe. Similarly, seismic acquisition systems also have
evolved to include multiple sources and receivers ERb). CT differs from seismic
tomography in scale, complexity and acquisition geometry. CT scaarbadution of less than
1 mm and 360angularcoverageWith straight ray paths and continuous angular coverage, CT
canreconstruct the image in the object space effectively by transforming the recorded data

between the Radon, Fourier and object domains.

(a) (b)
Distance (X)
0 200 400 600 800 1000

5500
4500
3500

2500

Velocity (m/s)

Depth (m)

1500

To computer
https://radiologykey.com/computed-tomography-3 Ray paths of seismic wave propagation

Figure2.1 (a) CT scanner sends a fan ofa§ beams from the source to thetectors placed on
the other side of the target. (b) Ray paths of seismic wave propagation are more complex than
the X-ray beams in CT scan



(a)

History of multidetector CT
(MDCT) scanner
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From Dance et al. 2014

(c)
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(d)

Marine seismic acquisition with 3-D
surface sources and receivers

From Vigh et al. 2011, GEOPHYSICS 76

Figure2. 2. (a) Development dhenumber of detectsrand resolution of MDCT (Adapted

from Diagnostic Radiology Physics,20)4b) Multi-slice detectorallow multiple CT slices to
be recordedgimultaneously(c) A 16slice scanner can be used for 16 1.25 mm slices or 4 5 mm
slices. (d)The 3D seismic method employs multiple soes and receivers; however, seismic

sources andeceivers are placed on the surface and lack thé 8@erage otheCT scan

method

2.2.1 Medical tomography reconstruction methods

Series expansiomethods and transform methods are two groups of methods that can be

used in medical tomography. Series expansion method developed by Kaczmarz in 1937

iteratively determines the model functi@eries expansion methods inclutlealgebraic



reconstructiongchnique (AR and the simultaneous iterative reconstruction techni§LRT].
Transform methods include the simple b@ac&jection method and filtered bapkojection
method. Withstraight ray paths and 3&@overagethe CT method can utilize the traform
methods effectivelyMost medical tomography reconstruction methods assume pdrediei
geometry; while all modern CT scanners uselfaam projection. Therefore, it is necessary to

rebin CT scan data from fdsream geometry to parallbeam geometr{Borsdorf et al. 2008).

Rebinning from fan-beam projection to paralletbeam projection

For a fanbeam described byaentral anglef » with the xaxis and a farbeam angle of
7 ¢ 18’8 8The equivalent parallel projection angle is

P » =nh (2.4)
and the orthogonal distance to the isocenter for a CT scanner With%q}dms
6 Yi & (2.5)

We can use equatiof.@) and @.5) to rebintheequiangulad | fi data tod 6h—, and
interpolated 6h— to anequidistance and equiangular grid. Alternatively, we can use the

following relationship taonstruct an equidistanée 6 h— from the fanbeam data —H d,
I OEI— (2.6)

Therefore each farbeam projection data can be rebint@the paralletbeamcartesian grid.

10



»
»

Figure2. 3. Rebinning from farbeam geometry dal#l »ha to parallelbbeam geometry data
FofP 8

Algebraic Reconstruction Technique (ART)

The first reconstruction method | like to reviewART. Figure 2.4b illustrates the
concept of ARTART uses the Xay path and the attenuated intensity for each angle to build a
set of simultaneous linear equations. The equations are then solviee &tenuation
coefficients. Since ART uses the ray path characteristics to build the equations, it is also suited
for bert rays. However, there may be inconsistence in the equaéindghe system of equations
can be undedetermined The solution maylsobe sensitive to measurement errors and noise.
Furthermore, wth theincreasing requirement of better resolutithg number of equations
grows. Therefore, it is not feasible to USRT in clinical practice (Dace et al. 2014)Since CT
data have comuous angular coveragie backprojecton method (Dace et al. 2014) and

transform techniques (Stewd©91, Lo and Inderwiesen 1994) &etter suited than ART.
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Figure2. 4 (a)The principle of attenuation of an-bédy beam. The path of the-day beam is
discretized by the image grith) Each ray path constitutes one equation. Equations from all the
projection angles can be solved for ttte@uation coefficients using Algebraic reconstruction.

Back-projection (without filter)

In the simplebackprojection method, foeach incident bean angiithe CT scanner
projects theattenuagd intensityof the X-ray beams tthe detector elemeni$-ig. 2.5.a.b). The
recorded projection) 6h— is thenbackprojected to the object spagsing the incident angle
—(Fig. 2.5.c). Each backprojection is summed to reconstruct the iméag&hx of the object
space (Fig2.5.d). Therefore, backrojection & really an average or sumtbe recorded
0 6 h— mapped back to the object space at the incident angle ofthag BeamsHowever, the
reconstructed image is strongly blurr@the blurring of the image in iisimple backprojection

method is the rest of the operation of the point spread function, 1/r (Steh291).
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d: u(x,z) = Z P(u, 6;)

C: Back-projection from 6;

4

Figure2. 5 (a) Incident Xray beams propagate through the chest of a patient. (b) Attenuated
radiation intensities recorded by the deteelements. ():||— 0:fP. is backprojected to the
object space using the incident angle. (d) Summing all the;tmgmctlonsof different angleso
reconstruct the object space.

Fourier-transform method

TheFourier transform method (Stewd©91, Lo ad Inderwiesen 1994) uses the
projection slice theorem to reconstruct the image direletigjection slice theorem states that 1
D Fourier transform of a projection of an object at an anglenstitutes a slice of thel2
Fourier transform of the objeatjhere the slice makes the same angle withiQh&é @.E O
Therefore, g performing 1D Fourier transform on many projections of different angles, we can
construct the 2D Fourier transform of the object. We can tliveerpolatefor empty grid point
in the 2D Fourier domain anceconstruct thebject by 2D inverse Fourier transformFigure
2.6 illustrates the concept tie projection slice theorem for one angular projection. Fig6e
showsthe detector elements recorgthe attenuated X rayd 6h— E D E2AA AOD /BA A
The recorded projection is related to the line integral:

0 oh— | * awwQlor

o Qb 2.7)
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where* ¢ho EOEG ET TAXOI0AT @EOO BHO#Ed Yy hre the axes of the object space,
is the projection axis analis the axis parallel to the incident ray. Th& goordinate system for

the detector elements is related to thecoordinate system by:

O GOEi — Q& &

& { 0F GEl b (2.8)

0 6h— can be mapped directly to the Radon space as a lindamtation (Figure 2.6b).

(a) (b) (c)

. (kg k
*/'!91,& B(0,6)) kg, k)
00,0@ k. = Qcos6
\ k, = Qsind
‘ ) B — K,
. . 0; '({(‘
Projection Slice N
/\\ Theorem ’Of =ty
N 2,
ey \7 ) 9
(-Z(J & Z([ 1-D Fourier ¥ [9) m(’?&
) Transform K, <)

Figure2. 6. An illustration of projection slice theorem. (a) Projection of an object to the Radon
space. (b)-D Fourier transform of the projection slice (c) is equivalent to a slice in-he 2
Fourier transform of the object space at the same angle wiil} tHe 8 "I

Now, applying 1D Fourier transform td0 6h— yields:

0 mh— _ 0 oh—0Q (oY) (2.9
Using the project slice theorem, we have:

‘HRRQ 0 mh—, (2.10)
where 0 mi— makes an angle-O O EA A @ E the 2D Fourier spaceHRQ & B@® A
The two coordinate systems are related by:

N moé PAFR n 08 — (2.11)

Therefore, we can map eagéhmfi— to the ‘QRQ grid:

14



‘Hiw ¢ —"Q¢ - mMh—3 (2.12)
By repeating this process for all the projection angles, we can populatd@&) grid with
0 mhi—. We can then computhe attenuation coefficients ¢ftx by 2-D inverse Fourier
transform of* HQAQ 8However, this processeates HOAQ in the (QRQ that is denser
near the zero wave numbers and sparser further away (Fig. 2.7). This can lead to artifacts in the

inverse 2D Fourier transform.This brings us to the filtered bagkojectionmethod.

Figure 2.7 Transforming||— P toH &, results in denser population of data points near
the zero wave number and sparser further agf|apm Diagnostic Radiology Physics 2014)

Filtered back-projection method

The inverse D Fourier transform of* HRAQ in the cartesian coordinate is:
Qe — . ‘Hoh Q aQaq |, (2.13)
whereQ mwé e Q@ nmj Q¢ —
Changing variables fromQRQ 0 € h— give the integral in polar coordinates:
COR —. . ‘Hiwé Qe - mamQ — (2.14)
Substitute 2.13 into 2.14 gives:

QR — . 0 mh—g150Q anQ — (2.15)
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whered 6h— — 0 mh—aEQ Qn is theinverse transform of the-d FT of

projectiond 6h— filtered bygns and—_ 0 ‘ h—Q —is the inverse Radon transforgnsis

sometimes called the ramp filter or rho filter.

Fig. 2.8 illustrates these steps:
a,b,c: Acquire projection of attenuateeray intensity for projection angle-
d: Use equation (2.9) twansformeachprojection slice) 6h— to 0 mh—
e: Apply 91sto high pass filter the-D FT projection slice, and repeat for projection
dices of all incident angke
f: Inverse 1D Fourier transform of all high pass filtereedD1FT projection slices to form
the high pass filtered Radon space.

g: Inverse Radon transform to reconstruct the image space.

Summary

With the advantage of 38@ransmission coverage, medical tomography can use
transform methods effectively to invert for the attenuation coefficients. To alleviate the blurring
problem cased by the effect of the power spreading function, clinic medical tomography uses
thefiltered backprojection (FBP) method to apply a high pass filter to the recorded CT scan

data.Figure 2.9 compares reconstructed images frgr, 18, 45, 60, 90, 180and1800angles.
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Figure2. 8. (a) Xray is transmitted through the object spatan incident angl®, and (b)
recorded by the detectors. (c) The projection corresponds wathrenon the Radon space. (d)
1-D Fourier transform resulia an angular line in Fourier space. (e) High pass filter and repeat
(a) to (e) for angles. (B-D inverse Fourier transform to Radon spacelr{gérse Radon
transforns back to object space.
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3 angles

18 angles 45 angles

90 angles 1800 angles

60 angles

Figure 2.9 Results of filtered backrojections with 3, 6, 18, 45, 60, 90, 180 and 1800 angles.

2.3 Seismic tomography

Lo and Inderwiesen (1994) categms seismic tomography into seismic ray tomography
andseismic diffraction tomography (Deavney 1982, Wu and Toksoz 1987) accordingly to the
forward modelling method used. When the scale of the medium inhomogeneities is much larger
than the seismic wavelength, seismic ray tomography uses ray theory to mode¢he
propagation as rays. When the scale of the medium inhomogeneities is comparable with the
seismic wavelength, diffraction tomography uses wave scattering theory to model the wave
propagation. Another situation that seismic diffraction tomographyeid isswhen the scale of
the medium inhomogeneities is larger than the seismic wavelength, but the velocity contrast is
small. Seismic ray tomography includes traveltime tomography. Seismic diffraction tomography
includes full wave form inversion (FWI). this thesis, | will focus on traveltime tomography.

Seismic ray tomography will be discussed in detail in the subsequent chapters.
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Chapler

Forward problem

Inversion problem begins withegeneration of modelled datkinvolving a forward
modelling operatoL. acting on the parameter (Claerbout 1990):

Q 0a8 (2.1)
Velocity inversion methodsstimate the optimal velocity model bynimizing the difference
between the modelled and observed wavefield attributes, including time delays, amafitlde
phaseFull waveform inversion methods miningithe differences in amplitude aptiasewhile
traveltime tomography methods minimize the diffeesnm time delaysin this chapterl
review the wave equation for modelling seismic wave propagation and the seismic ray theory for
traveltime computatior.also review the basic principles different traveltime computation
methods including the firetdifference methods, ray shooting method, wavefront construction
and paraxial method.dnalyze their differences and similarities to investigatetteztiveness
of these methods traveltimetomography and seismic imagirigcompare the travel timesoin
these methaito a finitedifference synthetic shot record of the Marmousi model and find travel
timesfrom all three methods are accurate excefhie@area where rays diverge. We also used the
travel time from thdéastmarchingmethod in the refraain tomography processing of the Hussar
2D dataset. The CDP stack from the refraction tomography processing is more coherent and

better resolved than the CDP stack with datum static correction only.
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3.1 Introduction

Full waveform inversion methodsodelthe seismic wave propagation by solving the wave
eqguation. It then updates the velocity model by minimizatidhe differences between the
modelled and observed seismic wavefield. Traveltime tomography estimaigstimal
velocity model by minimizing the differences between the modelled and observed traveltimes.
Core principles of most traveltime and ray tracing algorithms are derived from the seismic ray
theory. High-frequency approximation of the solutiontbé elastodynamic equation leads to
solutions in different forms. For kinematic ray tracing, the solution leads to the eikonal equation
and the ray equations. The hiffequency approximation requires the velocity of the media to
varying smoothly. Vidale 1988,1990) presented a glidsed traveltime computation scheme
that solves the eikonal equation by finite di
subsequent studies and developments by Qin (1992), Sethian and Popovici (1999) and other
authors, ad resulted in more robust algorithms that can better handle rapid velocity variations.
The esults of these algorithms are traveltime from source to regularly spaced grid points. Vidale
(1988) proposed the construction of the ray paths by tracing tqgestaraveltime gradient from
the receiver back to the source. Matsuoka (1992) presented a ray path reciprocity method that
traces the minimum time of summed shot and receiver traveltime tables. Alternatebasgud
traveltime computation schesare kinematic and dynamic ray tracing (Cerveny and
Hron,1980; Beydoun and Keho,1987), and wavefront construction method (Vinje,1993). These
methods involve tracing the ray path by computing the solutions to the ray equations at each ray
step. Some geophysil applications such as Kirchhoff migrationly require traveltime from a
source or receiver to a subsurfgoent, while other applications such as refraction tomography

require both first arrival time and ray path between a source and receiver.urpbsepof this
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chaptertis to review the basic principles of tfestmarchingmethod, paraxial methaahd
wavefront construction method, and to evaluate their accuracy and effectiveness when applied in

refraction tomography and depth imaging.

3.1 Wave equation

X3
S - €; T
Al
& = T Oy
ds” df . a
Tn
V O R

e

/€
/Xy

Figure3. 10. TractionPdue to the element Figure3. 2. Stressd

of forceMPworking on element surface d®.
is the unit vector normal to t48

nd normal vectog:

Traction{P (Figure3.1) is a contact force exerteg the materiabn thepositive side of

surface elemer® {due to the element of for® =g

b WM yor (3.1)

In terms of stres€l g,

R R (3.2)

“Qefers to the direction of traction componerfiefers to the direction of the normal of the face
on which the traction is acting. Applyilge wt ondés second | aw of motio

_YQY, QQm | "0 (33)
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where the first term represents surface forces acting on S, anddinel $erm represents the
body forces adding on the volupteis the displacemenfpplying equation.2) to 3.3) gives

the equation for direction

- Bg G Mo, "00w (34)

Using divergence theorem,B. —Qw= B 0 &¢ Q" \gives:
B —Qwn_ Mo _ "6Qaor (3.5
, h Q 76 (3.6)

Applying Hookeds | aw:

.,  ®f h (3.7)

T - — —, (3.8)
give: ® 6;h Q "68 (3.9)
@ is the stress tensor and is the strain tensor.
For wave field far away from the source, we can d€jp
w 65h 768 (3.10)
Equation 8.10) is often referred to as the elastodynamic equatiorarfFothomogeneous,

isotropic,and perfectly elastic medium described by ﬁmrameter#ﬁ—l,and density, the

(311)
Substitute injf: ggnorel;;;;for force from dar, and take the derivative of gives:

‘nfntoe ‘néd "o (3.12)
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Withn 6 ntnto n n  oq
¢ ntnté ‘n n o6 To. (3.13)

a A~

Apply divergencent PAT @O A O GO O-6A give the scalar wave equation fomRve:

ne —o (3.14)

3.2 Seismic ray method and eikonal equation

The fismic ray method is based anasymptotic higkfrequency solution of the

elastodynamic equatiofrrom equatios(3.5) and (3.6) the acoustic wave equation can be

written as:

_'_4 o B (3.15)

o ¢ B (3.16)

Substituted - @ "HO | i 0« 4| ® into equation (3.5) and (3.6) gives:

z4 g (3.17)
For highfrequency approximation, we drop tbe term:
Define: || g 3
| g z#: ,orinmatrixform || z & 8 (3.18)

The ®lution to the eigenvalue problem defined by equat®h8) can be obtained by:

Det | z E 8 (3.19)

Expanding equation (3.19) vields{gllg — Jgleg — 8 (3.20)

> il
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Equation (3.20) is often expressed as]| (3.21)

L-
F

T

The ®lution to equation (3.21) provides the trairetd| efxh» 8

3.3 Rayequations

To trace the position of a ray, we have to define some properties of rays and wavefronts

(Figure3.3) and express their relationships as a set of ray equations. Wavefronts are defined by

the surfacesT(x,y,z)=constant.Slowness vectomequals D{| and is tangential to the ray and

normal to the wavefronts.

* ray

Figure3. 3. Relationship between ray amagvefront

From equation3.21), we have WPY p being a unit vector normal to the wavefront.

~
v

Therefore, ray can be defined 6y PY @, or —  @,i=1,2,3 (3.22

|
Where.—ovis a unit vector tangential to the ray.

From#® Y we can obtain— — JY (3.23

Substitute .22 into (3.23, we obtain the ray equatiofw the slowness vectars
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— - -— D - (3.24

Ray equations can alé® expressed in terms of T instead of arc length, s:

b

g (3.29

D

and —  ® - (3.26

These equations form théematic ray tracing system. Solution of equati®/38 or (3.25
represents the trajectoghwhile the solution of equatior8 (24 or (3.26) represents the

slowness vecta along the ray as unction of arc length or time.

3.4 Finite difference solution to the eikonal equation and griebased method

Grid-based travel time computation algorithms use the eikonal equatii) {o solve for
T(x,y,z). Vidale (1988) presented a method that aseest-order finite difference
approximation scheme to propagate geometric rays from three corners to the fourth corner of a

square grid as shown in figuBed. Equation 8.12+1.6) and 8.12+17) are the average finite

difference approximation of

and — respectively.

. ;4 .

71' 711 veh» (3.27) <« < |\ < <« (330
| Where s(x,z) is~the slownqss,

20 4 4 4 <« (3.28 | hI Hi "I-L'Hn"l‘:'H-H~ Pl 7"| i "HHH THT FH"
. | < ITUHTTHUTBHRHL © 1 11 HH

P

— 1 4 4 4 <« (3.29

Substitute equation828 and (.29 into

equation 8.27):
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Figure3.4. Using"t il 'H1 "Hto compute
<38

The procedure starts at the source and expands outward as square rings @jigl@rds
on the square ringre sorted from minimum traveltime to maximum traveltime, and the new

traveltime is computed starting from the point with minimum travel time.

la

c @000 @O OO
e + @0000000 @ ¢ »

[ NONONONONONONON NI
N NONCHONONONONON NN

.+ 000000000 -
c e @0000000 @ »
RN NONONCNCNONONON LI
.-000000000 . -
@ & & & & & s s s s s s

c +@0000000 @ o

Figure3. 5. The duble circle shows the source point. Empty circles are timed locations. Filled
circles are locations to be timed. Large filled circles are the square wavefront to be timed. Points
on each edge are timed from location of minimum time to

maximum time. (Adapted from Vidale 1988)

2.41 Expanding wavefront method

Qin (1992) showed that the expanding square strategy is not approprieteddel with

moderate to large velocity contrast and can leaiegative value in the square root term in
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equation (18). Qin proposed an expanding wavefront method that can preserve the causality by
expanding the wavefront only at points adjacent to the point with global minimum traveltime
(shown asadouble circle in Figur8.6). This method ensures a ragsaciated with a point to be
considered is completely timed up to that point. However, it is computationally expensive at

"E algebraic operations, because sorting is required to establish the new global minimum
after each wavefront point is added.

b) c) /g

a)

|
)
)

|

Figure3. 6. (a) Filled circles mark the outercumference of timed locationshe duble circle
shows the location of minimutime onthe current time wavefront. (b) new locations to be timed
(empty circles next to double circle). (c) Névcations in (b)are timed andhe new minimum
time ofthecurrent wavefront is marked aslouble circle. (Adapted from Qin 1992)

3.4.2 Fast marching method

Sethian and Popovici (1999) showed that propagating a triangular wavefront with unit speed
using central difference approximation to the travel time gradient results in instabilities at the
bend of the triangular wavefront. Rapid changes in velocity can result in similar instabilities.
These instabilities are resolved by applying entrsgtydying upwind differences schemes

introduced by Osher and Sethian (1988) :

. {Hop* h Tiip* h (3.31
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A more convenient upwind scheme from Rouy and To{1!@92) is used in Sethian and
Popovici s fast marching met hod:

. [ Hop* hp* h (332

where A 'HT A 'HTIHHHL 71T HTI™HD 717 BHL HOHHT "HETCHED

0T TIRHT TUCRHHT B HDTHT HO T T CI'HHHE T

The upwind scheme chooses grid points in tesfribe direction of the flow of information.
Sethian and Popovici (1999) express the eikonal equation as the following and apply the upwind

finite difference scheme:

S "lohb's  vehh» (3.33

s

(3.34

wheref i "1 i H T 7T THARTII HI R 8
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To solve for« 4 ge expand equatior3(34) to a quadratic equation in therfio of

fo ot

d
gan now be solved explicitly as the root to a quadratic equation ulsiné*%i:l:=|=1

L
F

The fast march algorithm also stores the traveltime values on a heap with the minimum time

on top of the heap t@duce the sorting effort. This reduces the computationally cost to
"Ei 1 "Hilgebraic operations. The fast marching algorithm is outlined in the following steps:

First, compute traveltimes at locations arouhdsource point and tag these locasas
ACCEPTED. Then tag as CLOSE all points one grid point away. Finally, tag as FAR all other
grid points.

1) Begin Loop: Let TRIAL be the point in CLOSE with the smallest traveltime

2) Add the point TRIAL to ACCEPTED; remove it from CLOSE.

3) Tag as CLOSE all neighbos of TRIAL that are not ACCEPTED. If the neighloas in

FAR remove it from that list and add it to the set CLOSE.
4) Recompute traveltimes at all neighib®according to equatior8(34).

5) Return to 1.

H—O—o—0

"FAR AWAYiVAI{JES"
———O

Figure3.7. Fastmarchip s cheme. Filled circles are timed
be tested fothe minimum time. Empty circles are FAR locations have not been times.
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Figure3. 8. Input velocity model and minimum traveltime from fast marchireghod.

3.5 Ray Shooting method

The ray shooting method (Figufe9) shoots a series of rays through the medium with starting
vertical angleP. and horizontal angle Eand uses the ray equations to computes the trajectory of
the raypaths. Travel times along the ray paths are then computed by integrating through the

velocity model. Finally, the computed travel times are mapped to the subsurface grid by
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interpolation.

1000200

o0

The initial value for the ray parameter forisotropic medium is:

g

‘ _—
PR

(3.36)

Trajectorye of the ray is computed with the following steps:

1: Solve ODE 3.22) for ®
2: Solve ODE 8.24) for a.
Repeat stepl and 2 for all depth steps.

Repeat for all starting angleg 4= ™.
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3.6 Wavefront Construction

Wavefront construction (WFC) is a natural extension of the ray shooting method. WFC uses
localized ray tracing to construgtvavefront of constant traveltimebhe anplitude of rays can

be computed frontheratio ofthecrosssectional area of rays of jadent wavefronts. The initial
wavefront is constructed by shooting a series of short ray segments of equal tsfi®stdpe

source. The end points of the ray segments on the wavefront are then propagated for another
time step to construct a new wawaft. Coordinates of position and components of slowness
vector of the ray segments are computed uiagame procedure as the ray shooting method.
When the wavefront crosses an interface with rapid velocity changes, the ray segments diverge
and create gap or shadow zone. The ray segments can also cross over and create caustics or
multi-values (Figure.10a). To address the problem of shadow zones and to ensure sufficient ray
density, additional ray segments can be interpolated (F&uéb). For mhimum traveltime ray
tracing, caustics can be removed (FigBuwHX). Figure3.1ad shows gridded minimum

traveltime after caustics are removed.

In this example, upgoing rays are disabled for depth imaging. However, if caustics are to be

removed, upgoingays can be enabled for refraction ray tracing.
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Figure3. 10. a) Wavefronts without interpolation, b) wavefronts with thorder interpolation
along wavefronts, c) wavefronts with caustics removed, d) travel time gridded from wavefronts.

3.7 Paraxial method

The mraxial method is a dynamic riiacing method in ray coordinate systemfs ) or
ray-centred coordinate systema(ha ha ). The following discussion refers to the ray

coordinate system shown in figu8ella. Paraial rays are rays in the vicinity of a central ray
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(Figure3.11b). # £+ B are ray parameters. They can be taffeangles: &+ ®  or they
can be components of slowness vector. They specify the initial direction of the ray inicsotrop
media. For anisotropic media, they specify the initial direction o$ltheness vector. The third

ray parameted is a monotonically changing parameter along the ray. It can be arc length s or

travel time T.
/&
/ S
g o™ ray VAN
W L X< /&
\N/ - (2 n/ \\\ /‘$
yd /7 S
, Y2 N
‘\‘ / \ I‘dan
Y ~\ /1 N
AN }/1 5{.0'“‘ o M/l/\.\ ~a
_ oV P central ray
{1 ,‘ A yd A
/’/
/'/ P
(a) (b)

Figure3.11. a) ray coordinates R Nray parameters hs and Wavefron{|8 b) paraxial
rays are rays in thécinity of the central ray®a is the cross sectional area of the paraxial ray,
» is radius of curvature of the wavefrontlat. Similarly, for ®aq +. B

Paraxial rays can have different properties than the central ray. These properties can be travel
times or amplitudeThe paraxial method determines these properties by differentiating the ray

equations with respectto w € Q. If we choose u=s, wean start with ray equations in the

form of:
-..::
-T.' %:' (339
LK, = 1 (3:39)
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3.7.1 Dynamic ray tracing equations

We define:

Ft =Rk = (340

To derive the dynamic ray tracing equations, we take the derivativ@s38f énd 3.39:

Mo W.o W -4
my By, my ™ 'IF”'
' B i I |L 0
r T;—!— Ak T e (3.4)
.u, ®, _m . =
[ )
r— - - _ :°8 _ 3.4
"y g F T gl (3.4

Equation 8.41) and 8.42 are dynamic ray tracing equations and are used to compute

F-HT “Hj-for the central ray.

3.72 Paraxial ray tracing equations

We definetie. 4 = Wawas parameters that connect a paraxial ray to the central ray using the

following approximatio

o, "W | Mg, (343

fm W5 | W (3.49)
Multiplying equation (29) and (30) with rand apply equatior8(43 and (3.44) yields:

—] O 0 M © W

—1 6 don N (349
—] 0 — -01 &
10 g (3.4
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Equation 8.45 and (.46 are paraxial ray tracing equations and are used to compute

fro. =« Wenfor paraxial ray fromjhej- -

3.7.3 Geometrical spreading factor

Geometrical spreadingan be computed from the ratioabsssectionalareas. Equatior8(43
shows thathecrosssectional area of paraxial ray can be computed directly from

| 4+« ® and the ray parameters 4+ B :

| 0% H; W L |LH; M
a —o— MMy [ MM, (3.47)

3.7 4 Paraxial ray traveltimes

S

=

J—é H “central ray
* paraxial ray
Figure3. 12. Paraxial ray and traveltime
As shown in figure3.12 a point R is a®o n the central e a[yona nd a |

anearbyray. Usinthe3 D Tayl or series to relate R and RO,
Y& ® Y& oh &@Q -"h &QQ, (3.48
whered ®is travel time at R,

TEMHCTHTHT 7T W HE HUHT CRCH e

Ihgis the second derivative of traveltime and
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=
C2
C

(3.49
whered —

Or in matrix form:9|hg i "EE (3.50

The paraxial ray tracing algorithm is outlined in the following steps:

1) Shoot a ray through the medium with starting vertical aRgknd horizontal angfe -

2) Solve ODES3.38for displacemens: for the cental ray

3) Solve ODE3.39for slowness vectaifor the central ray

4) Solve ODE3.41and3.42for |4+« B

5) Use equatior3.49to compute] b g

6) Use equatior3.48to compute paraxial travel time for paraxial rays near the central ray

Repeat stepl to 6 for all starting angle. .and horizontal angfe ::

3.8 Comparisons of travel times from raytracing methods

To verify and compare the accuracy of the travel times computed from WFC (Bid8ag
fast marching and paraxial method (Fig8r&3b), we use the Marmousi model with the source
placed at the depth of 2500m and compute the travel times from these three methods. -A second
order finite difference shot record was created uiegeismic Unix module sufdmod2. Travel
times at the s@iace are plotted on the shot record with travel times from WFC plotted in red, fast

marching plotted in blue and paraxial method plotted in yellow (Figu4. As shown in figure

37



3.14 the travel times at the surface from WFC and fast marching are atteostal. Travel

times at the surface frothe paraxial method that usése shortest ray path agree with the other

two methods at most locations except at locations where rays diverge. This test demonstrated all
three methods result in very similartehtimes that agree with the finite difference shot record.

Both WFC and fast marching metleggtoduce smooth and stable minimum travel times. Rays

in theparaxial method may diverge and create large gaps that can result in inaccurate travel

times.

500 1000 1500 2000 2500 3000 3500 4000 500 1000 1500 2000 , 2
0

200

OEPTH(M)

(a) (b)
Figure3. 13. a) Ray paths and wavefronts frahe WFC method, b) Ray paths fraime

Paraxial method.

WFC and paraxial methods also show that rays can ov@ssnanarea withacomplex
velocity structure. These cresser ray paths result in ritarrivals at the same grid point.
Furthermore, WFC computes geometric spreading amplitude usingsessnal area ratio at

the starting and end points of ray segmenttaegaraxial method computes amplitude from
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dynamic ray tracing equations. Thfore, WFC and paraxial method can be used when-multi

arrivals or different branches of traveltime including most energetic arrivals is desirable.

SU fdmod2 Shot record with travel time from Wavefront, Fast Marching and Paraxial methods

—\Wavefront method
- Fast Marching method
Paraxial method

timel(s)

0 500 1000 1500 2000 2500 3000 3500 4000
Distance(m)

Figure3. 14. Finite difference synthetic shot record with first arrival times from WFC, fast
marchingand paraxial method

3.9 Summary of ray tracing methods

Fast marching method:

1 Advantages
- Unconditionally stable
- Can handle turning rays. Does not hashadow zone problem.
- Computes first arrival time for every grid point withdaterpolation.
- Excellent algorithm for refraction tomography

1 Disadvantages
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- Doesnot compute ray paths directly. Alternate computation algorithms usireg
steepest travel time gradient or minimum time can be unstable.

- Doesnot compute multiarrivals.

- Does not compute amplitude.

- Can be slow foalarge output grid.

Wavefront Construction method:

1 Advantages
- Stable if appropriate velocity smoothing parameter is used; however, accuracy can
decrease with increasing smoothing
- Can handle turning rays. Doestimavea shadow zone problem.
- Can compute muktarrivals and amplitude
- Can be faster thathe fast marching method, élarger step size is used.
- A good algorithm for refraction tomography as well as depth imaging

1 Disadvantages

- Ray paths froninterpolated ray segments may not be accurate enough for
tomographic inversion.

Paraxial method:

1 Advantages
- Fast and accurate.
- More accurate travel time interpolation in the vicinity of the central ray than
classical ray shooting method.
- Can compute muitarrivals and amplitude
- A good algorithm for depth imaging

1 Disadvantages
- Cannot handle turning ray. Not suitable for refraction tomography
- Can have probleswith ray path divergence and shadow zone in areas with
complex structure.

Ray shooting method
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1 Advantages
- Fast and accurate.
- Can compute muktarrivals
- A good algorithm for depth imaging

9 Disadvantages
- Cannot handle turning ray. Not suitable for refraction tomography
- Travel time interpolation is not as accuratethe paraxial method in the vicinity of
the central ray
- Does not compute amplitude
- Can have probleswith ray path divergence and shadow zone in areas with
complex structure.

Application of ray tracing methods in depth imaging
All methods tested shwsimilar accuracy; while WFC and the paraxial method are capable
of computing multivalues traveltimes. This poses a challenge in determining which arrival
times to use as well as storage and computational resources in retrieving these values. However,
when minimum time and shortest path is not the optimal apprtemulti-values capability of

WFC and paraxial methea@¢an improve the imaging result.

We did not perfornra comprehensive analysis of the effects of these ray tracing methods in
depth imaging. However, based on the observed geometry of the ray paths in our tests using the
Marmousi model; we beliewhe proper application of the mulérrivals, amplitude and rgyath
distance information from WFC and paraxial method can haignificant impact on the quality

of the final depth image.

Application of ray tracing methods in refraction traveltime tomography
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Refraction taveltime tomographinvolvesforward modelling of first arrival times and
using the differences between the modelled times and the actual first arrival time picks to update
the velocity model along the ray pattuse different ray tracing methsoh refraction
tomography to invertdr the neassurface velocity modelRay shooting method and paraxial
method are not suitable for ray tracing refraction ray paths because of their inability to handle
up-turning rays. Both WFC and fast marching metwah handle wpurning rays; therefe,
they are more suitable for refraction tomography. We used the fast marching method for forward
modelling in refraction tomography and apply the refraction tomography process to the Hussar
2D line acquired in 2011 by CREWES of the University of Calgadi4e compared the CDP
stack with the tomographic statics correction to the CDP stack with GLI (Hampson and Russel
1984) weathering statics correction. GLI is one of the delay time methods and has found great
success when the nesurrface can be approxitea by layers witta distinct difference in

velocity but has problem with gradational velocity changes and rough topography.

A velocity model witha constant velocity gradient between layers and with the depth of the
layer boundaries following thecording surface as shown in figldd 5 is used as the starting
model. Figure8.1% shows the updated velocity model and refraction ray paths for shot location
417 after 10 iterations. Shown in figuBel6 isthe comparison of modted refraction arrival
times and the actual first arrival picks before and after tomographic inversion for shot location
417 as well as the RMS error for all time picks after each iteration3.189 shows that
moddled refraction arrival times from tHaal velocity model match the actual first arrival

picks.
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Figure3. 15. a) Starting model for tomographic inversion. b) Velocity model after 10 iterations

using traveltimes from fast marching method. Ray paths from shot location 41 6ware sh
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Figure3. 16. a) Actual first arrival times from shot location plotted in black, minimum travel

times from starting model plotted in blue, b) Minimum travel times from velocity model after 10

iterations, ¢) RMS error at each iteration.
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Figure3.17. (a) CDP stack with datum statics correction, (b) CDP stack with tomographic
weathering statics correction.

Figure3.17compares the CDP stacks with datum statics correction only and with tomographic
weathering statics correction. The imadem the tomographic weathering statics corrected
CDP staclkaremore coherent and better resolved than the datum statics corrected CDP stack.
These results demonstrate ttrefast marching method is accurate and is effective when used in

refraction tanography.

3.10 Conclusion

Fast marching, WFQay shooting methoand paraxial method are all based on the principles
of high-frequency ray theoryTheyall produce accurate travel times when the velocity model
varies smoothly. Similar to the class ray shooting methodhe paraxial method has the
problem of diverging ray paths and shadow zones irsafe@mplex structure. WFC alleviates
this problem by interpolating additional ray segments along wavefronts to ensure sufficient ray
density. Both paraxial and WFC methods can produce-amuitials as well as amplitude

However the fast marching methazin only produce minimum traveltime values. Therefore,
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WFC and paraxial methods are better suited for depth imaging of complex structures. The fast
marching method expands the wavefront and computes traveltiméhfemource to each grid

cell without adlitional interpolation by solving the eikonal equation. Both fast marching and
WFC methods can handle-tyrning rays; therefore, they can be used in refraction tomography.
We used the fast marching method in the refraction tomography processing okt PD

lines. The CDP stack image from the refraction tomography processing is more coherent and
better resolved than the CDP stack with datum statics correction. Therefore, refraction travel
times computed frorthefast marching method are accurate Hravelocity model from the
refraction tomography is reliable and can potentially be used as starting modekfeavfaform
inversion and depth imaging. We did not perfaraomprehensive analysis of the effects of
these ray tracing methods in deptiaiging. However, based on the observed geometry of the
ray paths in our tests using the Marmousi model, we belwmoper application of the multi
value traveltime, amplitude and ray path distance information from WFC and paraxial method

can havea significant impact on the quality of the final depth image.
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Chapter 4

Trave-time tomography inversion problemusing feedbacks from reflection data
This chapter combines the review of the inverse problem with a proposal of using feedbacks
from reflection data to improve the nesurface velocity model include the following

published paper in the chapter.

Robust refraction statics solution and nearface velocity model building using
feedback from reflection data
Bernard Law and Danidlrad, 2018
Published in Geophysic83, P. U6377

4.1 Introduction

An accurate neasurface velocity model is critical for weathering statics correction and initial
model building for depth migration and full waveform inversion. However -s@dace models

from refraction inversion often suffer from errors in refractiata, insufficient sampling and
oversimplified assumptions used in refraction algorithms. Errors in refraction data can be
caused by picking errors resulting from surface noise, attenuation and dispersion of first arrival
energy with offset. These erraase partially compensated later in the data flow by reflection
residual statics. Therefore, surface consistent residual statics contain information that can be
used to improve the neaurface velocity model. We present a new dataflow to automatically
include median and long wavelength components of surface consistent reflection residual statics.
This technique can work with any modedsed refraction solution, including gtésed

tomography methods and layleased methods. We modify the cost functibthe refraction

inversion by adding model and data weights computed from the smoothed surface consistent
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residual statics. By using an iterative inversion, these weights allow us to update tberfaear
velocity model and to reject first arrival pickgat do not fit the updated model. In this nonlinear
optimization workflow, the refraction model is derived from maximizing the coherence of the
reflection energy and minimizing the misfit between model arrival times and the recorded first
arrival times. This approach can alleviate inherent limitations in shallow refraction data by using

coherent reflection data.

4.2 Theory

4.2.1Linear Inversion
An inversion problem can be cast as the inversion of a parameig&ng a linear operatdar and
datad:
u Jdg, (4-1)
For a linear system, the parametecan be computed by minimizing the objective function
J=|" 4ol (4-2)
The linear least squares solution of equatibB)(is:
0 44 o4 W (4-3)
where’ is the stabilization parameter.
Alternatively, the inverse problem can be posed in terms of thhélrderivativeq] hchanges in
the model parameter Chand differences between the initial model response and the observed
datatt ®Lines and Treitel, 1984):
#® 4#0 (4-4)
FrDet derivatives are the partial derivatives of the modelled response with respect to the model

parameters. The least square solution of equadidn is:
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#0 19 ‘' Oq#™ (4-5)
4.2.2 Nonlinear Inversion
For refraction inversion, the problem is nonlinear because the opkratarfunction of
parametersn. The cost function becomes:
=" 4o P (4-6)
and the model parametercannot be obtained directly using equati®B). This norlinear
problem can be solved by a sequence of linear least squares estinffatessing equation4-5)
and updating the model parameters iteratively (Lines and Treitel, 1984):
o o 4o, (4-7)
where Qis the iteration number. The iteration stops when the temtleesponse fits the
observations within a selected convergence ooiteri
In the case of refraction inversiam,is the neassurface model parametetsis the first arrial
time picks and. is the forward modéng operator that maps intod. # Ccontains the model
perturbations between iterations, ®s the data difference between the mateand the
observed first arrival times ar@élis the matrix that containbe FiBPlzet derivatives of the

modéled first arrival times with respect to the model paramete mapst Ointo # H

4.2.3 GLI method

A layer-based refraction model with two layers is depicted in Figurewhere the total travel

time, T, from S to R can be computed from the ray path SBCR:

v ¢

— (4-8)
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where® is the thickness of the layeb, is thevelocity of the layer,—is the critical angleX is
the offset distance from S to R awdis the velocity of the underlying refractor. Equatidf8]

can be written for the total travel time far @ layer media:

Yo ¢ —h (4-9)

whered and— are the thickness and critical angle for ®elayer; @ and o are
velocities for layes k-1 andn.
Hampson and Russell (1984) presented alfirsék interpretation ntieod that uses the
Generalized Linear Inversion technique to iteratively update the model parameters ef a near
surface velocity model. The GLI method computes the model perturbation wvaréiest Taylor
expansion and relates the error§Yrto the moel perturbations i & @ using the
following sets of linear equations:

Y'Y 6Ya (4-10)

6 TN & (4-11)

whe¥¥Yare the changes thnmeap¥taween hiet enoalteil o up.da

bet ween i tleWadtaireens;heamdarti al derivative of tr
model p awr caenié@dTheerlesst squares solution for a modadatezmis:
3@ 66 ‘06 YY (4-12)

Equation ¢-10) and 4-12) are equivalent to equatioft4) and 4-5), andd in equation 4-10),

(4-11) and 4-12) is equivalent td0Oin equation 4-4) and 4-5).
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Time T

Distance

Figure 4.1. Time-Distance plot and refraction raypati. is the velocity of the first layerPuis
the critical angleX is the offset distance from S to R afdis the velocity of the underlying
refractor. SBCR is the refraction raypatH} is the intercept time foj and=-yis the critical
distance ABCDEFG

4.2 A Turning -ray refraction tomography

Turningray refraction tomography methods discretize the-sadace velocity model into a
grid of rectangular cells. Figue2 shows a neasurface velocity grid and the relationship

between ray path geometry and travel times. Rays are traced thiheugdidcity cells between

Distance

Source !

Figure4. 2. Relationship between ray path geometry and travel teende Meare the

positions of 2 points along the ray path on two adjacent wavefronts of constant travel times
separated by the distance ve®w. vandv ™ wre the ray segment lengths from the source
towande Mo i s the sl own®ssndliecstohe atravel ti me
same | ocati on.
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source and receivers using diving rays by solving the ray equadid’® and 4-14) or the

eikonal equation4-15):
N (4-1 3)
2 2 414)
— — - -, (415)

wh ebies the@ivselblcdetyl,o—\?vinsesas wreictt owgct or tangent
the travel t4In®) 41Md @qeatuisenst@© trace the ra
computed by integrating the slowness model al
to compute the travel time, tHhdneaxiympratthrsavaln
ti me gVYiadaleat1988) or al on gMatsuola,1992).t Ragpathf mi ni |
distancesx within velocity cells computed from the ray tracing process form theaet

derivative G in equatiord4) and §4-5):

— — 8 —
11 Nl
T +— E— &3—|:|1 (4'16)
::&3 B8 &8 B
Il
u B U
wheles the modell ed it+aveandime fbe ray pagimel

ray ipath dhel#Ovector contains the slowness updabe for theQ iteration and

can be solved iteratively using equatidrb.
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Lo and Inderwiesen (1994) proposed the Simultaneous lterative ®eadion Technique

(SIRT) to solve for slowness update iteratively without matrix operations:
30 —B a7QrTB 0O (4-17)

where'Qis the observation numbé@s the total number of observatior@s the model cell to
update, Qto Lis the range of model cells that the ray path has traversed, &the ray
segment length for observation numtgand model cellQ & is thetotal number of rays

intersecting the model céndGis the iteration number. SIRT is computationally more
efficient than solving equatiod-6) directly and is used in the refraction tomography inversion

in this paper.

4.3 Reflection residual statics and neassurface velocity model update

Errors in the refraction solution arise when the nhlotg operatorL is unable to model the
observed first arrival times because of poor refraction data quality, numerical errors of the
refraction solution, and the inability ofeéhrefraction algorithm to model the actual physical
property of the neasurface. We classiftheseerrorsasdata errof , model error and

algorithm errof  8The data error is equivalent to poor pick quality. The model error is the
difference between our current estimates and the actual subsurface parameters. The algorithm error is
the error in the method because of several approximations like discrete dermatiuations and
coarse parameterization. These errors contaminate the refraction corftectmmdare often

revealed on CDP stack sections as deterioration in the reflection coherence and structural
integrity. Some of these errors are often compeddateapplying surface consistent residual
statics corrections derived from correlation of reflection data. In conventional refraction and
reflection residual statics workflows, the surface consistent residual statics are applied to the
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reflection data to@mpensate for deficiencies in the nsarface velocity model caused by these
errors; however, the neaurface velocity model is not updated. If the surface consistent residual
statics are caused by the deficiencies in the-sedace velocity model anmbntain these errors,

we can back propagate these errors vertically as model weights to update & flaear

velocity model. For layebased mods] these errors can result in velocity or thickness error, or
both. The following deviation assumes thes®rs contribute to only velocity or thickness error.
Consider the layered model shown in Figdi& The weathering statics correction can be

computed by
Y B — 0 ®Oi — 0 i |, (4-18)

wherecd anddi arethethickness of layeit source and receiver locati@n,is the slowness

for layer'@ndw is the replacement velocity for weathering statics correction. Let us define

Y — OO X (4-19)
0O [ a£8X Qi QOO OASQhi (42 0)
0O 0 —m ), (42 1)
0 YOO QEQE G W@ (42 2)
o -, (4-2 3)

w {a€0e Qi dé&vaQQURRDWE @@ o w@in d (42 4)

w0 MO VE QIO QLA DO R BWME & O WRi 425)
wheiYe s the weathering QRAGddicg @osmecthed $orf
staticsOtortdet iwemt her irhgastdaupdsitagreat yon
w [ ag0eigl ds

YO — GOe [ aé0EQii 42 6)

Repl dniinteh &0 gi ves:
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— OO0 O — 0w {GaéviQiand

G i aE0EQpi—

Similarly, Owp do tdRyQeognileyl ds

YO - b
Repl a€i g wi tYlgi ves:

"Y O Ow JX0Q:isiQ

® MO0t Qpi —

g G Qe Qi i

427)

(42 8)

4-29)

(4-30)

431)

Figure4. 3. Refraction model and weathering statics correctibg. , &, Rk, andd, are
thickness of layer and 1 at source and receiver location S angt Rt andyr are the

velocity for layer 0, 1 and 2.
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Figure4. 4. (a) Finite difference synthetic data with velocity variations (marked by blue arrows)
in the rearsurface. (b) (top) neaurface velocity model, (middle) CDP stack without

weathering statics corrections, (bottom) CDP stack with weathering statics correction. (c) (top)
Error (marked byheblue arrow) introduced to neaurface velocity, (middle) OP stack with
weathering statics correction fraime model with error, (bottom) surface consistent residual
statics from reflection data. (d) (middle) Modified nsarface velocity model using model

weights.

To illustrate the concept of modekights, we create a finHgifference synthetic dataset
with a velocity model with 6 layers of velocities 1000, 2000, 2500, 3000, 3500 and 4000 m/sec.
Both receiver spacing and depth step are 5 m. Two weathering pockets in the model are centred
at statims 251 and 601. Distortion to reflection events caused by the weathering pockets can be
seen in figurel.4a. Figured.4b compares the CDP stacks before and after weathering statics
correction. Figurd.4c shows the neaurface velocity model with anlatrary error introduced,
the CDP stack with reduced coherence caused by weathering statics correction using the
erroneous model and the surface consistent residual statics computed from reflection data. Figure
4.4dshows the updated velocity model & , and the CDP stack with weathering statics
correction from the updated velocity model. This synthetic data test demonstrates that incorrect
nearsurface velocity can reduce the coherence and structural integrity of the reflection stack. It

also demonsttas that the surface consistent reflection residual statics process can detect near
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surface statics errors and that the model weightcan be computed from the surface consistent

reflection residual statics.

4.4 Application of data weight and model

Data weighto and model weighw in the cost function are a commonly used approach in
geophysics (Claerbout 1992). Application of data weight and model weight is equivalent to data
space and model space regularization. Regularization in the detahsdas to reduce the
effects of outliers in data picks on the solution. Regularization in the model space stabilizes the
solution and provides a means of applying a priori information into the inversion (Zhou et al.,
2003; Trad et al.,2003). We inclutlee model weighto and data weighto in the cost
function of the inversion problem,

I=NAH AHi T a2 andi fi T e (4-32)
For layerbased method) can be caused by errors in the slowness and/or thickness. Any
combination of contributig factors can be used. When updating both slowness and thickness
with equal distribution, equal factors of 0.5 can be appliéd emd @  (slowness) and

(thickness) are
W [ 0E0EQP i TR — : (4-33)
® 0MoQt Qpi M— , and (4-34)

n Al © AT Ao 03i oD

© o E®DI 0O Q (4-35)

whelr@es the difference Hetdwdan saib&@ar sevdd haert d nmeq

standard jdeainadarn e nt loif e s hwo.We sse egsagods (33pand (34) to
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computew  (slowness) andv (thickness) for the GLI algorithmw corrects for data errors

and is computed from the misfit betwé@andd w & .

For turningray tomographye is typically applied to slowness only. However, if applying

results in unreasonable veitycvalues, we may have to apply to thickness as well. This is

done by stretching the distance between the surface and the intermediate datum and remapping
the velocity values. Usingnequal distribution of model weights for slowness and thickness,

equal factors of 0.5 can be applieddand w (slowness) and) (thickness) can be

computed as:

@ (slownesy=p TAOIY, (4-36)
@ (thicknessyFp ™OXY, and (4-37)
Y — 0 Q¢ (4-38)

whe®Q@moidsothneu mber of depth steps Otbstbkeownéss mat
dept h8 teps i mportant to review the @nitial m
(slowness) and> (thickness) to cdirm the proper distribution of the model weights is used.
W ana can be incor po#d4da)x eddrongrayrefractomtonagraployms: (
w Ow il a wi Q (4-39)
w "Ow represents the ne@matrix that is updated on each external iteration.is applied to
the FfDlet derivatives computation i®matrix, andw is used to reject data points that do not
agree with the new model. ThefBhet derivatives in this G matrix are used in theputation

of # Oduring the internal iterations with SIRT.

45 Inversion procedure
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The conventional refraction statics and reflection residual statics processiraydlowlined in
Figure4.5. In this conventional processing flow, the refraction madiel computed by
minimizing the square of the misfit between the first arrival petaad the modéed first arrival

timesLm. Refraction statics corrections are then calculated from theutechmodem.

Refraction Data (d ) Reflection data U(t,x)

l |

S 2| Cyx +€4+6,+ € octack Procecce
Minimize | = ||d —Lm||?| 22 <™ P Pre-stack Processes

|

Maximize stack-power
by Reflection Correlation
€m = model error —€4—Em—€p |

€, =algorithm limitation

Cy» = Weathering correction
€, = data crror

’ Apply residual statics

|

U(t,x) = seismic traces

Figure4. 5. Conventional refraction and reflection statics workfladv. is the weathering
correction computed by refraction inversion that solves for model parametgrminimizing
the cost functiom = 'Q 0 & 8f h andi are data error, model error and algorithm

limitation associated with the refraction ergion.

Refraction Data ( d) Reflection data U(t,x)

l |

Cwx + €4+ En+ € | Pre-stack Processes ‘

Minimize | = ||d — Lm||?

m l l
—€a — €n — € | Maximize stack-power
by Reflection Correlation

’Minimizc J = |Wyd — W,LW,,m'||?

Wy, m 1 Cux + € W

m

W,

[;

= model weight
; = data weight

Figure4.6. Nonlinear optimization ahenearsurface velocity model.0 is the weathering
correction computed by refraction inversion that solves for model paramebgrminimizing
the cost functiom ~'Q 0 & 8Ff A and are data error, model error and algorithm
limitation associated with the refraction inversion. andw are the model and data weights
for the new cost function.

However, if there are errors in the refractions sofyttbese errors will be applied to the

reflection data. These errors are partially compensated later in the data flow by surface consistent
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reflection residual statics. The proposed nonlinear optimization ofsuetace velocity model
processing flow using model and data weights described above is outlined in4&gulre this
proposed processing flow, the refraction made$ computedy minimizing the original cost
function. Weathering statics corrections are computed and applied to the reflection data. Surface
consistent reflection residual statics are then computed using thecorossitions of the
reflection data. The smoothedfce consistent reflection residual statics then used to
computesr ; andsr m for the new cost function. The weathering statics correctiog
computed from the initial updated moggh O is equivalent to applying smoothed surface
consistentesidual staticgr to the seismic data. Subsequent iterations of minimiziagQ
@ 0w & a2 will produce a neasurface velocity model that is in harmony with the refraction
and reflection data and can produce better imaging results. prbuisssing flow is also outlined
in the following steps:
1. Minimize J=1]|'Q 04a& ||? and apply weathering statics correction to seismic data.
2. Compute surface consistent reflection residual statics.
3. Compute smoothed surface consistent rebstatics [, 35 andrm.
4. If required, pickagainfirst arrival times using modied first arrival timeso 0 & as
constraints.
5. Minimized=|lwo Q w lw aad>
6. Iterate 2 to 5 until there are no significamprovements in the neaurface velocity model
and the reflection image.

Comparing to the conventional processing flow (Figusg, the additional computation
cost for this new processing flow is the cost for running another GLI or refraction tomography

inversion as well as reflection residual statics. GLI inversion is computationally efficient even
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for large 3D surveys; therefore, computational cost should not be a concern. For refraction
tomography, we can reduce the computational cost by using itewadions because we are

starting with a refined model. For seismic surveys challenged bysudace problems caused

by nearsurface conditions or acquisition limitations, we often try to enhance the reflection image
by recomputing the neasurface efraction solution, involving manually revising the inversion
parameters, editing the starting model and first arrival picks. Therefore, comparing to the
manual approach, this new processing flow does not increase the computational cost. Moreover,
it improves the manual approach by automatically updating the starting model and rejecting
outlying picks that do not agree with the reflection coherence. This new processing flow
assumes that surface consistent residual statics raalgsficant improvemento the coherence

and structural integrity of the reflection image. Therefore, choosing the optimal parameters for
the reflection residual statics process to overcome acquisition limgaigery important. For
example, it is important to use reflectimsidual parameters that allow large smoothing or
macrebinning radius at edges or gaps of the seismic survey \ilne@DP fold is low. For this

new method to makanoticeable difference to the nesurface velocity model and the reflection
image theremust bea significant amount of medium or longavelength components in the

surface consistent residual statics, because these components determine the magnitude of the

model weightr 5 and data weighyr m for the new cost function.
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4.6 Field data exanple
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Figure4. 7. Hussar 2D broadband experiment (a) location map, (b) seismic line layout.

CDP stack sections are created using-sadace velocity models computed from the

conventional and the new ndinearoptimization workflow. The data used in this example are

the vertical component of the dynamite shot records from a 4.5 Km 2D 3C survey acquired at

Hussar, Alberta in September 2011. The seismic survey was acquired for a broadband

experiment (Margrave etl., 2012). Figure4.7a and4.7b show the location and the layout of the

seismic line. The seismic line runs MV with a topographic relief of about 80 m. The receiver

interval is 10 m and the shot point interval is 20 m. Theehthnel splispread gemetry gives



a nominal maximum offset of 2240 m for standard spreachamakimum offset of 4480 for off

end shots. The nominal CDP fold for offsets 0 to 1500 m is 80. First arrivals were picked for all
traces and offsets; however, only first arrivalswaih offset less than 3000 m were used in the
refraction solution. Figuré.8 shows the timelistance plot of the first arrival picks wigh

distinct difference between layer velocities V1 and V2. This is a good indication thab et
refraction invesion method such as GLI can produce a stable solution. We created the
commonreceiver stack (Figur¢.9) and the CDP stack (Figuel0) with datum statics

corrections only. Effects of neaurface time delays are obvious on the common receiver stack.
The incoherency of seismic events on the CDP stack is likely the result of the sarserfaea

time delaysTo test the proposed nonlinear optimization workflowtf@nearsurface velocity
model, we follow the steps outlined in figut®. We createhe first neatsurface velocity

model by minimizind|'Q 0 a&||? for both GLI and turningay refraction tomography. We then
use the weatheringtatics corrected gathers from both methods to compute surface consistent
reflection residual statics. We smooth the surface consistent residual statics and use them to

compute the model

1000

Time(ms)
I'ime(ms)

Figure4. 8. First arrival pickdor Hussar 2D survey
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Figure4.9. Common receiver stack showing naarface time delays

Datum statics correction only
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Figure4. 10. CDP stack with datum statics correction only

weightw . The smoothing length determines the smoothness of the model weighrtallA

smoothing length can introduce rapid changes to theswgtace velocity model and result in
unreasonable neaurface velocity model and erroneous data weights. A large smgadéngth

can reduce the effectiveness of the model and data weights. We chose a sneragthingf 31

receiver stations because the smoothed residual statics represents a reasonable medium and long
wavelength residual statics and should provide regtsie model weights tetart the next

refraction iteration. A threshold parameter of 2 times the standard deviation of traveltime
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residuals is used fab . The neaisurface velocity model is then updated iteratively by
minimizing the cosfunction’ @ Q @ 0w &a& 8 The GLI solutions, residual error analysis
and error distributions from the two processing flows are plotted in FHiglie4.12 and4.13
respectively. CDP stacks with weathering statics correction from the two Gitiossl (Figure
411a and4llc) are plotted in Figur&.14. Figure4.12 shows the misfits between the first arrival
picks and the modelled first arrival time for the two processing flows at iteration 0, 10 and 20.
The vertical and horizontal alignment of fitssin Figure4.12a represents receiver anomalies
and shot anomalies in the neanface velocity model prior to the GLI inversion. The misfits are
reduced as the GLI solutions converge with iterations. The misfits after 10 iterations of
minimizing thenew cost function (Figurd.12e) is smaller than the misfit after 20 iterations of
minimizing theoriginal cost function (Figuré.12c). Figuret.13a andt.13b show the error
distribution for the first and second layers after 10 iterations of the origltdlah@rsion; while
figures4.13c and4.13d show the error distribution of the first and second layers after 10

iterations of the new GLihversion. Errors are reduced after the new GLI inversion.

The smoothed surfaamnsistent reflection residual stat (Figure4.11b) from gathers
corrected with the GLI solution from the original cost function are in the range7ofo 3.3
msec. They are small; however, a small lovayelength trend dipping from SW to NE can be
observed at the NE end of the seismic line. Theifice between the GLI solutions (Figure
4.11a andd.11c) is small and occurs mostly at the two ends of the profile. CDP stacks with
weathering statics correction from the two GLI methods (Figlideta and4.14b) show
significant improvement in coherenard structural integrity when compared to the CDP stack
with datum statics correction only. However, there is no significant difference in coherence

between the two CDP stacks with different GLI corrections. This test confirms that small

64



smoothed residuigtatics will not result in significant improvement in the rearface velocity

model or reflection image. For seismic surveys that are affected by acquisition limitations, such
as 3D surveys with large shot line and receiver line spacing, and in dressnveasurface

velocity is better represented by a velocity gradient, or in areas where first arrival picking is

prone to cycle skipping errors we would expect more difference from the two processing

workflows.
NE velocity SW
CDP 234 600 1128
— 980 m 980
E
c
]
®
]
o Minimize J =||d —Lm||
650 1650
2 150 Smoothed residual ~ — — | First order long wavelength trend | 15.0
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Figure4.11. (a) GLI nearsurface velocity model computed from minimizing the original cost
function. (b) Surfaceonsistent residual statics from reflection correlation, smoothed residual
statics and firsbrder longwavelength trend. (c) Neaurface velocity moel computed from the
new cost function with model and data weights derived from smoothed surface consistent
reflection residual statics.
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Figure 4.12. Top: misfits between first arrival picks and modelled first arrival times (a) prior to
GLI inversion, (b) after 10 iterations, (c) after 20 iterations. Bottom: misfits between first arrival
picks and modelled first arrival times (d) after applyjpg H "Hyr m, (€) after 10 iterations of

the new GLI iterations.
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Figure4.13. Error distribution after minimizing the original cost function for the first layer (a)
and the second layer (b). Error distribution after miningizlee new cost function for the first
layer (c) and the second layer (d).
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Figure4. 14. CDP stack section with weathering statics correction using GLI velocity model
computed from minimizing (a) the original cost function, (b) the new cost function with model
weight and data weight derived from surface constant reflection residual statics.

To confirm the effectiveness of the new approachifeGLI method in areas where first
arrival picking is prone to cycle skipping errors, we imposed a 30 msec picking errortturtivo
of the first arrival picks greater than 300 msec and between re2&@end 300. The imposed
picking errors and GLI solutions are plotted in Figdis. The original first arrival picks and
the first arrival picks with imposed errors over the receiver range of 117 to 327 are displayed in
Figures4.15a and4.15c. The omparisons of the GLI solutions from input with and without

imposed first arrival picking error are displayed in Figyé5b and4.15d. The blue rectangle

in Figure4.15d marks the receiver ranges where imposed picking errors are added. Within this
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reeiver rangewe can see a thickening of the second layer in the GLI model (Hdite). We
compute weathering statics corrections from the two solutions and their CDP stacks (Figure

4.16).

Time(ms)
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b)ggo
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620 0000
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Figure4. 15. (a) Original first arrival pick over the receiver range of 117 to 327 (b) GLI solution
from the original first arrival picks, (c) first arrival picks with 30ms errors added to 2/3 of the
shots over the receiver range of 250 to 300, (d) GLI solutionimiplosed first arrival pick
errors.The Hue rectangle marks the receiver range where first arrival pick errors are added.
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Figure4. 16. (a) CDP stack section with weathering statics correction using GLI solution
without impo®d first arrival pick errors (b) CDP stack section with weathering statics correction
using GLI solution with imposed first arrival pick errors.
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Deterioration of coherence can be seen in the CDP stack (Bigét® fromthe GLI solution

with imposed piclerrors. We use the weathering statics corrected gathers from the GLI solution
with first arrival pick errors (Figuré.15d) to compute surface consistent reflection residual

statics. Wause the same smoothing length of 31 receiver stations as in theusresst to

compute the smoothed surface consistent reflection residual statics. The threshold parameter of
2 times the standard deviation of traveltime residuals is used foFhe neaisurface velocity

model is then
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Figure4.17. (a) GLI nearsurface velocity model computed from minimizing the original cost
function. The Hue rectangle marks the receiver range where first arrival pick errors are added.

(b) Surfaceconsistent residual statics framflection correlation, smoothed residual statics and
first-order longwavelength trend. Large positive smoothed residual correlateshgiginea with

thefirst arrival pick errors. (c) Neasurface velocity model computed from the new cost function
with model and data weights derived from smoothed surface consistent reflection residual statics.
The excess thicknesses caused by first arrival pick errors are corrected. (d)-Samfasent

residual statics from reflection correlation after applying thve @&l solution.
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(a) NE CDP stack from GLI solution with imposed picking errors SW
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Figure4. 18. CDP stack section with weathering statics correction using GLI velocity model
computed from minimizing (a) the original cost function, (b) the new cost function with model
weight and dataveight derived from surface constant reflection residual statics.

updated iteratively by minimizingoo ‘Q @ 0w & al2. The original GLI solution with first
arrival pick errors, surfaeeonsistent reflection residual statics, the new GLI swhgtand the

new surfaceconsistent residual statics after applying the new GLI solution are plotted in Figure
4.17. The smoothed reflection residual statics (Figut&b) are in the range of to 8 msec and
correlate with the thickening of the origirfall solution caused by picking errors. The GLI
solution from the new approach (Figure 17c) is closer to the solution without imposed first break
picking errors shown in Figu#el5b. Figured.17d shows the surface consistent residual statics
from the correlation of reflection data after applying the new GLI solution. The new GLI
solution does not completely remove the medium wavelength components of-soriastent
reflection residual statics. The smoothed reflection residual statics after applymeytiee. |
solution are in the range &8 to 3 msec. This can be the limit of the sensitivity and resolution of
the refraction inversion and agrees with the observations we found in the first GLI test. CDP
stacks are created using the two GLI solutions.wWinelows of data near the marked area, where

picking errors were introduced, are plotted in Figliies8. Noticeable improvement in the
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reflection coherence is observed in the new CDP stack (HgL8b). This test confirms that for

a GLI solution that imegatively impacted by systematic picking errors due to poor first arrival

pick quality, correlation of reflection data can be used to construct the model and data weights to
guide and constrain the GLI solution in this new approach. However, large sucotfiace

consistent reflection residual statics are required for improvements to be significant. In the above
test, this was achieved with smoothed residual statics of 8 msec. The residual error analysis and
error distribution from the two processinguis are plotted in Figus&t.19 and4.20. The misfits
between first arrival picks and modelled first arrivals time before and after GLI inversion for

input with imposed first arrival picking error are plotted in Figutd9a and4.19b respectively.

The pcking errors appear as receiver consistent anomalies marked by blue arrows in figure

4.19a.
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Figure4. 19. (a) misfits between first arrival picks and modelled first arrival times prior to GLI
inversion showing the effects of imposed errors, (b) misfits after GLI inversion showing most
imposed errors are removed by the final GLI solution. Bottom: (c) migfitgden first arrival
picks and modelled first arrival times after applying w ¢ @ ,(d) after 10 iterations of
minimizing the new cost function.
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Figure4. 20. Error distributions for GLI test with imposed pick erroFsp: After minimizing the
original cost function for the first layer (a) and the second layer (b). Bottom: after minimizing
the new cost function for the first layer (c) and the second layer (d).
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Figure4.19b shows the picking errors were correcteddfpthe final GLI solution. This results

in the overestimation in layer thickness shown in figut&a. Smoothed surfac®nsistent
residual statics (Figur17b) are used to compute the model and data weights for the new cost
function||w Q ® 0w aaY2. The misfits after applying the model weight and data weights
are displayed in Figur€.19c. The misfits after 10 iterations of the new GLI inversion are
displayed in Figurd.19d. First arrival picks rejected by the data weights are shomisasg
picks and are shown in white. The RMS of the misfits after 10 iterations is 4.92 msec and is
comparable to the RMS of 4.43 msec from the original GLI solution without the imposed first
arrival pick errors. The error distributions from minimizihg cost functionf'Q 0 &||? and||

W Q w 0w aaf?are plotted in Figuré.20. Similar to the first GLI test errors are reduced
after minimizing the cost functighw Q w 0w & af2. However, with larger smoothed
surfaceconsistenresidual statics of 8 msec, improvement to the-sadace velocity and the

coherence of the reflection image is noticeable.

We also compare the turnimgy refraction solutions from the two approaches. The
results ottheturningray refraction tomography test are summarized in Fgpida to4.21e.
As shown in the ray density plot (Figut1b), not all cells are covered gy paths. The
minimum nonzero ray density of 600 and maximum ray density of 38000 seem high. However,
for a 448channel recording with 269 shots and 488 receivers, ray coverage immediate below a
shot point can be 448 channels plus 448 receiversveliogity cell is covered by every ray path,
the maximum possible ray density is 269 sho#48 channels. Therefore, the ray density range
of 600 to 38000 is reasonable. Velocity values at cells with no ray coverage cannot be updated
and velocity valueat cells with insufficient ray coverage can be unreliable. The smoothed

surfaceconsistent reflection residual statics (Figdr&lc) from gathers corrected with a
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tomographic solution from the original cost function are in the rangé ®to 2.5 msedVe do

not sea similar longwavelength trend at the NE end of the seismic line as observed in the GLI
solutions; however, a lorgavelength trend can be observed ktcation between 1.0 Km to 2.0
Km from the start of the seismic line. Applying the modelght to the velocity values results in
very slow velocity in some velocity cells. To maintain the same time term corrections from the
smoothed surfaeeonsistent residual statics, we choose to update the model thickness by
stretching the velocity modéktween the surface and the intermediate datum. The updated
velocity modeko & and the final velocity model after 7 iterations of the new kernel are plotted
in Figures4.21d and4.21e. The CDP stacks created with the two different solutions aredplotte
in Figure4..22. The CDP stack with the new turniray refraction tomography solution (Figure
4.22b) shows significant improvement in coherencalatation between 1.0 Km to 2.0 Km

from the start of the seismic line. Amplitudes of seismic eventoahdrl.0 second are slightly
weaker on the CDP stack with the new solution. This suggests NMO velocity may have to be
revised after the new statics solution. On the CDP stack with the original tuayingfraction
tomography solution (Figu#21a), tkere is a longvavelength trend dipping from NE to SW.

This trend is reduced on the CDP stack with the new solution. In the GLI tests, we found
smoothed surface consistent residual statics of 3.3 msec was not sufficient to show noticeable
improvement in th@earsurface velocity model and reflection image; while smoothed surface
consistent residual statics of 8 msec was sufficient to show noticeable improvements. Therefore,
with the smoothed surface consistent residual statiet®to 2.5 msec, we do nio¢lieve

additional iterations of the new processing flow will result in meaningful changes.
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Figure4. 22. CDP stack section with weathering statics correction using tusraggefraction
tomography velocity model computed from solving (a) the original cost function, (b)

®w 0w | a w1 Qith model weight and data weight derived from surface constant
reflection residual statics.

4.7 Discussion

Surfaceconsistent reflection residual statics derived from correlation of reflection data
optimize the stacking response of the reflection data. Using these statics corrections as
undetected errors in the nearface refraction analysis and back projecting these errors to the
nearsurface velocity model can produce weathering statics corrections that give the same

stacking response as applying the suHamasistent reflection residual statics. Using only the
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snoothed surfaceonsistent reflection residual statics helps to alter the medium te long
wavelength variations in the nesurface velocity model. Applying the model weight to the
velocity can sometimes place the velocity iatounreasonable range. It mhg necessary to

review the initial updated velocity model to determine the proper combination of model weight
for velocity and thickness. We only apply a constant correction to all depth steps below the same
surface location; however, this correction &srenly as a priori information to guide the

refraction inversion toward time delays that agree with the reflection data. With proper selection
of the data weight thresholdn optimal solution can be achieved by rejecting outlying picks.

Data weight threhold of 1 standard deviation keeps 68% of the data; while data weight threshold
of 2 standard deviations keeps 95% of the data. We suggest a data weight threshold between 1.5
and 2. We found the smoothing length of 31 to 51 receiver stations or 3080@ntoresults in a
reasonable medium wavelength reflection residual statics for the proposed algorithm. However,
these parameters should be tested. The number dineam iterations required depends on the
guality of the first solution. The first GLIderesults in a stable nesurface velocity model and

only minor medium wavelength surfacensistent residual statics are derived from the reflection
corrections. The GLI solution from the proposed-tinear optimization workflow only shows

small diffelences in the neaurface velocity model and reflection coherence; therefore, more
iterations will not result in meaningful improvement. However aforore challenging seismic
survey, improvement in the nesurface velocity model can lead to improved coherence and
structural integrity of the reflection image. Therefore, subsequent iterations can potentially
further enhance the neanrface velocity modeThe second GLI test with imposed picking

errors results in cycle skipping in first arrival picks. These errors generate medium wavelength

residual statics in the range-dfto 8 msec. The proposed nonlinear optimization workflow
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corrects for the errorsaused by the imposed first arrival picking errors and resudts in

noticeable improvement to the nesarrface velocity model and the coherence of the reflection
image. However, the medium wavelength components derived from the new GLI solution are in
the range of3 to 3 msec. As observed in the first GLI teshedium wavelength residual of 3

msec will not result in meaningful improvement from additional iteration.

49 CONCLUSION

Conventional refraction inversion using first arrival times alone suffem data errors,
numericalerrors,and algorithm errors inherent in refraction data and refraction methods.
Surfaceconsistent residual statics using correlation of reflection data can compensatae
of these deficiencies in the nesurface veloity model by maximizing the stack response of the
reflection data; however, the nesurface velocity model is left compromised by these errors.
These deficiencies in the neurface velocity model tend to accumulate in the deeper reflectors
during subseqent reflection velocity model building processes. In contrast to the conventional
refraction inversion that uses first arrival times alone, the new nonlinear optimization scheme
also useshe surfaceconsistent reflection residual statics that maxisiihe stacking response as
a priori information in the refraction inversion. This is implemented by modifying the cost
function of refraction inversion to include model weight and data weight. We applied this
scheme to GLI and turniagay refraction tomoggehy methods. Test results from the Hussar 2D
dataset confirm that the proposed nonlinear optimization refraction solution workflow is robust
and converges to a nesuirface velocity model that is harmonized with the surface consistency
of the reflection dta. However, the significance of the improvement depends on the magnitude

of the smoothed surfagmnsistent residual statics. We found that for the GLI method smoothed
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surfaceconsistent residual statics of 8 msec. can produce noticeable improvenibataaar
surface velocity model and the coherence of the reflection image. We also found that for the
refraction tomography testymothed surface consistent residual statics in the rdnge¢o 2.5

msec. can produce noticeable improvements.
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Chapher

Near-surface velocity model building and statics correction for blended land data
This chapter addresses the problems of blended land data-suniawe and statics correction.

It evaluateghe problems of blended seismic data acquisition imposed on refraction and
reflection arrival times. It proposes a robust refraction arrival separation method that uses
amplitude burst suppression and the sparse Radon transform to enhance the ficgtabitgadf
the blended data. It also demonstsalat after refraction statics correction, we can perform
normal moveout velocity analysis and surface consistent residual statics prior to deblending
because of the passive separation property of the leatata.l include the following published

paper in the chapter.

Nearsurface velocity model building and statics correction for blendeddatzd
Bernard Law and Daniel Trad, 20
Published inCanadian Journal of Exploration Geophysics Volume 45, rgpring
2021

Bernard Law, andDaniel Trad
lUniversityof Calgary, Department of Geoscience, Calgary, Canada

Abstract: An accurate neasurface velocity model allows proper correction of reaface

variation on land seismic data. This process oftes fisst arrival time picks of refraction

energy. Simultaneous source data acquisition, also called seismic blending, increases the spatial
sampling and/or reduces the acquisition cost. However, interfering shots also contaminate the
refraction arrivals ahthe quality of first arrival time picks for land seismic data. We use

synthetic and numerically blended land data to assess the interfering noises from seismic
blending. We propose a robust refraction arrival separation method that uses amplitude burst
suppression and the sparse Radon transform algorithm to enhance the first break quality of
blended data. We also demonstrate that after refraction statics correction, we can perform normal
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moveout velocity analysis and surface consistent residual statcsgdeblending because of

the passive separation property of blended data. Furthermore, we show that the suppression and
removal of blending noise can be done using the computational efficient parabolic Radon
transform after statics and moveout cori@tti

5.1Introduction

Conventional seismic data acquisition deploys sources with a large time delay to minimize
interference between sources. With advances in computing capacity and imaging algorithms,
seismic data with longer offset, wider azimuth, denser source and resjgaoang have resulted

in better seismic images. However, these improvements demand higher data density and increase
the acquisition cost. Over the past two decades, acquisition and processing techniques have been
developed to increase acquisition efficigifiBeasley et al., 1998; Berkhout, 2008). Beasley et al.
(1998) propose a simultaneous source firing operation involving two or more sources firing at

the same time. They demonstrate that, with sufficient blended source separation, processes that
require orrect geometry information, for example, NMO and stack, can suppress blending
interference noises directly without direct separation of the blended shots. This happens because
interference noises have incorrect geometry information. Another group ohdiglgjenethods

is denoisingbased deblending. Hampson et al. (2008) introduce small randomtiimaglelays

between sources and show that after removing thefiringme del ay (a p-rocess
debl endi ngo), bl endi n gntherdmenonfsiet denmam and mavheser® | S
in other domains. Processes such as migration and CDP stack can effectively suppress blending
interference. Mahdad et al. (2011) separate blended data by iteratively removing blending noise

in pseudedeblended receer gathers via{K filtering. Trad et al. (2012) use Apex Shifted

Radon transform to separate blended shots in the shot gather domain. Another approach is to
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treat blending interference as a signal and simultaneously separate the blended shots by inversio
( Moore et al. 2008, Wapenaar et al. 2011, Ibrahim and Sacchi 2013, 2015, Abma et al. 2015,).
Ibrahim and Trad (2020) show inversibased approach results in better deblending than the
denoisingbased approach. However, inversimased methods inversk the shots at the same

time, while the denoisinased approach works on one gather at a time. For large 3D, memory
and computational requirements can be a challenge for the invbesed approach because of

the need for changing sort order on eactaiten.

Blended land seismic data are generally noisier than marine data and-seleftegt statics has

to be addressed at the beginning of the processing steps (Moore et al. 2008, Manning and Ahmad
2013). Manning and Ahmad (2013) show source separafispdrse inversion enhances first

break qualities. In this study, we use synthetic data and numerically blended land data to assess
the effects of seismic blending on first arrival picking and statics computation. We also use

sparse Radon transform to remedlending interference in pseudeblended receiver gathers.
5.1.1Deblending vs passive separation

The typical processing flow of blended data is to separate the blended shots by using a
denoisingbased or inversiehased method and to follow thaith the conventional processing

flow (Figure5.1a). An alternate processing flow is to process the blended data without
separation by refining processing algorithms to make use of the characteristic of the blended data
(Figure5.1b). Algorithms such agelocity analysis, NMO and migration enhance the signal

from primary shot points with proper survey geometry, while suppressing the signal from
interfering shots through stacking or summing. For example, NMO aligns reflection energy
according to the sooe to receiver offset and moveout velocity. Stacking of moveout corrected

data will enhance the signal from the primary shots that have the correct source to receiver offset
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and will suppress signal from interfering shots. Migration sums the reflectiogyesmecording

to the forward modelled ray paths. Similar to NMO stacking, migration will enhance the

reflection signal from primary shots and suppress the reflection signal from the interfering shots.
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Figure5. 1. Processing flow of blended data: @gblending followed by conventional
processing, (b) Modified processing algorithms using the characteristics of the blended data
without direct deblending of blended data.

5.1.2Statics correction

Denoisingbased deblending, inversidrased deblending améssive separation processing
methods all require weathering statics and surface consistent residual statics corrections at the
front end of the processing flow (Figuse) for land seismic surveys. Weathering statics

correction involves refraction signaihd surface consistent residual statics involves reflection
signal. Both refraction and reflection signals are contaminated by interfering shots in seismic
blending. In this study, we use the denoidiaged method with pseudeblended data to
separatehte refraction and reflection signal for weathering statics and surface consistent residual

statics correction computation.
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5.2Theory

5.21 Seismicblending and deblending

Seismic source blending can be represented by the source &diexding matrix hand the

blended source matriyy 4

(5-1)

For a 9 shot points seismic survey with a blending fold of Jegalar shot increment, these

matrices are:
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whereA Ois the randomized firingime delay forQ shot point. Each column of contains the
blending parameters for a blended source, and each colump;i©f blended source.
Randomized firingime delays result in temporal inconsistency. By interchanging rows in the
blending matrix , additional spatial inconsistency cam &added to the seismic blending.

For blended seismic datg 4 it can be represented by the blending matrand the unblended
data’Eas:

‘Ba E. (5-5)

Because is not a square matrix, it is not invertible. Equatis#b) cannot be directly inverted

to get’E "Eis instead computed by minimizing the following objective functjon

V™ "Ba 'E° 1 E , (5-6)
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where_is a tradeoff constant, is the conjugate transpose of and the leastquares solution
to (6) is:

E "Ba 1) . (5-7)
The term'f halso referred to as pseudeblending (Mahdad et al., 2011), expands the
blended datafy sinto the number of sources that would be obtained without blending and
corrects for the firdime delay for each shot record within a blended shot. After pseudo
deblending, the signal appears coherent, while blending noises appear incoherent in receiver and
CDP domains (FigurB.4). This property leads to the removal of blending noises in the pseudo
deblended receiver and CDP gathers. Algorithms that use thigfyropgude FK transform
(Madhad et al., 2011, Abma et al., 2015) and sparse Radon transform (Moore et al.,2008;

Ibrahim et al., 2014).
5.22 Sparse Radon transform

The Radon transform (RT) maps déatafiQ, in timeohdistancéQspace to radon spe’Y 1) ,

in zero offset timeg and slownesghaccording to the basis functidw thHQ:

Y AQOQ o YHifQ Qo@ (5-8)

Linear, hyperboliand parabolic basis functions are often used in seismic data processing for

coherent and nenooherent noise attenuation :

Linear: YHRAQ @ (5-9)
Hyperbolic: ~ "YtmMAQ + t 1/ 'Q8 (5-10)
Parabolic: YTEQ T pQh (5-11)

wherer) is not the slowness, but simply a coefficient in the transform (Hampson 1886jlso

referred to as curvature.
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Apex shifted (AS) RT (Trad et al., 2012) incorporates d@exf each source of blended shot

record:

AS Hyperbolic:"YTMRFQ + t n Q Q 8 (5-12)
Equation §-8) is used directly in velocity stacks for moveout velocity analysis. However,
slope/curvature/velocity filtering requires an inversion process. Thorson and Claerbout (1985)
use stochastic inversion in time domain éggolic RT. Hampson (1986) proposes fast frequency
domain parabolic RT, that minimize the cost function:

ETE1T H (5-13)
with the solution:

T BE CBH (5-14)
where L is the forward radon modelling operator for frequemiayffset'Q and :

0p Q (5-15)
Ng and Perz (2004) outline a tindemain Gaus$Seidel iteration algorithm with sparseness
constraints im) ando wdirectionusing thresholding as well as prioritizing the computation

sequence of thg traces according to their energy from the previous iteration.
5.3SYNTHETIC EXAMPLE

The first arrival picking on blended data has not been widely addressediterttare, to assess
the impact of blending noise on the first arrival and reflection energy we generate-a finite
difference synthetic dataset using a layered wedge model and acquisition geometry with a
receiver and shot spacing of 24 m. We use a 5 glattisrn acquired simultaneously with
randomized firingtime delays (Figre5.3). The first shot in each pattern has zero firing delay,
while the other 4 shots have randomized firing delays between 50 and 200 ms5HEigin@vs

the pseudaleblended shoteceiver and CDP gather. Blending noise appears coherent in the shot
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gather; while it appears incoherent in receiver and CDP gather. The amplitudes of the first
arrival energy from interfering shots are stronger than the reflection signal. We usdisparse
Radon transform (Ng and Perz, 2004) to model the first arrival energy on windowed-pseudo
deblended receiver gathers (Figbrga). The windowed pseudteblended received gather is
transformed t@) andd dobmain. Sparseness is introduced by potimg ther traces in the
descending order of its energy level from the previous iteration and by rejgttatgs with

low semblance value. Hence, the strongest event will be modelled first, and weak events will be
omitted. The modelled first arrivanergy is then constructed by the forward transform of the
sparse) traces to the distandgame domain. Then range is 0.5 ms/m to 1 ms/m, and the
semblance threshold is 0.0001 for this test. Figbi®h and5.5c¢ display the receiver and CDP
gather vith modelled first arrival energy removed. Strong residual first arrival energy can be
seen near the sources; however, there are significant improvements in the reflection arrival
between 1 and 1.5 seconds. Figl®sand5.7 compare the normal moveoutNID) velocity
analysis using CDP gather with and without the removal of modelled first arrival energy.
Although the reflection event at 1100 ms is contaminated by strong first arrival from interfering
shots (Figire5.6a), the velocity semblance scan (Figbi&b) can focus at the right velocity
because of the passive separation property of the NMO and stacking process that suppresses the
blending interference with an incorrect source to receiver offset. After NMO correction, seismic
reflections are betterighed, and some blending interference appears asdangétude bursts
(Figure5.7c). We use a 200 ms tirvarying median filter to lower the amplitude level of the
amplitude bursts in NMO corrected psetttEblended CDP gathers(Figur8a) that is greate

than 2 times the median amplitude level. However, the interferences are still significant and

appear coherent on shot gathers (Figu8e). Using the coherence of the moveout corrected
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seismic reflection, we perform sparse parabolic RT on the movemetted and amplitude

burst suppressed CDP gather (Figbl8a). Figure5.9b and5.9¢c show the moveout restored

CDP and shot gathers after sparse parabolic RT.

—jwdt —jwdt —jwdty, —jwdt
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25|00 0

800 800

Velocity(m/s)

Depth(m)

1600

1500
2400

1200 2400 3600 4800
Lateral position (m)

Figure5. 3. Velocity model and 5 shots blending design pattern.fifimg-time delay for this
example is zero for the first source of each blended shot.

Figure 5.4. (a) Pseudaleblended shot gather showing coherent blending interference, (b)

pseudedeblended receiver gather and (c) pseddblended CDP gathshowing incoherent
blending interference.
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