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Abstract

Seismic amplitude variation with offset (AVO) has proved to be a useful technique in oil
exploration. However, the sensitivity of AVO to residual move-out (RMO) is considered a severe
limitation. Small misalignments between corresponding reflections have a severe impact on the
gradient, which may cause the user to acquire the wrong conclusion. To make AVO analysis more
robust, Semblance, Cross correlation and Swans residual velocity indicator (RV1) have earlier been
proposed as methods to correct for RMO. These existing methods are reviewed. In addition, a new
joint Bayesian AVO and RMO inversion is developed to find the RMO and elastic parameters.
The methods are all tested on one seismic section where the intercept and gradient follow a co-
linear relationship, and another one containing an AVO class 2p anomaly deviating from a co-
linear relationship between the intercept and gradient.

Semblance has traditionally been used during processing of the data and calculates the normalized
stacking amplitude along different trajectories. However, the method lacks the sensitivity needed
to properly condition the data for AVO and mishandles the anomaly. Cross correlation is a simple
technique to quantify the similarity between the near and far traces relative to each other in time,
but is distorted by heavy noise and the differences between the traces due to the anomaly. Swans
RVI provides the necessary sensitivity to the small velocity errors Semblance lacks, but is heavily
reliant on a co-linear relationship between the intercept and gradient. The newly developed joint
Bayesian AVO and RMO inversion provides the necessary sensitivity, in addition to handling the
AVO anomaly properly.
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Chapter 1

Introduction

Seismic amplitude variation with offset (AVO) examines the reflection coefficient as a
function of incident angle. The uses of AVO since its introduction are widely spread.
Ostrander| (1984) and |Fatti et al. (1994) showed the AVO responses usefulness in
predicting and mapping hydrocarbons. |[Avseth et al. (2000)) used it to distinguish
lithology and map porosity in clastics, while |Landrg| (2001) derived formulas to cal-
culate approximate pressure and saturation related changes from time-lapse seismic
data. However, most AVO techniques require a certain set of assumptions met. At-
tenuation and geometrical spreading must be properly accounted for, in order for the
amplitudes to represent the reflection coefficients. In addition, pre-stack migration
must relocate the scaled amplitudes to their correct position. Spratt| (1987) showed
that small errors in the normal move-out has a severe impact on the gradient and
Spagnolini| (1994) discussed the sensitivity of the relationship between velocity and
AVO. In other words, AVO requires thorough processing and preconditioning of the
data to be useful.

Ever since it was established that even the smallest velocity-errors has a great im-
pact on the AVO response, several methods have been proposed to correct for it.
Neidell & Taner| (1971)) introduced Semblance and Cross correlation, two measures
of coherence. |Swan| (2001)) derived an explicit expression directly linking velocity-
error to the harm it causes AVO for brine-filled sediments. Later these methods
have been widely used to ensure proper alignment of corresponding reflections in
order to increase the reliability of AVO.

This thesis will review these methods, and their respective strengths and weaknesses
in correcting seismic with and without AVO anomalies. As the errors in the normal
move-out correction are directly linked to velocity, RMO has often been linked to
errors in the velocity model. Semblance and the method introduced in |[Swan| (2001)
are both directly linked to velocity. In addition, the user is recommended to avoid
known AVO anomalies in the data. In this study the source of the RMO is neglected,
as the purpose is not to improve the velocity model, only the AVO response. In
addition, a new joint Bayesian AVO and RMO inversion is developed to also handle



anomalies, and compared to the others. All the methods implemented in this study
follow a static approach, meaning the entire trace is moved either up or down in
time to ensure proper alignment.

Throughout this work it is assumed all processing artifacts are properly removed,
except residual move-out (RMO).



Chapter 2

Theory

AVO analysis and inversion requires thorough pre-conditioning of the data to be
useful, and most of it is performed during the processing of the data. Some main
elements in processing include multiple removal, correction for attenuation and geo-
metrical spreading, and pre-stack migration. The mentioned operations, and more,
are all important but they come with uncertainty and complications. Additional
post-processing conditioning is often required prior to seismic analysis. We assume
proper scaling of amplitudes, multiple removal, and correction for noise attenuation
and geometrical spreading is done prior. The only uncertainty considered in this
thesis will be the reflection position, specifically due to RMO.

2.1 Processing

Seismic processing has in recent years greatly improved, and several complicated
methods have been developed to increase the quality of the seismic image for explo-
ration purposes. This section will focus on the two main operations directly linked
to RMO.

2.1.1 Travel time curve

Figure |2.1| shows a simple example of a isotropic homogenous one-layer model. The
goal is to calculate the travel time along the path SAR. Using Pythagoras theorem
we can derive the equation for hyperbolic travel-time curves, given by:

[L‘2

Pz) =t5+ =, (2.1)

where z is the offset, v is the velocity and ¢, is the zero-offset two-way travel time. As
the earth consists of several layers, the different velocities within these layers must
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Figure 2.1: Visualization of ray path for one horizontal layer. A and M are the common mid-
points. S and R represent the source and receiver positions. h is the layer thickness, v is the
layer-velocity, x is the offset and d is the ray path after reflecting off A.

be taken into account. To do so, the root-mean-square (RMS) velocity is used. The
RMS-velociy considers the time spent in each layer to calculate an average velocity,

1
v o= — Y VAT, (2.2)

where v; is the velocity in layer ¢, A7; is the time spent in layer ¢ and ¢, is the two
way travel-time given by:

N
i=1

By incorporating the RMS-velocity into equation we obtain the expression for
hyperbolic travel-time curves which is denoted:

2 2 a?

() =t5 + —5—. (2.4)
Figure [2.1]is also showing a common depth point, A. If we add sources and receivers
on each side, some primary reflections will have different incident angles but will
reflect of the same point. A common-midpoint-gather (or CMP gather) is compro-
mised of several traces with different incident angle, but with common depth points.
CMP gathers are the primary data needed for AVO analysis.

2.1.2 Normal move-out correction

Figure depicts a typical travel-time curve for a CMP-gather. Even though the
reflection-point is fixed in space, the increasing incidence angle increases the length of
the ray path. As a direct result, the travel-time increases, and the curve drifts away
from the true geological position. The time-difference between the true geological
position and the travel-time curve is defined as normal move-out (NMO),

Atymo =t — to. (2.5)

11
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Figure 2.2: Schematic illustration of an NMO correction (modified from |Yilmaz (2001)). Left:
the hyperbolic travel time curve pre NMO. Right: flat reflector post NMO.

By assuming that reflection travel-times follow a hyperbolic trajectory given by
equation it is possible to remove this effect in order to get reflections that
resemble the true geology. Figure depicts the scenario, where traces are moved
to their true geological location, A. By incorporating equation [2.4] into equation [2.5]
the equation for NMO-correction is denoted:

2
Atymo = T 1+( - ) 1. (2.6)

Urms

Keep in mind that the velocity needed to correct for NMO is normally defined as
the NMO-velcoity. However, the RMS-velocity can be considered a decent NMO-
velocity.

2.1.3 NMO stretch

As a result of applying NMO correction, some traces experience stretching. Figure

describes the process, where the trace at offset x; experiences increased period

when moved to its true subsurface location. In the time domain, the process is given
by Yilmaz (2001)) as:

ﬂ _ Atpmo

/ to

where f is the dominant frequency, A f is the change in frequency, At,,,, is the dif-

ference in NMO, and t is the zero-offset travel time. To get a better understanding

of how the correction distorts the signal, one can examine the analytical expression

(2.7)
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Figure 2.3: Schematic illustration of NMO stretch. The left graph depicts the situation pre-NMO,
while the right graph represents the results post-NMO. The blue trace represents the zero-offset
response, and the red trace is the one being stretched. Pre and post shows trace at x1 before and
after NMO correction. T and Ty are the periods.

for NMO stretch in the frequency domain derived by Dunkin & Levin| (1973), given
by:

~ 1

Se(f) = —25. (i) ) (2.8)

al’ &1'

where f is the frequency, S, is the spectrum before NMO, S, is the spectrum after
NMO, and a, is the ratio of the time difference between the two events before and
after NMO correction at offset . As a, becomes smaller with increasing offset,
the frequency spectrum is reduced, resulting in an increase in period. The amount
of move-out correction applied also plays a destructive role, further reducing the
spectrum. Basically, shallow far-offset traces experience the most stretch, and have
to be muted. In this study we consider NMO stretch to have been properly muted.
In time, there has also been developed stretch-free NMO corrections (Perroud &
Tygel (2004), Rupert & Chun| (1975), |Faccipieri et al.| (2019)).

2.1.4 Residual move-out

Often the velocity used when correcting for move-out isn’t 100% accurate. Over-
or under-picking the velocity will result in traces that are slightly misplaced after
correction. This small misplacement is referred to as residual move-out (RMO).
When analyzing the AVO response, all traces have to be as properly aligned as
possible in order to make sure the correct amplitudes are being compared. Even the
smallest misalignments causes the AVO response to become in-accurate.

In addition, reflectors rarely confers in a perfect hyperbolic trajectory. Anisotropy or
complex overburden may all create non-perfect hyperbolic trajectories. When these
are flattened using the approach that follows the assumption that travel time follow

13



perfect hyperbolic trajectories, one are left with RMO even though the velocity was
perfectly picked.

2.1.5 Pre-stack migration

Raw seismic data is oriented with respect to the observation points. Pre-stack mi-
gration involves repositioning data elements to their true geological position (Sheriff:
& Geldart| (1995)). It is important reflections are correctly placed when analyzing
the AVO response, to make sure the correct amplitudes are compared. In addition
to moving reflections to their true subsurface positions, migration also improves the
lateral resolution of the data. Increased resolution helps calculating the angle of
incidence, which must be accurate for AVO analysis (Downton| (2005))).

2.2 AVO/AVA Theory

AVO analysis uses the variation in the reflection coefficient as a function of incident
angle to predict reservoir properties. In order for it to be reliable, a certain set of
assumptions must be met (Walden (1991)). Firstly, it considers the earth to be a
series of flat, homogenous, isotropic layers. Second, it assumes correct removal of
geometrical spreading, absorption effects, multiples and other artifacts. In addi-
tion, pre-stack migration is assumed to have moved the amplitudes to their correct
position.

2.2.1 Richard and Aki approximations

There are many approximations for the reflection coefficients, but only the ones used
in this thesis will be presented, which are the ones first presented by |Aki & Richards
(1980), and then re-arranged by [Shuey| (1985). The formula is considered a weak
contrast approximation for the PP-reflection coefficient as a function of the relative
contrast between the elastic parameters (Aki & Richards (1980))), and is given by:

L_Ba e (2.9

R(9) ~ 2c0s20 « B’

A
a4wwf#

DO | —

where Aa, AS and Ap are the constrasts between the two layers, while «, 3, p
are the average elastic paramteres, and p is the ray parameter. Shuey| (1985) then
re-arranged it to:

R(#) ~ A+ Bsin* 0 + C'sin® tan?, (2.10)
where A, B and C are called intercept, gradient and curvature respectively, and are
denoted: LA A

o P
A= —(—+— 2.11
S+ =0, (211)

14



1 Aa Ap Ap

B=_-"— 4k~ _9)2—LC 2.12
1 Aa

=__, 2.13

5 (2.13)

The intercept, A, and gradient, B, are considered to be at the very heart of AVO
analysis. The curvature, C, is only considered important when modelling reflection
coefficients above 30 degrees.

2.2.2 Framework for AVO analysis

The AVO response varies depending on the subsurface, and |Rutherford & Williams
(1989) proposed to categorize the different responses into three classes. Later, the
classifications have been extended into four classes that are widely used today. The
different classes define AVO behaviour at the top of any layer. The response is
directly linked to the layer property and the contrast between the layer and the
encasing lithology. The four classes are defined by the sign of the intercept, A and
gradient, B, and shown in Figure [2.4

r(0)

lIn

Gradient

[ '
I Dy

1
1
Al
AL RS
1

0 Intercept

Figure 2.4: Schematic illustration of typical AVO classes. Left: reflection coefficient as a function
of angle. Right: Intercept and gradient cross-plot.

2.2.3 Estimation of Intercept and Gradient

Estimation of A and B is done by converting the data from offset to angle, and then
a popular approach is the least-squares linear regression method to determine the
parameters. In this thesis only seismic up to, and including, 30 degrees is used, so
it was found sufficient to use the weak contrast two-terms approximation, which is
written as the vector product:

A

r(f) =A+ Bsin®0=[1 sin’0 | (2.14)

15



Incorporating several angles into expression yields:
7’(81) 1 sin2 61
= Zm, (2.15)

r(6,) 1 sin?6,

where Z is a known design matrix, and m is a vector containing the unknown
intercept and gradient. By assuming that the data, d, represents noisy reflection
coefficients, it is denoted:

d(6:) 7(61) e(01)
d=| : |=| + [|+] ¢ [. (2.16)

The equations [2.15| and [2.16], can be summarized as:
d=7Zm+e, (2.17)

where e is the error. By following the least-squares approach for linear regression,
the unknown parameters can be found by the formula:

m=(Z"Z)"'z"d. (2.18)

2.2.4 Special case estimation of A and B for near and far
stacks

In the case of a near and a far stack, A and B are estimated from two points. The
linear regression is then reduced significantly. The near stack can be represented as:

N = A+ Bsin® 0y, (2.19)
where 6y is the average angle of the near stack. The far stack can be defined as:
F = A+ Bsin?0p, (2.20)

where 65 is the average angle of the far stack. The gradient is then a scaled version
of the difference between the near and far stacks, denoted:

B =c(F—N), (2.21)

where c is the scaling factor given by:

1
= : 2.22
¢ sin? p — sin? Oy ( )

The intercept, A can then be estimated by:
A= N — Bsin?0y. (2.23)

16



2.2.5 Background model

Castagna et al.| (1985)) presented a generalized mudrock line, which we assume the
background model follows, denoted:

a=mp +Db, (2.24)

where « is the p-wave velocity, § is the s-wave velocity, m = 1.16 and b = 1360m/s.
We also assume that the background model follows the law presented in |Gardner et
al| (1974), denoted:

p = ca, (2.25)

where p is the density, d = 0.25 and ¢ = 0.31, which is an empirically derived
constant. Seismic following these trends will be referred to as the background
model/trend throughout this thesis.

By following these trends, [Foster et al. (1993) presented a linear relationship between

A and B given by:
4 2
(%, 8V (W
paVi)\V

It is important to note that A and B are linear functions of velocity and density
only for small changes. Basically, for brine-filled sediments following the background
trend, A and B are co-linear.

A4
S 14 B8Vpp

(2.26)

2.2.6 AVO fluid factor as rotation in AB domain

The main idea behind the fluid factor is to design a weighted stack that detects
hydrocarbons and minimizes the seismic of brine-filled sediments (Smith & Gidlow
(1987)). It is defined as a weighted stack of the intercept and gradient, and generally
it can be formulated as a rotation in the A-B coordinate system given by:

R(x) = Acos(x) + Bsin(x), (2.27)

where x is the rotation angle, popularly named chi angle.

2.2.7 Linear forward model for a time-angle gather

The synthetic angle-gathers in this thesis have been made following the approach
presented by Buland & Omre| (2003)). The reflection coefficients in (2.2.1)) can be

written as:

r(t,0) = ay(t, 9)% Ina(t) + as(t, 9)% In B(t) + as(t, 9)% In p(t), (2.28)

17



where

1
a; = 5(1 + tan? 6

2.29
as = —4k*sin? 0 ( )
1
as = 5(1 — 4k*sin? 0).
Expression can be rewritten to the simpler form of:
r(t,0) = a’ (t,0)m’(t), (2.30)

where m are the elastic parameters in an earth model represented by the vector:

anP
m= | InVg |, (2.31)
Inp

and A is the sparse matrix defined as:

Arg, Asg, Asp,

A = : : : , (2.32)
Arg, Az, Asp,

where A,y are diagonal matrices containing a;, ay and ag at each time sample.

Further, the reflection coefficients between each time sample is defined as r=ADm,
where D is a finite difference matrix defined as:

Dy 0 0
D=|0 D, 0 |. (2.33)
0 0 Dy

The purpose is to convolve r with a wavelet vector through matrix multiplication
to acquire the data,

dl W1 0 0 T1 €1
_dm_ i o ... 0 ... Wm_ | Tna | | €na |

given by d = Wr, where W is the block-diagonal wavelet matrix. The equation can
also be written as d = Gm + e, where G is the linear forward operator, m is the
vector containing the elastic parameters, and e is the noise.

18



2.2.8 Bayesian linearized AVO inversion
The AVO inversion used in this thesis is based on the method proposed by [Buland
& Omre| (2003). Consider the linear forward model
d=Gm+e. (2.35)
By assuming Gaussian prior,
m ~ N, (B Zm)s (2.36)

where p,, is the prior expectation and 3, is the prior covariance matrix, and
Gaussian likelihood, p(d|m), given by:

dm ~ N,, (Gm,X,), (2.37)

Buland & Omre (2003) developed an explicit expression for the solution to the
inverse problem. The complete solution of the Bayesian inversion is represented by
the posterior distribution denoted:

p(d|mp(m)
p(d)
In the linear Gaussian setting defined by Buland & Omre (2003)), the posterior distri-

bution can be defined as a conditional Gaussian distribution. The joint distributions
of the model parameters m and d are defined as:
) , (2.39)

m
d ~ N, +ng
Yum = Cov{d,m} = GX,,, (2.40)

p(m|d) = (2.38)

Em Em,d
Ed,m 2cl

Ky,
My

Y

where X4, is the cross-correlation between d and m,

and 3, 4 is the transpose,
Y4 = Cov{m,d} =%,,G". (2.41)
The posterior distribution, p(m|d), is further given by:
m|d ~ N, (fm)d: Zinja), (2.42)

m

where the optimal solution vector is

Bonja = 1+ S GTE71(d — py), (2.43)
with posterior covariance

Yod = Zm — EnGTE'GY,,. (2.44)

The posterior contains the complete solution of the problem, including uncertainty.

19



Chapter 3

RMO effect on AVO

As a simple example to understand the fundamentals of how RMO effects the AVO
response, one can visualize a simple scenario of two layers — a hard shale above a soft
brine-filled sandstone. The decrease in acoustic impedance constitutes a negative
reflection coefficient. Convolving with a Ricker-wavelet results in a seismic trace
representing the reflection for a zero-incident angle. For the sake of simplicity,
consider no change in amplitude with offset, meaning the gradient is zero, as in

Figure 3.1]

Near Far Intercept Gradient

0.06

Time (s)

-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05

Amplitude

Figure 3.1: Identical near and far traces, along with the estimated intercept and gradient.

As the traces are identical, the gradient will be zero. However, if the far trace is
shifted in time, either up or down, the gradient will become nonzero. This time
shift is the RMO. As seen in Figure [3.2, even a minor time-shift of -2 ms causes a
massive effect on the gradient. The intercept on the other hand is barely influenced.
Another important observation from Figure is that the gradient appears as the
derivative of the intercept.

20



Near Far Intercept Gradient

0.06

Time (s)

-0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05 -0.05 0 0.05

Amplitude

Figure 3.2: Identical near and far traces, except the far has been shifted —2 ms in time, along
with the intercept and gradient.

When two traces are identical, the gradient is reduced to the time derivative of the
intercept. The scenario is depicted in figure [3.3

f (6r,)

f(tn + At) """" '
f(t) = gtnsa) |4 f@© g

N
F

tTL tn+1 t HN 91: Sin29
—
At

Figure 3.3: Illustration showing the similarity between the gradient and the derivative. Left: Two
identical functions, one of which is moved in time. Right: Near and far stack in an reflection
coefficient vs reflection angle plot. Green points represent the Far. Blue points represent the Near.

The left hand side shows two identical functions f(¢) and g(t), one of which is shifted
in time. Calculating the slope between the green and blue points in both graphs is
the same, so the gradient can be determined by:

f(tn + At) _ f(tn>

B:
At

(3.1)

In other words A’(t) = B, and they can both be determined accurately by finite
difference. Using finite difference to the determine the gradient is possible in this
instance, but the larger the time shift, the poorer the gradient estimation is. Re-
gardless, using finite difference results in an absolute value of the derivative of the
trace with respect to time. However, this value must be scaled to be a real repre-
sentation of the gradient, as the angles related to the traces play an important role
in gradient estimation. The near stack is said to be 10 degrees and the far stack is
30 degrees, so the scaling factor depends on both of them.
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The example showed in shows how the gradient was affected by shifting the far
trace —2ms. To get a broader understanding of how the AVO response changes
with RMO, several values were tested. A normal distribution defined as

At ~ N(0,07), (3.2)

with 4 = 0 and ¢ = 2 ms was made to represent residual move-out. A Monte Carlo
simulation was then run to draw 10,000 different values of At to see how different
amounts of residual move-out affects the estimation of the intercept and gradient.

Figure shows the distribution of intercept and gradient at the peak reflection of
the reflection in figure 3.2 As seen in Figure the intercept is only slightly influ-
enced, and remains remotely close to the reflection coefficient of -0.047. The gradient
however, experiences large changes as a function of time shift. It is important to
note the difference in number of samples on the y-axis in Figure [3.4] It indicates
that most of the estimated intercept values fall within the same values, while the
gradient experiences a larger spread due to being heavily affected by adding residual
move-out.
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Figure 3.4: Distribution of A and B after drawing 10,000 random RMO wvalues.

The main takeaway from this example is that the gradient is heavily altered by small
misalignments, while the intercept experiences very small changes.
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3.1 Effect on AB-plot

Figure [3.5] shows a near and a far trace completely following the background trend,
and their respective intercept and gradient traces. To get an idea of how residual
move-out effects the positioning of the individual intercept and gradient points in
an AB-plot, the far trace was shifted up and down three milliseconds.
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Figure 3.5: Near and far traces following the background trend, along with the estimated intercept
and gradient.

Figure is showing the resulting AB-crossplots when the far trace has been shifted
up and down in time. The red points represents the original points when the far
trace is correctly placed in time as in Figure [3.5] The blue points depicts the
intercept and gradient points after shifting the trace up and down 3 ms. The AB-
plot shows that the added residual move-out forces the individual points to deviate
from the background trend, which will results in erroneous AVO analysis, specifically
increased gradient amplitudes.
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Figure 3.6: A and B cross-plot for At = £ 3 ms. Red points: True AVO response. Blue points:
AVO response after adding RMO to the data. Left: +3 ms. Right:—3 ms

3.2 Apparent RMO

The seismic section showed in |3.5] section is completely following the background
trend introduced in [2.2.5] and the optimal AVO response is obtained when the
gather is completely flat. However, this isn’t always the case. Figure shows a
seismic section which contains a Class 2n AVO anomaly, together with the corre-
sponding intercept and gradient cross-plot. The red points represent the part of the
seismic following the background trend, while the blue points are in the anomaly
interval. Several of the reflectors in the interval between t = 2.06s and ¢t = 2.16 s
are appearing to bend upwards with increasing angle. This behaviour might be
mistaken as RMO, when it is in fact an AVO response. Hence, the term apparent
residual move-out is presented. Apparent RMO brings us back to the main objective
of this thesis, which is to propose a new method to correct for residual move-out
that properly handles these important events.
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Figure 3.7: Left: seismic gather illustrating apparent RMO. Right: the corresponding AVO re-
sponse. Red: the seismic following the background trend (above and below the anomaly). Blue:
points in the anomaly interval.
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Chapter 4

Data

Four methods will be tested on two synthetic sections of seismic data, with and
without noise. One is a trend completely following the background trend explained
in subsection [2.2.5] and another is a Class 2p anomaly experiencing apparent RMO.
The purpose is to see how the different methods impact the AVO responses.

4.1 Model 1: Background trend

Figure[4.1|shows the seismic section completely following the background trend. It is
smoothly varying, with an overall increasing trend of elastic parameters with depth.
There are two major reflections in the gather, a trough at t = 2.12s associated
with the huge decrease in elastic parameters. In addition, there is a large peak at
t = 2.25 s associated with a large increase in elastic parameters. Other than that,
the rest of the reflections are results of small to medium contrasts. This section will
be referred to as Model 1 throughout the thesis.

26



Seismic VP VS RHO
2 2 g T 2 & 2 T
\
2.05 2.05 2.05 3\\\ 2.05
\ \
(l
2.1 2.1 § 21 N 2.1
D J
2.15 215 215 ? 2.15
® © ® ‘/\ ©
~N
5] (] 5] / ]
g 22 g 22 g 22 { g 22
[= [= [= p [=
2.25 2.25 % 2.25 ~ 2.25
(
2.3 23 2.3 ) 23
/
g
2.35 2.35 \> 2.35 2 2.35
L (
2.4 2.4 2.4 ~ 2.4
0 10 20 30 2400 2500 2600 2700 900 1000 1100 1200 2.15 22 225

Angle (deg.)

Figure 4.1: Synthetic data following the background trend, along with the corresponding elastic
parameters.

4.2 Model 2: Class 2p anomaly

In addition to a seismic section completely following the background trend, another
was also made. Figure [4.2| shows a seismic section with a Class 2p anomaly at
approximately ¢ = 2.1s. By closely examining the seismic at this time, one can
clearly see a strong trough appearing to bend downwards with increasing offset.
This is a direct response to the AVO anomaly. As mentioned, this behavior can be
misinterpreted as residual move-out, and is called apparent RMO throughout this
study.
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Figure 4.2: Synthetic data containing AVO Class 2p anomaly at t = 2.09 s, together with the
elastic parameters.

When the gather contains more seismic following the background trend, it may out-
weigh the anomaly. Considering this thesis only uses a static approach to correcting
for residual move-out, the anomaly would be correctly handled simply by correcting
the seismic following the background trend. As the main purpose of testing the
methods on the section containing the anomaly is to specifically see how they react
to apparent RMO, it was cropped out of the seismic to make sure the background
trend did not outweigh it. Figure shows the cropped section only containing the
reflection with apparent RMO. By looking at Figure [4.3] it the apparent RMO is
even clearer.
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Figure 4.3: AVO anomaly Class 2p cropped from the entire gather, along with the elastic param-
eters.
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4.3 Representation of noise

In addition to the two gathers shown, two identical gathers containing noise were
made. The noise added was white Gaussian noise defined by normal distributions.
For Model 1, the one following the background trend, noise was added on the form,

er ~ N (p,, o), (4.1)
with g, = 0 and o, = 0.0012.
For the gather containing the anomaly the noise was defined as:

&3 ~ N (i, o°1), (12)
with g, = 0 and o, = 0.0032.

The noise was added to the seismic to test how the methods perform when there is
some kind of distortion in the seismic. It is important to note that random white
noise in is no way more damaging than noise that resembles primary reflection, like
multiples. However, it does distort the signal to some extent, which in return should
make it slightly harder on the methods.

4.4 Representation of RMO

An important part of this thesis is the mathematical representation of residual move-
out. In Chapter 2, the theory behind the presence of residual move-out was discussed
and linked to different sources. The simplest being errors in the velocity model, and
a more complicated reason being linked to anisotropy and complex geology. As a
result, this thesis will utilize one approach to add move-out to the data. We consider
the source of the residual move-out to be irrelevant. As the purpose of this thesis
is only to make AVO analysis more robust, and not improve the velocity model, we
neglect the source but still consider it to be present. Throughout this study, RMO
is assumed to be a slowly varying polynomial function, At, defined as:

At(0) = ab* + bf + c. (4.3)

Considering the RMO is zero when the angle is zero, the last term, ¢, is neglected.
By removing ¢ one ensures the move-out curve is properly constrained, and the
expression is reduced to:

At(0) = ab* + bo, (4.4)

where b defines a linear line, while a allows for smooth curvature. Henceforth, At
will be referred to as a move-out curve.
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Chapter 5

Semblance/Max stack

Even though this thesis focuses on post-processing preconditioning of the data for
AVO analysis, there exist techniques used during processing that are useful. Sem-
blance, a measure of coherence, is considered one of the classical approaches used for
velocity picking during processing of seismic data, but can be applied for residual
move-out correction too. It is important to note that while processing the data,
semblance is used as a method to find the velocity that results in the maximum
stacking amplitude, which is not necessarily the optimal velocity for AVO analysis.
Nonetheless, this chapter will review the use of Semblance as a method to correct
for residual move-out post-processing, and explore how the methods sensitivity to
small velocity variations impact the AVO response.

5.1 Theory and implementation

Stacked amplitude S along the hyperbolic trajectory given by two-way travel-time
t; is denoted:

S(t;) = Zd(ﬂfi’ta‘(%)% (5.1)

where S(t;) is the stacked amplitude along two-way travel-time ¢;, M is the number
of traces, d is the amplitude at offset x; at time ¢;(z;). Basically, one calculates
the stacking amplitude along different hyperbolic trajectories, using the formula for
two-way travel time with different trial velocities:

2
L
2 Y (52)

ti(zi) =\ [t5 +

where v,,,s is the RMS-velocity which provides a decent stack. The hyperbolic tra-
jectories given by expression are directly linked to velocity-error, which is why
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the maximum stacking amplitude is popular during velocity model building. Sem-
blance is considered the normalized output-to-input energy ratio (Yilmaz (2001))),

which is given by:
M
_ i Zt Zi:l d(mia tj)
NE = il .
M Dot 2imn A t5)?

There are several factors that need consideration when implementing this method.
When working in the time-domain, it is only possible to shift traces up and down
whole samples, unless one re-samples the data and interpolate in between, this
reduces the accuracy needed when preconditioning the data for seismic analysis. On
the other hand, in the fourier domain it is possible to accurately move traces up and
down as a linear phase shift. In order to make the method as accurate as possible,
a slightly different approach was taken. Firstly, the algorithm was designed to find
the strongest reflection, then a window was set around it. The difference is located
in the next step, where the trajectory was chosen to be a fixed flat line at the zero-
offset time of the strongest reflection. A trial a and b in At = af? + bf was set, and
the resulting residual move-out was applied to the seismic. The stacking amplitude
along the flat line is then the stacking amplitude obtained at the given move-out
curve, At. Basically, instead of having a fixed seismic section and making several
trajectories, the trajectory was fixed and the seismic was moved up and down in the
fourier domain. In addition, the method is linked to a and b rather than velocity.
This approach was considered an easy solution to ensure the accuracy was at the
level needed. The obtained stacking amplitudes along the trajectory for the different
velocity errors were then normalized within the chosen window.

(5.3)

5.2 Examples

The purpose of implementing semblance was to see how it would work as a post-
processing method to correct for residual move-out. In addition, to see if the methods
sensitivity to small changes in the move-out curve is sufficient. Residual move-out
was added to Model 1 in the form of A = 0.020% +0.0026, depicted by the move-out
curve in Figure 5.1

Residual move-out curve
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Figure 5.1: Move-out curve representing the residual move-out added to Model 1 prior to testing
Semblance.
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The second model, which contains the anomaly, was left un-touched as the purpose
of applying Semblance to this gather was to see how it reacts to apparent RMO.

5.2.1 Model 1: Background trend

Figure shows three seismic sections, and the trajectory which the stacking am-
plitude was calculated on. Several values of a and b were tested to calculate the
stacked amplitude along the line, to see which parameters resulted in the highest
amplitudes. The left gather is the original model, the middle gather is after apply-
ing the move-out curve in Figure [5.1} and the right gather is the results obtained
post-correction. There is clear improvement in the gather, and it appears to be com-
pletely flattened. It is important to note that the move-out required to cancel the
residual move-out applied by the curve in Figure[5.1] is the exact same, but negative
to reverse the changes. In other words, the resulting move-out curve should be a
perfect mirror-image of the one in Figure [5.1]
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Figure 5.2: Three gathers following the background trend. Left: original gather. Middle: gather
with added RMO. Right: gather obtained after using Semblance. Red line: line which the amplitudes
were stacked.

Figure [5.3| shows the move-out curve applied to the seismic in green, while the blue
curve represents the answer obtained by semblance. The absolute value of both
move-out curves has been plotted, to make it easier to compare them. The two
move-out curves are very similar, with slight changes towards the higher angles.
The maximum difference in move-out is only 0.35ms. The right hand side of the
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figure shows the semblance plot. It is important to remember that the normalized
stacking amplitude was only calculated at one time sample, the one at the largest
reflection which is the trough at the red line in Figure [5.2] Thus, the semblance
plot is for this one time sample. The difference in color represents the different
trajectories obtained by changing a and b. The top x-axis is the trajectory number,
while the bottom x-axis shows the RMO at 30 degrees. Dark blue represents high
stacking amplitude, while yellow is low. It can be clearly seen in the figure that
several values show dark blue, but the highest stacking amplitude was acquired for
trajectory 8, when the RMO at 30 degrees is 0.35ms. The true answer is trajectory
7, when the RMO is zero. Keep in mind that the true trajectory is also dark blue,
but with slightly lower normalized stacking amplitude. The erroneous difference in
stacking amplitude between the obtained and true answer is related to the methods
sensitivity to small change in the move-out curves.
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Figure 5.3: Left: True move-out curve in green. Move-out curve obtained post-Semblance in
blue. Right: Semblance plot for t = 2.25s. Top x-axis: trajectory number. Bottom z-axis: At at
30 degrees.

The method was also tested on noisy seismic to see how white Gaussian noise affects
the sensitivity. In Figure [5.4] the same three gathers are shown with noise. The
corrected gather shows clear improvement, and it seems to have been correctly
flattened.
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Figure 5.4: White Gaussian noise. Three gathers following the background trend. Left: original
gather. Middle: gather with added RMO. Right: gather obtained after using Semblance. Red line:
line which the amplitudes were stacked.

Figure [5.5| shows the comparison of the move-out curves. Even with the presence
of noise, the curves are nearly identical, except for changes at the higher angles.
Nonetheless, the difference here is not even close to being one whole sample. The
semblance plot differs a lot from the one for the noise-free seismic, and the maximum
normalized stacking amplitude was acquired at trajectory number 5, when the RMO
is -0.7ms. Trajectory number seven represents the true answer, and based on the
plot there appears to be at least 3 trajectories with higher stacking amplitudes,
suggesting the sensitivity of the method decreases significantly with increasing noise.

Normalized stacking amplitude

Trajectory nr

Residual move-out curve 1 3 5 7 9 11 13 X 10-3

8 T T T T T

-5.85

Move-out (ms)
-~ (=2
T T
1 1

[N
T
L

0 1 L 1 1 L
0 5 10 15 20 25 3 -2 -13-07 0 07 13 2

Angle (deg.) At (ms) at 30 deg.

Figure 5.5: Left: True move-out curve in green. Mowve-out curve obtained post-Semblance in
blue. Right: Semblance plot for t = 2.25 s. Top x-axis: trajectory number. Bottom z-axis: At at
30 degrees.
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5.2.2 Model 2: Class 2p anomaly

The method was also tested on the gather containing the Class 2p anomaly. As
mentioned, the gather was kept unchanged to see how Semblance reacts to apparent
RMO. The left side of Figure|5.6/shows the true seismic, the middle gather represents
the seismic after applying Semblance, and the right hand side shows the Semblance
plot. The strongest reflection in which the stacking amplitude was calculated for is
located at the red line. The method clearly has done what it is intended to do, find
the a and b which result in the highest normalized stacking amplitude. However, in
doing so, the anomaly has been completely altered. The trough at approximately
t = 2.095s is bending downwards in the true seismic, but is shifted in time to the
point of doing the exact opposite.

As the strongest reflection was a peak in this model, the highest normalized stacking
amplitude is positive which is represented by bright yellow. Trajectory number 8,
when At is zero represents the original seismic. As shown by Figure[5.6] all negative
values of At results in higher stacking amplitude than for trajectory nr 8. This
means the stacking amplitude increases in the direction of wrongly flattening the
reflection.
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Figure 5.6: Left: original AVO anomaly. Middle: The gather obtained after Semblance. Red
line: line which the stacking amplitude was calculated on. Right: Semblance plot fort =2.1s. Top
x-axis: trajectory number. Bottom z-axis: At at 30 degrees.

The method was also applied on seismic containing white Gaussian noise. Figure
5.7 shows the original gather along with the post-Semblance gather. The right side
of Figure is the Semblance plot for ¢ = 2.1s. The case is the same as for the
noise-free seismic. The peak at t = 2.1s is flattened, which in return alters the
trough between ¢t = 2.09s and ¢t = 2.095s to bend upwards. The peak which the
stacking amplitude was calculated on is flattened. By examining the Semblance
plot, the highest value is obtained at large negative move-out (bright yellow).
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Figure 5.7: Noisy seismic. Left: AVO anomaly pre-correction. Middle: seismic section post-
correction. The red line represents the line which the stacking amplitude was calculated on. Right:
Semblance plot at t = 2.1 s. Top x-axis: trajectory number. Bottom x-axis: At at 30 degrees.

5.2.3 Discussion

The application of Semblance as a post-processing tool to correct for residual move-
out was tested on the model following the background trend, and the gather contain-
ing an AVO anomaly. The results obtained on Model 1 show that the method does
a great job in removing most of the residual move-out. The normalized stacking
amplitude was not along the true trajectory, but very close. When white noise was
added to the seismic, the sensitivity of the method decreased, and there were several
trajectories with higher stacking amplitude than the true one. That being said, they
were all a clear improvement to the gather altered with residual move-out. All in
all, the method can be considered a simple, yet robust way to partially correct for
residual move-out in the presence of brine filled layers.

For model 2 the case was quite different. As mentioned, no RMO was added to the
gather containing the anomaly, as the purpose was to see how Semblance reacts to
apparent RMO. As expected, the highest stacking amplitudes were along trajectories
seemingly working towards flattening the reflection, which is considered a weakness
as based on this observation, the user is advised to avoid known anomalies.

Other weaknesses are related to the nature of the approach. The purpose of using
Semblance is to obtain the best stack. When preconditioning the data for AVO,
we are only after the proper alignment of corresponding reflections, which often
contradicts the best stack. Another weakness to the method is related to the uni-
modal output. It does not provide any indication whether the user is under- or
over-correcting the seismic. Lastly, there is one weakness to how the method was
implemented in this thesis - a static approach. However, there have been developed
dynamic approaches to implementing semblance where traces are being stretched
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and squeezed to find better fits(Rickett & Lumley| (2001), |Wolberg (1990)). There
are also other newly proposed methods to greatly improve semblance when there
are multiples present, by combining it with dip filtering to supress multiple reflec-
tions (Li & Symes (2007)). These are all examples on the broad applications of
Semblance.

5.3 AVO Analysis

Considering the purpose of this thesis is to determine the usefulness of several meth-
ods to precondition data for seismic analysis, it is only natural to examine the dif-
ference done to the AVO response. Intercept and gradient points were estimated
for both models before and after the application of Semblance, to see the responses
compare to the true AVO response. In addition, the coordinate system was rotated
to obtain a fluid cube for Model 1. As the second model only contains an anomaly,
the purpose of rotating the coordinate system to highlight one feature while remov-
ing another is lost. For this reason, there were not done any chi angle rotations for
Model 2 in any of the chapters.

5.3.1 Model 1: Background trend

Figure |5.8 shows an intercept and gradient cross plot. The green points represent
the true AVO response, while the red points is the AVO response after adding resid-
ual move-out to the data. The blue points depict post-Semblance response. The left
figure represents noise-free seismic, while the right plot is in the presence of white
Gaussian noise. In the noise-free case, there is clear improvement. The removal
of residual move-out corrects the AVO response to the point of almost completely
overlapping with the true. The spread of the points is completely removed, suggest-
ing the gradient has the correct amplitudes at all time samples. The inclination of
the trend followed by the points is reduced, making it correct, suggesting the vp/vs
relationship is improved. For the gather containing noise, the difference is not as
noticeable. In fact, the AVO response appears to not have improved much at all.
Neither the inclination of the trend, nor the spread is affected much. This is likely
related to the methods decreased sensitivity in the presence of noise.
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Figure 5.8: Model 1 intercept and gradient cross-plot. Green: true AVO response. Blue: after
correcting the seismic with Semblance. Red: after adding RMO. Left: Noise-free gather. Right:
white Gaussian noise.

The difference done to the AVO response is not always easily seen in cross-plots,
especially for noisy seismic. To further investigate the change done to the intercept,
the traces are shown by Figure [5.9, The figure shows all the intercept traces next
to each other, with and without noise. There is hardly any difference done to the
intercept, which is expected as it is barely influenced by small amounts of RMO, as

discussed in Chapter [3|
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Figure 5.9: Model 1 intercept traces. True: original gather. Pre: after adding RMO. Post:
after correcting for RMO with Semblance. Three to the left: noise-free. Three to the right: white
Gaussian noise.

The gradient traces in Figure [5.10[shows the difference the tiny misalignment results
in. When the true seismic is distorted with RMO, the amplitudes of the gradient are
heavily increased as seen in the pre-traces. After the application of Semblance, the
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"post” gradient is reduced to the original amplitudes for the noise-free case. In the
presence of noise, there is not much of an improvement. This is further evidence the
AVO response for the noisy seismic was not improved due to the methods decreased
sensitivity in the presence of noise.

B True B Pre B Post B True B Pre B Post
T 2 2 2 2 2
2.05 1 2.05 1 2.05 1 2.05 1 2056 205
21 1 21 1 21 1 21 1 21 211
215 1 215 1 215 1 215 1 215 215
) = ) = ) )
Q @ 4] @ 4] 4]
£ 22 £ 2.2 £ 2.2 £ 2.2 £ 2.2 £ 22
= = = = = =
2.25 1 2.25 1 2.25 1 225 1 2.25f 225
23 1 23 1 23 1 2.3 1 23 23r
2.35 1 235 1 235 1 235 1 235 235
24 24 2.4 2.4 : : 2.4 - 2.4 :
005 0 005 005 0 005 005 0 0.05 005 0 0.05 005 0 0.05 0.05 0 005
Amplitude Amplitude Amplitude Amplitude Amplitude Amplitude

Figure 5.10: Model 1 gradient traces. True: original gather. Pre: after adding RMO. Post:
after correcting for RMO with Semblance. Three to the left: noise-free. Three to the right: white
Gaussian noise.

Figure [5.11] shows the fluid traces obtained by rotating the coordinate system. By
comparing the pre-correction fluid trace to the true and post-correction traces, one
can observe clear differences. Adding RMO to the data distorts the AVO response,
making the rotation angle not as effective. By applying Semblance to remove the
RMO, the amplitudes are returned to the original value of near-zero. As inferred
from the cross plot and intercept and gradient traces, there was not much improve-
ment to the AVO response for the gather containing noise. The true fluid trace
has significantly smaller amplitudes than the pre and post traces. This is a further
indication on that the inclination is not improved at all.
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Figure 5.11: Model 1 fluid traces: True, pre- and post-correction for seismic with and without
noise. Three left traces are without noise, three right traces are with noise.

5.3.2 Model 2: Class 2p anomaly

The results showed that Semblance handled the anomaly as expected - it flattened
it. To see how severe of an impact this has on the AVO response, the intercept and
gradient were cross-plotted for the seismic sections with and without noise, as seen
in Figure [5.12l The green points represent the true AVO response, while the blue
points show the AVO response after wrongly flattening the apparent RMO. Left
side is for the noise-free case, while the right is in the presence of white noise. As
there are not too many points, it is hard to make much of the difference only by
looking at the cross-plot. The main observation is that the spread of the points for

the noise-free case seem to decrease in the gradient direction.

Gradient

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

-0.04

-0.05

-0.06

AB cross plot

T
1
1
1
L 1
b4 1
1
1
L ] 1
Y 1
¢ leme
"“r.'“";“'*l““'l-. ------------------
1
R ° .
e
1
L4 1
o s . e
1
| o ¢
1
1
1
! *
1
1 ]
1
4 2 0 2 4 6 8 10
Intercept «10°3

0.04

0.03

0.02

0.01

-0.01

Gradient

-0.02

-0.03

-0.04

-0.05

-0.06

AB cross plot noise

< e® .
® * ‘
®
----- !-------0--:---‘-t------------------
L |
| *
1 )
1 [
e ! .
' .
L) ‘>
I
1 [
I
I
I
I
I
1 L ]
L &
-4 2 0 2 4 6 8 10
Intercept «10°3

Figure 5.12: Model 2 intercept and gradient cross-plot. Green: true AVO response. Blue: after
applying Semblance. Left: noise-free. Right: white Gaussian noise.
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To further investigate the effect wrongly flattening the reflections has on the AVO
response, the traces were examined. The intercept traces are shown in Figure [5.13
The two traces to the left are for the noise-free gather. True indicates the intercept
from the original seismic, while post represents after the application of Semblance.
There are small amplitude related differences to the intercepts, especially at t =
2.09s. In addition, the post trace for the noisy seismic appears to be shifted up in
time compared to the true. Other than that, it is not affected much by the wrong
doings of semblance. The general shape of all the traces are similar.
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Figure 5.13: Model 2 intercept traces: True: original gather. Post: after applying Semblance.
Two to the left: noise-free. Two to the right: white Gaussian noise.

Figure[5.14|shows the gradient traces for the true and post-Semblance gathers. There
are clear differences seen in this Figure. Firstly, at ¢ = 2.09s the gradient changes
from positive to negative, second the amplitudes are different throughout the entire
trace. In fact, they are so different there are large changes in the general shape,
especially for the traces with the presence of noise. This shows the severe impact
wrongly handling of anomalies has on the gradient.
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Figure 5.14: Model 2 gradient traces: True: original gather. Post: after applying Semblance.
Two to the left: noise-free. Two to the right: white Gaussian noise.

5.3.3 Summary

The true AVO reponse was compared to the response in the presence of RMO, and
after applying Semblance to correct for it, to see the difference done to the intercept
and gradient. For Model 1 (the background trend), there was clear improvement in
the noise-free data. The spread of the points was completely reduced, resulting in
the gradient trace obtaining the correct amplitudes. The inclination of the trend the
points were following was reduced, improving the vp/vs relationship. The fact that
the fluid traces were zero for the true and the post-Semblance traces also proved
then inclination was corrected. When noise was added to the seismic, there was
not much improvement to the AVO response. The spread of the points remained
unchanged, seen by the high amplitudes in the post-Semblance gradient trace. The
inclination was not affected either, seen in the lack of decrease in amplitudes in the
fluid trace. This is directly related to the decrease in sensitivity the method suffered
from when adding noise to the seismic. It resulted in a less accurate correction,
which in return did not improve the result.

For Model 2 (the anomaly) it was not easy to see the damage done by wrongly
flattening the gather simply by looking at the cross plot alone. When looking at
the intercept trace, there were clear amplitude differences. The gradient suffered
from even more alterations, where some places it went from positive to negative.
In addition, the general shape of the traces were different, especially for the noisy
seismic. This erroneous response is directly linked to the methods approach to
apparent residual move-out, where it seemingly flattened a reflector original intended
to bend.
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Chapter 6

Swans residual velocity indicator

The method of the residual velocity indicator (or RVI) is based on a methodology
developed by Swan (2001), in which the sensitivity of AVO to residual move-out is
exploited to obtain accurate velocities. Similarly to Semblance, the residual velocity
indicator, or RV1, is directly linked to errors in the velocity model, but with increased
sensitivity (Swan| (2001). This chapter will present the theory derived in the paper,
and explain how it was implemented to precondition the data for seismic analysis.
The purpose of the implementation of this method is specifically to test the alleged
enhanced sensitivity to small changes in the move-out curve denoted:

At = ab® + bh. (6.1)

In addition to see how to see how it reacts to apparent RMO.

6.1 Theory and implementation

Time misalignment, At, due to velocity errors when following the assumption of
hyperbolic travel times is denoted:

st=/(piap) By (5) 4 (©:2)

where z is the offset, ¢y is the two-way travel-time, V' is the velocity and AV is the
velocity error. Following the approach derived in [Swan (2001)), it can be approxi-
mated by a truncated MacLaurin series,

At
At =~ AV o(Aat) (6.3)
IAV) sy,
Evaluating this difference at zero velocity error, the expression can be written as:
—22A AV
At ~ vaV = —tpsinftan—-. (6.4)
V2y/x? + (t,V)? %
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By assuming that A—VV varies much slower than the intercept, A(t), Swan derives an
expression for the amplitude variation caused by the time misalignment At given
by:

A
AS = —tOTVA’(t) sin f tan 6, (6.5)

where A’(t) is the time derivative of the intercept, which was explained in Chapter

Bl

Analytic expressions for the intercept and gradient, denoted A,(t) and B,(t) can be
obtained by adding them to ¢ times their Hilbert transforms. By incorporating ex-
pression into the analytical expression of the gradient, Swan derives an equation
for the gradient estimated in the presence of a velocity error given:

AV
B.(t,AV) = B,(t) — tAl(t) (7) . (6.6)
Using expression [6.6] and an analytic representations of the intercept and gradient,

Swan derives an equation that effectively separates the velocity effects from the true
AVO effects given by:

A (t)B*(t, AV) = A,B*(t) + iwpt (%) | AL (). (6.7)
The imaginary part of equation is named the residual velocity indicator, RVI,
while the real part of the equation is named the hydrocarbon indicator, or HCI.
The velocity-error induced AVO response resides in the imaginary part, while the
real AVO response is represented by the real part. This is key in implementing the
method, as the goal is to minimize the RVI. It is important to note that the expres-
sion derived only experiences excellent separation between the real and velocity-error
induced AVO responses when the relationship between the intercept and gradient is
co-linear(Swan| (2001)). [Foster et al.| (1993) showed that this is the case when the
geology is following the background trend. For events with non-co-linear relation-
ships between A and B, the imaginary part will also contain some of the real AVO
response (Swan| (2001))), which is the case for anomalies.

The method was implemented through a series of easy steps. First, the intercept
and gradient were estimated at each time sample, then the RVI was calculated using
equation This was done for several a and b in At = af? + bf to see which values
of a and b minimized the RVI.

6.2 Examples

After implementation, the method was tested on the gather following the background
trend, and the gather containing the AVO class 2p. RMO defined by Figure [6.1
shows the amount that was added to Model 1. The curve is defined by the function
At = 0.020 + 0.0020. The purpose was to test the methods sensitivity to small
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changes in the move-out curve, to see which values of a and b resulted in minimizing
the RVI. It is important to note once again that the a and b obtained post-correction
are the exact opposite of the a and b pre-correction, as this would reverse the residual
move-out added.

Residual move-out curve

o0

Move-out (ms)
. (=)]

N
T

10 15 20 25 30
Angle (deg.)

o

o
[
o H

Figure 6.1: Mowve-out curve showing the residual move-out added to Model 1 prior to testing the
RVI.

For Model 2, the gather containing the anomaly, a different approach was taken. No
residual move-out was added to gather, as the purpose is to see whether the RVI is
minimized in the presence of the apparent RMO, or when it is removed.

6.2.1 Model 1: Background trend

Figure [6.2] shows two seismic section together with the RVI. The gather on the left
represents the gather obtained by adding the RMO defined in Figure while the
right gather shows the one post-correction. The middle gather shows the RVI. The
top x-axis on the middle gather defines the trajectory number, while the bottom x-
axis represents RMO at 30 degrees. From the Figure, the RVI is clearly minimized
when At is zero, as it should be. This suggest that the method is indeed sensitive to
the small velocity errors Semblance struggled with. The RVI-traces also appear to
change phase depending on wether the RMO is positive or negative, which is very
useful.
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Figure 6.2: Model 1 noise-free gathers. Left: original gather. Middle: RVI (top z-axis: trajectory
number. Bottom z-azxis: At at 30 degrees). Right: gather obtained after minimizing the RVI.

In order to properly compare the move-out curve applied to the seismic, to the one
obtained from minizming the RVI, the absolute value of both were compared in
Figure As expected, they are similar to the point of complete overlap, which
is a further indication that the RVI was minimized when the RMO is completely
removed.

Residual move-out curve
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Move-out (ms)
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Figure 6.3: Green: true move-out curve added prior to testing method. Blue: move-out curve

obtained after minimizing RVI.

The method was also tested on the same seismic section containing noise in Figure
However, this time the RVI is not minimized when At are zero at 30 degrees,
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but rather when At = 0.35 ms. The RVI for that trajectory (nr. 6) is very similar
to the true trajectory (nr 7), but it is slightly smaller. It is important to note that
these are extremely small differences. Together with the results obtained on the
noise-free data, this suggests there is indeed excellent separation between the real
AVO response and the velocity-error induced AVO response when the seismic is
completely following the background trend.

RVI
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21 21
215 1 215
e z
(] + - (]
g 22 22 2
N =
2257 1 225¢
231 1 23
2.35 1 235
24 24 1L
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Angle (deg.) At (ms) at 30 deg. Angle (deg.)

Figure 6.4: Model 1 white Gaussian noise in gathers. Left: original gather. Middle: RVI (top x-
azis: trajectory number. Bottom z-azis: At at 30 degrees) Right: gather obtained after minimizing
the RVI.

Figure shows the real move-out curve in green and the one obtained by minimiz-
ing the RVI in blue. The difference between them increases with angle, but even at
the highest angle it is still way less than half a sample, suggesting that the decrease
in sensitivity in the presence of noise is minimal.
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Figure 6.5: Green: true move-out curve added prior to testing method. Blue: move-out curve
obtained after minimizing RVI.

6.2.2 Model 2: Class 2p anomaly

The main purpose of testing the method on a seismic section containing an anomaly;,
was to see how it reacts to apparent RMO. Keep in mind that there was not added
any RMO to the data in this example. Figure shows the original seismic, the
RVT and the seismic obtained by using the minimized RVI. By looking at the middle
gather it is quite clear that trajectory nr. 10 minimized the RVI. The corresponding
seismic does not seem to make much sense. All the traces have been moved way
down.
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Figure 6.6: Noise-free Model 2. Left: original gather. Middle: RVI. Top z-axis: trajectory
number. Bottom x-axis: At at 30 degrees. Right: result after minimizing the RVI.

Figure [6.7| shows the same scenario for seismic with white Gaussian noise. The RVI
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clearly minimized for trajectory 10 or 11, it does not make much difference as both
of them are quite wrong either way. Again, the method seems to have moved all the
traces further down.
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Figure 6.7: Model 2 with white Gaussian noise. Left: original gather. Middle: RVI (top z-axis:
trajectory number. Bottom x-azis: At at 30 degrees). Right: result after minimizing the RVI.

6.2.3 Discussion

The method of RVI was implemented to test the enhanced sensitivity to small
changes in the move-out curves, and to see how it handled apparent RMO. The
results on Model 1 clearly showed that the method is sensitive to even the smallest
changes to a and b, which is necessary before performing AVO analysis. In addition,
the phase of the RVI-traces provide information on wether the user is over- or under-
correcting. On the other hand, Model 2 showed undesirable results due to containing
an anomaly. Like any other method, it has it weaknesses, and these lie within the
assumptions made in order for the RVI to act desirably. As previously explained,
the reason for the wrongly handling of model 2 is due to the non-co-linear relation-
ship between intercept and gradient for the anomaly. Other important assumptions
made are: constant velocity and consistent AVO behaviour in the analysis window,
and short offset approximation for move-out and AVO analysis. These assumptions
are often invalid in real data, which adds instability to the iteration process (Rat-
cliffe & Roberts| (2003)). Lastly, it is important to note that relating the derivative
of the zero-offset trace to the gradient is only valid for small move-out errors.

It is important to note that my approach to implementing this method is not the
optimal approach when dealing with an entire seismic cube. First, the calculation
of the RVI can be automated by using efficient gradient based iterative methods.
Second, due to noise and other ambiguities in the seismic, the RVI should not be
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local, but rather averaged over 2D or 3D windows surrounding each analysis points
(the interested reader is referred to (Swan| (2001) for details).

6.3 AVO Analysis

To determine how the benefits of the RVI’s enhanced sensitivity to small changes in
the move-out curve, the AVO response was examined. The intercept and gradient
was estimated for both models, along with the fluid trace for Model 1.

6.3.1 Model 1: Background trend example

Figure shows the intercept and gradient cross plots for Model 1. The true
response is represented by the green points, while the blue points show the response
acquired after minimizing the RVI. The red points represent the response after
adding RMO. The left side is for the noise-free data, and the right side is in the
presence of noise. As seen in the Figure, the difference in the AVO responses for
the noise-free data are huge. Firstly, the spread is completely reduced, resulting in
accurate estimations of the gradient. Second, the inclination of the trend the points
are following is flattened appropriately. In fact, the true AVO response completely
overlaps with the post-correction response, which explains why the blue points are
not visible on the left side of the figure. When noise was present, the RVI was not
minimized when it should have, resulting in an erroneous AVO response. The spread
of the points seems to barely be reduced, neither is the inclination.
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Figure 6.8: Model 1 intercept and gradient cross plot. Green: original response. Blue: after
minimizing RVI. Red: after adding RMO. Left: noise-free. Right: white Gaussian noise.

Figure shows the true, pre and post intercept traces. Pre represents the intercept
obtained after adding RMO to the data, while post is after minimizing the RVI. As
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there was not done much difference to the intercept, all traces are near-identical.
By looking closely, one can observe small amplitude differences between the pre and
post results for the noise-free seismic.
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Figure 6.9: Model 1 intercept traces. True: original seismic. Pre: after adding RMO. Post: after
minimizing RVI. Three to the left: noise free. Three to the right: white Gaussian noise.

Figure shows the same, but for the gradient. For the noise-free seismic (three
to the left) the true gradient is identical to the post gradient. For the noisy seismic
the case is different. As the method did not completely flatten the gather, the
post gradient trace experience too large amplitudes. This observation shows the
difference even the tiniest amount of residual move-out makes on the AVO response.
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Figure 6.10: Model 1 gradient traces. True: original seismic. Pre: after adding RMO. Post:
after minimizing RVI. Three to the left: noise free. Three to the right: white Gaussian noise.
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To further investigate how the AVO response was affected, the coordinate system was
rotated to obtain the fluid traces seen in Figure [6.11} For the noise-free seismic the
true fluid trace is completely identical to the post-Swan fluid trace. They are near-
zero which is the correct response as the seismic section is completely brine-filled. For
the gather contaminated with white noise, the method did not completely remove
the RMO, resulting in the post-Swan fluid trace to have much larger amplitudes
than the true trace. This is further evidence the inclination of the trend was not
corrected.
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Figure 6.11: Model 1 fluid traces. True: original seismic. Pre: after adding RMO. Post: after
minimizing RVI. Three to the left: noise free. Three to the right: white Gaussian noise.

6.3.2 Model 2: Class 2p anomaly

Figure [6.12| shows the AVO response for the Class 2p anomaly. The green points
represent the true response, and the blue points shows the post-Swan response. The
first observation in the noise-free case is that the post-Swan AVO response in blue
seems to follow a linear line. This is a very interesting observation, as the method
assumes co-linear relationship between the intercept and gradient. The fact that the
RVI was minimized for this At suddenly make sense, as correcting the gather with
the corresponding a and b resulted in a co-linear relationship between intercept and
gradient. For the gather filled with white noise, the case is very much the same, but
not as clear due to the noise.
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Figure 6.12: Model 2 intercept and gradient cross plot. Green: true AVO response. Blue: after
minimizing RVI. Left: noise-free gather. Right: white Gaussian noise.

Considering Model 2 is so small, it might be hard to examine the AVO response by
examining a few points in the cross-plot. To get a broader idea of how it was affected,
the intercept traces are seen in Figure [6.14] There is not much difference between
the traces for the noise-free case, except for a change from positive to negative
amplitude slightly above ¢ = 2.09s, and amplitude differences between ¢t = 2.105 s
and 2.11s. Despite these changes, the general shape of the traces are fairly similar.

When the noise is present the difference is quite obvious. Firstly, at ¢ = 2.09s the
amplitude for the post-Swan intercept is negative, while the true is positive. There
are also significant amplitude differences between ¢ = 2.105s and t = 2.115s. In
addition, the general shapes of the traces are very different.
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Figure shows the true and post-Swan gradient. The difference in the traces
are huge both for the noise-free and the noisy seismic. For the noise-free case, the
amplitudes over the entire trace are very different, indicating the changes done to
the seismic were so significant the traces do not even resemble each other. In the
interval ¢t = 2.09s to t = 2.095s and t = 2.105s to ¢t = 2.11 s, the gradient changes
sign.

When the noise is present the difference is even larger, especially in between t =
2.105s and t = 2.11 s, where the amplitude is changed from positive to negative in
the entire interval. There are other severe changes to the gradient at ¢ = 2.095:s
too. Overall the traces for both noisy and noise-free seismic are altered to the point
of complete change in both amplitudes and general shape.

B True B Post B True B Post
2.09 2.09 2.09 2.09
2.095 2.095 2.095 2.095
21 21 21 21
= = @ @
@ © @ ©
£ £ £ £
= 2105 = 2105 = 2105 F 2105
211 211 211 211
2115 2.115 2.115 2115
0.1 0 0.1 0.1 0 0.1 0.1 0 0.1 0.1 0 0.1
Amplitude Amplitude Amplitude Amplitude

Figure 6.14: Model 2 gradient traces. True: original gather. Post: after minimizing RVI. Two
the left: without noise. Two to the right: white Gaussian noise.

6.3.3 Summary

The intercept and gradient were estimated for both models, using the method of
minimizing the residual velocity indicator. The RVI’s sensitivity to velocity errors
is large enough to completely remove RMO for the noise-free gather following the
background trend, which results in a huge decrease in the spread and correct gradient
amplitudes. In addition, the inclination of the trend the points are following becomes
correct, as seen by rotating to achieve the fluid cube. When noise was present for the
seismic following the background trend, it did not completely remove the residual
move-out, but did a very good job. However, the resulting AVO response did not
improve much, the gradient trace with RMO was fairly similar to the one post-Swan,
and experienced larger amplitudes than the true. When rotating the cube to obtain
the fluid traces, it was nowhere close to zero either.

The AVO response for Model 2 experienced heavy changes by minimizing the RVI.
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The most interesting observation was seeing the near-perfect linear trend the points
followed post-Swan, as a direct result to the RVI being minimized when the intercept
and gradient are co-linear. Due to AVO reponse being altered in that degree, both
the gradient and intercept went from being positive to negative in some places. In
other words, the AVO response was completely altered to not even resembling the
true. This is further evidence the user should avoid known anomalies when applying
this method.
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Chapter 7

Cross Correlation

Similarly to Semblance, Cross correlation is also a measure of coherence. Unlike
Semblance, it is neither directly linked to the velocity, nor used during processing.
It is considered a time-domain operation that is used to measure the similarity
between two signals, as a function of displacement relative to each other in time. As
RMO leads to misalignment between two traces as a function of time, it proves to
be useful in correcting for it. This chapter will review the accuracy and usefulness
of cross correlation as a method to precondition the data for seismic analysis. A
method will be implemented and tested on the seismic sections described in Chapter
[l The AVO response will then be analysed to determine the usefulness.

7.1 Theory and implementation

The general formula for cross correlation is given by:

Cypy = /QJ(T)y(t + 7)drT, (7.1)

where z(7) and y(7) are the functions being compared at the lag 7 . As a simple
example consider two identical functions, one of which is moved in time as visualized
by Figure Cross correlation can be used to find the time-difference, At. It moves
the function y along the time-axis, with a step-size equal to the sampling rate, to
calculate the integral of their product at each lag. One lag corresponds to one
sample. The integral is maximized when the functions are perfectly aligned.
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x(t)  y(t)

At

Figure 7.1: Visualization of two similar functions displaced relative to each other in time.

This can be applied to seismic to tackle the problem of residual move-out. As it is
only possible to cross correlate two and two traces, the optimal application is to cross
correlate the near and far trace. The approach consists of calculating the correlation
functions of the near and far trace, Ct,. Our goals is to find the difference in time
that maximizes C,. We denote

AT = arggnax[ofjn(t)], (7.2)

We time-shift the trace by AT to get the trace corrected for residual move-out given
by

d(t) = f(t + AT). (7.3)
Cross-correlation can also be done in the fourier domain, where cross correlation is
the same as multiplying with the complex conjugate,

Cay(t) & XF (W)Y () = Au(w) Ay(w) exp[—i(0a(w) — 0y(w))]. (7.4)

The phase spectrum obtained is the difference between the phase-spectrums of the
two traces that have been cross correlated. Considering a time-shift in the time
domain is the same as a linear phase-shift in the fourier domain (Yilmaz (2001))),
this difference can be used to correct for residual move-out. In order for this to work,
the amplitude spectrum has to be remained unchanged, and one has to separate the
changes in the phase spectrum that are constant and linear. However, in real life
it is probably far to complicated, as both the amplitude and phase spectrum are
affected by so many variables. For that reason, a time-domain cross-correlation was
implemented to remove the linear phase shift. If we consider the time-corrected far
trace by expression [7.3] we can define the corrected cross-correlation function as:

Can(t) = cpa(t + AT). (7.5)
Since time-shift is a linear phase shift,
Cin(w) = exp[iwAT|Cf . (w), (7.6)
we have successfully removed the linear phase,

Oy, = 0o, () + WAT. (7.7)
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7.2 Examples

We consider the residual move-out to be present, but the source to be irrelevant.
Following this assumption, residual move-out described in Chapter [ was added to
the seismic in the form:

At() = 0.026% + 0.0026. (7.8)
The resulting move-out curve is seen in Figure

Residual move-out curve
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Figure 7.2: Model 1 move-out curve describing the residual move-out added to the data prior to
testing cross correlation.

The second gather which contains the anomaly was kept unchanged, to see how
Cross correlation reacts to apparent RMO.

7.2.1 Model 1: Background trend example

As mentioned, the cross correlation was only applied on the near and far traces. In
the context of correcting for residual move-out for Model 1, the near is represented
by the zero-offset trace, while the far is the trace at 30 degrees. Figure[7.3/shows the
near and far traces for the original seismic (left), the one altered by adding resid-
ual move-out (middle), and the one post-correction (right). The Cross correlation
appears to correct the seismic appropriately, and removes RMO as intended.
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Figure 7.3: Model 1 noise-free. Left: Original gather. Middle: after adding RMO. Right: after
cross correlation.

The correlation function in Figure [7.4] shows the correlation value at each lag. The
integral of the product between the traces is clearly maximized at lag -3, meaning
the far trace should be shifted -6 ms to remove the residual move-out. The results
by applying this time shift is visualized in the gather to the right in Figure [7.3]
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Figure 7.4: Model 1 noise-free correlation function.

The method was also tested on a seismic section with the presence of white Gaussian
noise. Again, the post-correction gather greatly resembles the original gather.
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Figure 7.5: Model 1 with white Gaussian noise. Left: Original gather. Middle: after adding
RMO. Right: after cross correlation.

The correlation function when noise is present can be seen in Figure[7.6] It is nearly
identical to the one without noise, except some slight distortions. Nonetheless, the
peak is located at the exact same lag, meaning the corrected gather was obtained
by shifting the trace -6 ms in time.
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Figure 7.6: Model 1 with white Gaussian noise correlation function.
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7.2.2 Model 2: Class 2p anomaly

Figure shows the near and far traces of the original seismic, and the one after
cross correlation was applied. Keep in mind that no RMO was added to this model.
The far trace seems to be shifted up, as a result the reflections appear to align in
time. In other words, the gather is flattened, and the apparent RMO is wrongly
handled.
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Figure 7.7: Model 2 without noise. Left: original gather. Right: after cross correlation.

The correlation function in Figure[7.§ behaves oddly compared to Model 1. The peak
is located at lag -10, meaning the seismic was shifted -20 ms in order to obtain the
corrected gather. Applying said time-shift in return wrongly flattened the gather.
It is important to note the second positive peak at lag +3, meaning a time-shift of
+6 ms would also result in a large integral of their product. However, shifting the
seismic with +6 ms would result in an erroneous gather too.
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Figure 7.8: Model 2 noise-free correlation function.

The method was also applied on noisy seismic seen in Figure [7.9] As expected, the
result is the same. The far trace has been moved making the reflections align.
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Figure 7.9: Model 2 with white Gaussian noise. Left: Original gather. Right: after cross corre-
lation.

The correlation function for the noisy seismic can be seen in Figure [7.10, The
correlation function shows two peaks, at plus and minus 5 lags, meaning the integral
of their product is maximized by shifting the far trace either up or down 10ms. Either
time shift would result in a highly erroneous result.
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Figure 7.10: Model 2 with white Gaussian noise correlation function.

7.2.3 Discussion

There are several strengths and weaknesses to using cross correlation to correct for
RMO. On Model 1 it did an outstanding job, but Model 2 was completely wrongly
handled. Partly due to the dissimilarity between the near and the far, but mainly
because off the apparent RMO. As cross correlation is a measure of similarity, the
difference between the near and far for Model 2 makes the method struggle to work
the way intended. Generally speaking, one way to make sure near and far traces
are as similar as possible prior to using cross correlation, is to match the frequency
bandwidth. That way, any differences in resolution causing the difference between
the traces is removed. In the example of Model 2, the near and far traces are different
to reasons beyond the frequency spectrum, so it would not make much difference in
a real-data example of the anomaly either.

Another weakness to cross correlation in the time-domain is the lack of accuracy
for sub-sample residual move-out. Normally, this can be easily accounted for by
simply re-sampling the data, or by interpolation, but it was not done here. However,
whether this is done or not, the method implemented is still a static RMO corrector.
But, there exists approaches to a dynamic approach too, which will be discussed in

Chapter [9
Overall, it is an effective measure of similarity which is very useful to remove the

RMO in instances where the seismic optimally should be flattened (Model 1). It is
robust, works just as well even with the presence of noise.

7.3 AVO Analysis

As the purpose of this thesis is to examine the usefulness of different methods as
a means to precondition the data for seismic analysis, the AVO responses were
examined.
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7.3.1 Model 1: Background trend example

Figure shows an intercept and gradient cross plot for the seismic following the
background trend, both with (right) and without (left) noise. The green points
represent the true AVO response, the blue points are showing after the use of cross
correlation to correct for it, and finally the red points are with the residual move-
out present. The first observation from the plot from the seismic section without
noise is the decrease in spread after the seismic is corrected using cross correlation.
However, the decreased accuracy related to the sampling rate makes it imperfect.
The spread is decreased a lot, but the inclination of the blue points is too steep,
suggesting the vp/vs will be slightly wrong. The difference is harder to see at first
sight when the noise is present, but the inclination of the true and corrected seismic
have a slightly flatter inclination than the seismic with RMO. The spread is similar
though.

AB Cross plot noise .
0.03 AB Cross plot noise

Gradient
Gradient

Intercept x1073 Intercept %1073

Figure 7.11: Model 1 intercept and gradient cross plot. Green: true AVO response. Blue: after
cross correlation. Red: after adding RMO. Left: without noise. right: white Gaussian noise.

The intercept traces for the true response, the response with RMO and after cross
correlation are all in Figure[7.12] Considering the small changes done to the intercept
by the small move-out, it is expected that they are all very similar. There are slight
differences in the amplitude in the pre intercept compared to the others, but it is
small.
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Figure 7.12: Model 1 intercept traces. True: original seismic. Pre: after adding RMO. Post:
after cross correlation. Three to the left: without noise. Three to the right: white Gaussian noise.

The gradient however, shows larger differences as seen in Figure [7.13]
plitudes in the true gradient are sufficiently smaller than the pre response. The
gradient acquired after correcting the seismic shows great reduction in amplitudes,
but it is not perfect. The amplitude differences is again related to the implementa-
tion of the method, where sub-sample move-out is not removed by interpolation or

re-sampling.

The am-
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Figure 7.13: Model 1 gradient traces. True: original seismic. Pre: after adding RMO. Post:
after cross correlation. Three to the left: without noise. Three to the right: white Gaussian noise.

Figure [7.14] shows the fluid traces obtained by rotating the coordinate system. The
figure clearly shows the fluid traces is near-zero for the true and post-correction
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AVO reponses for the noise-free case. This shows the importance of the job done by
cross correlating the traces in this instance. However, in the presence of noise, the
post-correction fluid trace is not reduced in amplitudes.
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Figure 7.14: Model 1 fluid traces. True: original seismic. Pre: after adding RMO. Post: after
cross correlation. Three to the left: without noise. Three to the right: white Gaussian noise.

7.3.2 Model 2: Class 2p anomaly

Figure shows the true and post-correction AVO responses fir Model 2. It is
important to remember that for this model, there was not added any RMO to alter
the gather. The goal was simply to see if the method wrongly handled apparent
RMO or not. The blue points represent the AVO response post-correction, while the
green points are the true AVO reponse. Considering the small time-window of the
anomaly, not many points are plotted. The first observation is the blue points for
the noise-free case seem to shift to following a trend with a flatter inclination. The
spread is also slightly increased, meaning the gradient amplitude should increase in
large areas. The AVO response for the noisy seismic is hard to make much of by
only looking at the cross plot.
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Figure 7.15: Model 2 intercept and gradient cross plot. Green: true AVO response. Blue: AVO
response with RMO. Left: without noise. Righ: white Gaussian noise.

By looking at the intercept traces in Figure [7.16 we can see amplitude differences
between the true and post-correction responses, especially in the top of the section
at around ¢t = 2.09. However, this difference is small. The general shape of the
traces is still very much the same.
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Figure 7.16: Model 2 intercept traces. True: original gather. Post: after cross correlation. Two
to the left: noise-free. Two to the right: white Gaussian noise.

The gradient traces experience much more variation than the intercept, as seen in
Figure [7.17 The clearest difference is at t = 2.09 s, where the amplitude changes
sign, both for the seismic with and without noise. Wrongly flattening the gather
causes this dramatic difference. Apart from the change at the upper part of the
anomaly, the traces share shape, but there are massive differences in amplitudes
when noise is and is not present.
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Figure 7.17: Model 2 gradient traces. True: original gather. Post: after cross correlation. Two
to the left: noise-free. Two to the right: white Gaussian noise.

7.3.3 Summary

The AVO response for model 1 was greatly improved by applying cross correlation
to correct for the residual move-out applied to the seismic. Considering the intercept
and gradient where estimated by only using two points (N and F), the inclination
of the background trend appears to become very flat. This resulted in a very high
chi angle rotation to obtain the fluid cubes. Even though it didn’t remove all the
residual move-out, what was removed provided huge difference in estimation of the
gradient. Considering the fluid cube was near-zero strengthens the importance too.

For model 2 the results weren’t good, but expected. The intercept wasn’t affected
much, but the gradient estimation was completely wrong.
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Chapter 8

Joint Bayesian AVO and RMO
inversion

In a Bayesian setting, prior knowledge is combined with measured data to quantify
the degree of belief in an event. The prior knowledge is considered to be what is
known before acquiring data. In the context of seismic modelling and inversion, the
seismic is considered the observed data, so the prior knowledge can be everything
else. It is common to consider even well log data to be known a priori, as done in
this thesis. Considering the uncertainty in seismic, a Bayesian setting is considered
a natural approach when solving geophysical problems. This chapter will present
the theory of a newly developed joint Bayesian AVO and RMO inversion, considered
an extension to the method first proposed in |Buland & Omre (2003)), and then test
its ability to perform the needed preconditioning done prior to AVO analysis.

8.1 Theory and implementation

Bayes theorem describes the probability of one event happening given another al-
ready has occurred, and is given by:

_ p(bla)p(a)
p(b) 7

where p(a) and p(b) are the probabilities of the independent events a and b happen-
ing. The probability of event a happening given b already happened, is known as
the posterior, p(a|b) , while p(bla) is the probability of event b happening given a
already has, also known as the likelihood. In the context of seismic inversion (and
solving the problem d = g(m) + e) the equation can be rewritten to the form:

p(alb) (8.1)

) _ PlAmp(m)

p(d) 82)
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where the vectors d and m represents the data and elastic parameters respectively.
Since p(d) does not depend on the unknown m, it can be considered a normalizing
constant for the posterior distribution (Buland & Omre (2003])). This reduces the
expression to:

p(m[d) o< p(d|m)p(m). (8.3)

The purpose of this chapter is to present a new approach based on an expansion of
the inversion first presented by Buland & Omre (2003)) to not only invert for the
elastic parameters, but also the RMO given by the formula At(0) = a6? + bf, now

denoted as:
¢= [Z] . (8.4)

Incorporating the RMO, ¢, into expression [8.3] yields:

p(m, ¢|d) o p(d[m, ¢)p(m, ¢), (8.5)

where p(m, ¢|d) is the posterior probability, which reads as "the probability of m
and ¢ given the data d”. We assume m and ( are statistically independent, so
Cov(m, ) = 0, and the expression can be written as:

p(m, ¢|d) o p(d|m, ¢)p(m)p(¢), (8.6)

where p(d|m, ¢) is the likelihood of d given m and ¢, and p(m) and p(¢{) are the
prior distributions of m and ¢ respectively.

The goal is to maximize the posterior distribution p(m, {|d), and since the data is
given and considered a normalizing constant, the maximum posterior distribution,

MAP; is:
10, = argmax(p(djm, ¢,)p(m)p(C,). (8.7)

m,(,
Keep in mind that the MAP is only the optimal solution. This is a big difference
between this approach and the one presented in Buland & Omre (2003), where
they completely remain in the Bayesian domain by deriving an expression for the
complete posterior solution.

When both the likelihood and prior models are Gaussian, the MAP corresponds to
minimizing the objective function:

6(m.,¢) = £(d(¢) — g(m))" S (d(C) — glm) + (m — p1,)) S m — )
a? 1 [ b
S (5) (%)

Another main difference from the method proposed by [Buland & Omre (2003) is
the addition of p(¢), and that d is changed as a function of ¢ and not kept constant.
Basically, we want to find the data and elastic parameters which results in the
highest posterior.

=N

(8.8)
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It is important to note that for a given d and ¢, the optimal solution for m is given

by the posterior expectation p,, 4, which can be found using the explicit expression
derived in and Buland & Omre| (2003).

In order to minimize the objective function we have to look at the gradient, which
represents the change of the function as a function of its parameters. At the mini-
mum point, the gradient is zero,

Vo(m, () = 0. (8.9)

In order to solve this multi-dimensional problem, a numerical approach using New-
ton’s method has been chosen, which generally is denoted:

Cry1 = Cr — H;Zleb(m, Cr)s (8.10)

where H is the Hessian matrix, and V¢(m, () is the gradient with regards to (.
Considering we can use the Bayesian linearized AVO inversion method described in
subsection to find the optimal m, the algorithm can be simplified to only find
the optimal d, by estimating the residual move-out,

Ak+1 ak —

Cri1 = = — H;'V¢(m, ¢), (8.11)
br+1 by,

where the Hessian matrix which is given by:

0°Ve(m,¢,) 8*Ve(my,)
H= i

Oa? Oadb

P*Vo(my¢,) 9’Ve(m,)
dadb ob?

(8.12)

Given the non-linearity of the problem, we do not have explicit expressions for the
solutions for ¢, and the Hessian matrix has to be found numerically. As mentioned,
the objective function is at a minimum point when the gradient is zero and the
Hessian is positive definite. However, this is not just the case for the global minimum,
but also a local one. For that reason, one should be cautious with the initial guess
in order to make sure the algorithm does not get caught in a poor local minimum.
It is important to note that we assume Gaussian ¢, while for m only the posterior
from the Bayesian linearized AVO inversion is used. In other words, ¢ and m are
optimized one at the time.

8.2 Model 1: Background trend

The joint AVO and RMO inversion was implemented and tested on the seismic
sections. The method differs from semblance and RVI in the sense that it is not
directly related to velocity errors. We consider RMO a combination of velocity
errors, anisotropy, complex geology and other reasons, and to be defined by At =
af? + bh. It was added to the data prior to inversion by:

B 0.02 813
Cpre - 0.002 : ( : )
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Figure depicts the move-out curve. It is important to note once again that the
values given by ¢ in expression [8.13|is not the only desirable solution.
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Figure 8.1: Model 1 move-out curve describing the residual move-out added to the seismic prior
to inversion.

8.2.1 Prior information

Considering we have no idea whether the RMO is positive or negative a priort,
we have to define prior distributions for a and b that cover reasonable amounts of
positive and negative RMO. In addition, prior models for the elastic parameters
have to be defined too. For Model 1 the prior model for a and b are defined by:

a 0 o> 0
(S 2)) =

with o, = 0.015, and o, = 0.0015. It is important to note that a and b are assumed
independent, meaning Cov(a,b) = 0. However, correlation between the constants
may be defined by the user if found desirable. The normal distributions are shown
in Figure The left side of the figure is the normal distribution for a, while the
middle figure shows the distribution for . The right side of the figure shows 200
random move-out curves from the distributions, which are clearly covering the range
of the RMO applied to the data prior to inversion.

72



Prior a Priorb Move-out curves

30 300
25 250
20 200
2z 2 g
2 15 2 150 T
3 3 g
E
10 100
5 50
0 0
0.1 0.05 0 0.05 0.1 001  -0.005 0 0005  0.01 0 10 20 30
a b Angle (deg.)

Figure 8.2: Model 1. Left: Prior distribution for a. Middle: Prior distribution for b. Right: 200
random move-out curves from distributions.

Regarding the prior distributions for the elastic parameters, they are easier to set
than the prior for a and b, as the self-made Vp-, Vs- and density-logs can be consid-
ered to be known a priori. As they are somewhat following a low-frequency trend
of increasing values with depth, the mean of the distributions were set to follow
a line with a similar trend. The standard deviation for all of them was chosen to
acquire distributions vague enough to cover the range of values and them some. The
different distributions are seen in Figure [8.3) where the black lines are the real log
values, and the red dotted lines represent the 90% confidence interval.
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Figure 8.3: Model 1 elastic parameter prior distributions. Black line: true parameters. Red line:
mean prior parameters. Red dotted line: prior 90% confidence interval.

8.2.2 Noise free gather

Figure [8.4] shows three seismic sections completely following the background trend.
On the left we have the original seismic modelled from the logs in figure [8.3] The

73



middle gather has been altered by adding RMO, while the right is showing the
corrected seismic after inversion. One can clearly see that the residual move-out is
removed, and the gather has been flattened - as it should be.
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Figure 8.4: Model 1 without noise. Left: Original gather. Middle: gather with RMO. Right:

gather obtained from inversion.

The iteration process is shown in Figure 8.5, The graph clearly shows that a large
step was made early in the iteration process, followed by a small step to correct
the slight over-stepping. The initial guesses are represented by the first value in the
graph, and where randomly drawn from the distributions showed in Figure [8.2] in
section It is important to note that a natural initial guess would be to assume
there is no residual move-out present, in other words a = 0 and b = 0. However,
they were randomly drawn from the distributions to investigate the importance of
a decent initial guess to not get trapped in a local minimum.
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The answer obtained was:
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Figure 8.5: Model 1 noise-free iteration process for a and b.

—0.0201
—0.0020

(8.15)

It is important to note that the method corrects the seismic by an amount that
cancels out the RMO added prior to inversion. Hence, the answer obtained from

the method will be of opposite sign, and ¢

pos

, will mirror ¢

pre- 10 order to compare

the move-out curves properly, the absolute value of the move-out curves were plotted
as seen in Figure As the figure shows, the curves are similar to the point of
near-complete overlap.

Move-out (ms)

Residual move-out curves

15
Angle (deg.)
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Figure 8.6: Model 1 noise-free move-out curves. Green: true move-out curve added to the seismic.
Blue: move-out curve obtained from inversion.
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Elastic parameters

In addition to acquiring the residual move-out, the elastic parameters are also in-
verted for. To see the improvement in elastic parameters done by correcting for
RMO, the seismic section altered with RMO was also inverted using the Bayesian
linearized AVO inversion described in [2.2.8] Figure depicts the seismic section
altered with RMO, and the inverted elastic parameters. The thick black, blue and
red lines represent the true, prior and inverted elastic parameters respectively. The
dotted lines define the 90% confidence interval. The inverted elastic parameters on
the altered seismic shows promising results in most part of the gather, but strug-
gles to replicate the large increase in elastic parameters at ¢t = 2.05s. At deeper
parts the inverted parameters resemble the true parameters with a decent accuracy.
Especially for the density. This is likely due to the prior being so close to the true.
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Figure 8.7: Left: Model 1 noise-free seismic with RMO. Black line: True elastic parameters.
Thick red line: Optimal inverted parameters. Thin red line: 90% confidence interval. Thick blue
line: Mean prior value. Thin dotted blue line: 90% confidence interval prior.

Figure[8.8shows the seismic and elastic parameters acquired using the joint Bayesian
AVO and RMO inversion. The inverted parameters becoming nearly identical to the
true parameters. In addition, the increase in parameters at t = 2.05 s is replicated
to perfection in the inverted Vp and density, which it did not with the presence of
RMO. Even though it lacks the same accuracy for Vs at that time, it still catches
the increasing trend, something it did not in Figure 8.7, The deeper parts of the
gather are also improved, as the inverted parameters almost completely overlap the
true parameters.
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Figure 8.8: Left: Model 1 noise-free seismic after joint Bayesian AVO and RMO inversion.
Black line: True elastic parameters. Thick red line: Optimal inverted parameters. Thin red line:
90% confidence interval. Thick blue line: Mean prior value. Thin dotted blue line: 90% confidence
interval prior.

8.2.3 White Gaussian noise

The joint inversion method was also tested on noisy seismic depicted in Figure
The left gather represents the original seismic, the middle gather is altered by
adding RMO defined by the move-out curve in Figure [8.1} The left gather shows
the corrected seismic obtained after inversion.
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Figure 8.9: Model 1 with white Gaussian noise.
residual move-out. Right: gather obtained from inversion.
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In the presence of noise, the method converged slower and the solution was obtained
after 7 iterations as seen in Figure[8.10, Even though the initial guess was close to the
final answer, the algorithm seems to overstep massively based on the gradient and
Hessian it calculates at the point. Another important observation is the behaviour
prior to converging, where it appears to take small steps toward the solution. The
increase in computation time is likely related to the presence of noise.
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Figure 8.10: Model 1 with white Gaussian noise iteration process for a and b

The final answer obtained,

—0.0138

5 8.16
—0.0037 (8.16)

Cpost =

is not exactly similar to ¢,,... In fact, a is lower and b is higher. However, by looking
at the absolute value move-out curves in Figure[8.11] they almost completely overlap.
This is related to the earlier mention that even though there is only one optimal
solution of a and b, there are several desirable solutions.
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Figure 8.11: Model 1 with white Gaussian noise move-out curves. Green: true move-out curve
added to the seismic. Blue: post-correction move-out curve obtained from inversion.
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Elastic parameters

Figure[8.12|shows the seismic altered with RMO and white Gaussian noise to the left.
The corresponding Vp, Vs and density were obtained by only inverting for elastic
parameters and not RMO. Even in the presence of RMO, the inverted parameters
are decent for most of the seismic. Keep in mind that this is likely due to the prior
(blue) following the true (black) so well. That being said, it completely fails in
catching the large increase and sudden drop in parameters between ¢ = 2.0s and
t=21s.
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Figure 8.12: Left: Model 1 with white Gaussian noise and RMO. Black line: True elastic param-
eters. Thick red line: Optimal inverted parameters. Thin red line: 90% confidence interval. Thick
blue line: Mean prior value. Thin dotted blue line: 90% confidence interval prior.

When inverting for both RMO and elastic parameters, the inverted Vp, Vs and
density experience great improvement, as seen in Figure In the area between
t = 2.0s and t = 2.1s the Vp and density are greatly improved. In fact, the
inverted density is completely overlapping the true density. The Vs is also improved
in the same interval, but it does not overlap to the same extent as Vp and density.
However, it manages to catch the trend of the increase and heavy decrease, which
it failed to do when only inverting for elastic parameters.
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Figure 8.13: Left: Model 1 with white Gaussian noise after joint Bayesian AVO and RMO
inversion. Black line: True elastic parameters. Thick red line: Optimal inverted parameters. Thin
red line: 90% confidence interval. Thick blue line: Mean prior value. Thin dotted blue line: 90%
confidence interval prior.

8.3 Model 2: Class 2p anomaly

For the case with the AVO Class 2p anomaly a different approach has been taken
compared to the other methods. Instead of keeping the seismic as is to see if the
method wrongly flattens it, RMO in the form:

c —0.010 817
pre 1 _0.001 | '

was added to the section to see wether it was properly corrected. The move-out
curve is depicted in figure [8.14
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Figure 8.14: Mowve-out curve describing the residual move-out added to the data before testing
the inversion.

8.3.1 Prior information

For Model 2 the prior models for a and b are defined as:

LB )

with o, = 0.008 and o, = 0.0008. Figure shows them both. Similarly to Model
1, a and b are assumed independent. The left of the figure shows the resulting
distribution for a, while the middle figure shows the distribution for b. The right
side of the figure shows 200 random move-out curves for the given distributions,
which are clearly covering the range of the RMO applied to the data.
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Figure 8.15: Left: Prior distribution for a. Middle: Prior distribution for b. Right: 200 random
move-out curves from distributions.

A different approach in defining the prior model for the elastic parameters was chosen
for Model 2. Considering the small size of the seismic section, it felt appropriate
to keep it simple and just use the mean of the true parameters. The different
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distributions are seen in Figure [8.3] where the black lines are the real log values,
and the red dotted lines represent the 90% confidence interval. Similarly to Model
1, the initial values were randomly drawn from the distributions in Figure [8.15] to
investigate the importance of a decent initial guess.
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Figure 8.16: Prior distributions for elastic parameters. Black line: true values. Red line: mean
prior values. Red dotted line: prior 90% confidence interval

8.3.2 Noise free gather

Figure [8.17] shows three seismic sections. The left model shows the true seismic,
the middle section is after adding residual move-out described by Figure [8.14] By
adding the RMO, the reflections appear to have been flattened. The gather to the
right shows the seismic obtained after inversion. As seen, the method un-flattens
the section, completely restoring the apparent RMO.
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Figure 8.17: Model 2 noise-free. Left: Original gather. Middle: gather with RMO. Right: gather
obtained from inversion.

Similarly to Model 1, the algorithm converged after only two iterations as seen in
Figure |8.18|
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Figure 8.18: Model 2 noise-free iteration process for a and b.

The answer obtained,

—0.0099

_ , 8.19
Srre = | Z.00001 (8.19)
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is near-identical to ¢,,... The move-out curves depicted in Figure compares the
absolute value move-out curves. As the figure shows, they are similar to almost
completely overlapping. However, by looking closely, shades of {,.. can be seen by
the green color.
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Figure 8.19: Model 2 noise-free move-out curves. Green: true move-out curve added to the
seismic. Blue: move-out curve obtained from inversion.

Elastic parameters

Model 2 was also inverted for elastic parameters with and without RMO to examine
the difference done by inverting for RMO too. The left side of Figure [8.20] shows
the model with added RMO. Again, the thick black, blue and red lines represent the
true, prior and inverted elastic parameters respectively. The dotted lines represent
the 90% confidence interval. The first observation is the lack of accuracy to the
inverted Vs at top anomaly (¢ = 2.055s). It does not catch the trend at all, and in
fact it seems to just wobble around the prior. The inverted Vp is decent, and follows
the true response well. However, this is mostly due to the prior being close to the
true. The inverted density also appears to be accurate, but for the same reasons.
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Figure 8.20: Left: Model 2 noise-free seismic with added RMO. Black line: True elastic param-
eters. Thick red line: Optimal inverted parameters. Thin red line: 90% confidence interval. Thick
blue line: Mean prior value. Thin dotted blue line: 90% confidence interval prior.

When using the joint inversion to correct the seismic and invert for elastic param-
eters all together, the result is greatly improved as seen in Figure It almost
completely overlaps, and does and outstanding job at replicating the trend which
causes the anomaly. The inverted density is shifted away from the prior in the
shallow part, and manages to catch the increase in density causing the trend. The
inverted Vp does not experience much of an improvement, but follows the true val-
ues with increased accuracy compared to the results in Figure [8.20, The inverted
density becomes slightly smoother, but the accuracy is not improved.
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Figure 8.21: Left: Model 2 noise-free seismic after joint Bayesian AVO and RMO inversion.
Black line: True elastic parameters. Thick red line: Optimal inverted parameters. Thin red line:
90% confidence interval. Thick blue line: Mean prior value. Thin dotted blue line: 90% confidence
interval prior.
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8.3.3 White Gaussian noise

The left side of Figure [8.22 shows the original gather with added white Gaussian
noise. The middle gather is obtained by adding the RMO described by Figure [8.14],
while the right gather is the one obtained by inversion.
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Figure 8.22: Model 2 with white Gaussian noise. Left: Original gather. Middle: gather with
residual move-out. Right: gather obtained from inversion.

The method converges slower compared to the noise-free model, which was expected.
The answer is obtained after 7 iterations as shown in Figure|8.23| By looking closer
at the individual iterations, the algorithm appears to take very small steps towards
the answer between iteration 3 and 8. This is likely due to the noise, which seems to
decrease the algorithms ability to accurately obtain the proper step size to converge
quicker.
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Figure 8.23: Model 2 with white Gaussian noise iteration process for a and b.

The answer obtained,
—0.0026

Sore = | _.00831

) (8.20)
is very different from ¢,,.. By comparing the curves in Figure 8.24] one can observe
that the real move-out curve in green and inverted move-out curve in blue are clearly
different, but it is still a decent solution. In fact, the post-inversion move-out curve
is linear, and fails to obtain the smooth curvature.
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Figure 8.24: Model 2 with white Gaussian noise move-out curves. Green: true move-out curve
added to the seismic. Blue: move-out curve obtained from inversion.
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Elastic parameters

In addition to inverting for RMO, the elastic parameters are also obtained. In order
to examine the improvement by correcting for RMO, the seismic altered with RMO
was inverted for the elastic parameters too. Figure shows the noisy gather
containing RMO, along with the true and inverted elastic parameters. The black
line represents the true parameters, while the blue and red lines represents the prior
and inverted parameters respectively. The dotted lines represent the 90% confidence
interval. The case is very much the same as the noise-free seismic, where the inverted
Vp is decent but fails to properly catch the increase causing the anomaly. The Vs
only wobbles around the prior, and completely fails to resemble the true. The
inverted density appears to be accurate, however it is likely due to the prior being
so close to the true.
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Figure 8.25: Left: Model 2 white Gaussian noise and RMO. Black line: True elastic parameters.
Thick red line: Optimal inverted parameters. Thin red line: 90% confidence interval. Thick blue
line: Mean prior value. Thin dotted blue line: 90% confidence interval prior.

Figure [8.26] shows the seismic and elastic parameters obtained by using the joint
Bayesian AVO and RMO inversion. The main observation is the improvement to
the inverted Vs, which appears to catch the sudden increase causing the anomaly.
In addition, both the Vp and density are also improved in the same interval.
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Figure 8.26: Left: Model 2 white Gaussian noise gather after joint Bayesian AVO and RMO
inversion. Black line: True elastic parameters. Thick red line: Optimal inverted parameters. Thin
red line: 90% confidence interval. Thick blue line: Mean prior value. Thin dotted blue line: 90%
confidence interval prior.

8.4 Discussion

A Bayesian framework to invert for elastic parameters and RMO was implemented
and tested. In addition, to see the difference to the elastic parameters done by also
inverting for RMO, the gathers containing RMO were inverted for only the elastic
parameters. It shows good results on both the model following the background
trend, and the Class 2p anomaly. The algorithm converges quickly, especially for
the noise-free seismic, where the optimal answer was obtained after two iterations.
For noisy seismic, more iterations were required, due to the small steps taken few
iterations prior to converging. This clearly indicates the iteration process was altered
by noise.

The elastic parameters were greatly improved when the seismic was corrected for
RMO. Especially for Model 2, where the inverted Vs went from wobbling around
the prior, to catching the trend causing the anomaly. Improvements to Model 1
were also observed. In fact, when the RMO was removed, the inverted parameters
almost completely overlapped with the true. It is important to note that the elastic
parameters appeared to be decently inverted in the presence of RMO too. However,
this is likely due to the prior resembling the true so well.

Generally, a Bayesian approach requires the formulation of prior knowledge. In this
setting it might be considered a strength, because it helps constrain the inversion
which is necessary considering the ill-posed problem of seismic inversion. In ad-
dition, acquiring prior information is easily solved by acquiring well log-data, and
using general geology-based information generally known about the area of inter-
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est a priori. Nonetheless, the prior knowledge often depends on the user, which in
return can make the difference in results quite noticeable. In this chapter two ex-
amples of standard prior models for the elastic parameters were used, one of which
was following an increasing trend and another that was the mean value over the
whole section. When working with noise-free synthetic data one can often define
a very vague prior and let the seismic do the work. However, using a vague prior
to randomly draw initial values from contradicts the nature of Newton’s method,
which is dependent on a good initial guess to not get trapped in a local minimum.
Keep in mind that this was only done to examine the importance of an initial guess.
For Model 1 the need of a decent initial guess was not so important. Even when the
algorithm drew two random values far from the solution, it still managed to obtain
a decent answer in few iterations. Especially for the noise-free data. For Model 2
the case was different, especially in the presence of noise. If the initial values were
two very poor values, it failed to iterate towards the answer. However, this can be
easily solved by using a proper initial guess at each run. A natural initial guess
would be to just assume zero residual move-out. That way the user also ensures the
algorithm is not trapped in a poor local minimum.

8.5 AVO Analysis

As seen by the inverted elastic parameters, the AVO response was greatly improved
by the method. To further investigating the changes done to the AVO response,
the intercept and gradient traces were examined for both models. For Model 1,
background trend, the coordinate system was also rotated to acquire the fluid cube.
As Model 2 contains only the anomaly, the purpose of rotating the coordinate system
to highlight one feature while minimizing another is lost.

Model 1: Background trend

Figure [8.27] shows the intercept and gradients plotted before and after inversion,
both with and without noise (left and right respectively). The red points represent
the response after RMO was applied, the blue points represent after inversion, while
the green points show the true AVO response. In the noise-free case the intercept
and gradient points post-inversion are completely overlapping with the true AVO
response, which explains why they are not visible. The spread is dramatically re-
duced, and the inclination is exactly as it should be. This improvement in inclination
suggest the vp/vs ratio post-inversion is exactly the same as the true ratio. The
reduction in spread means the gradient will have the correct amplitudes too. When
the noise is present the improvement is not as clear, but it is present. The spread is
slightly reduced, and the inclination of the trend the green and blue points follow
are different from the one followed by the red points. However, the differences in
the presence of noise are harder to see.
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Figure 8.27: Model 1 intercept and gradient cross plot. Green: true response. Blue: response
after inversion. Red: response with RMO. Left: noise-free. Right: white noise.

Figure [8.28| shows the intercept traces pre- and post-inversion together with the
true trace, for seismic with and without noise. The pre-inversion trace is the one
obtained when RMO is present in the data. The first observation is that all the
traces are very similar, which is expected as small move-out differences does not
affect the intercept too much. There are slight amplitude differences, but hardly
noticeable.
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Figure 8.28: Model 1 intercept traces. True: original seismic. Pre: after adding RMO. Post:
after inversion. Three to the left: noise free. Three to the right: white noise.

The gradient traces are shown in Figure [8.29, The true gradient is identical to the
gradient after inversion for the noise-free seismic. The gradient when RMO is present
experiences way too large amplitudes. This large amplitude difference is related to
the difference in the spread in the cross plot. There is also a clear improvement in
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the presence of noise. When the RMO is added, the gradient experiences too large
amplitudes. However after inversion, the corrected seismic has reduced amplitudes.
This is further evidence the spread in the cross-plot was slightly reduced for the
noisy seismic, even if it was hard to see.
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Figure 8.29: Model 1 gradient traces. True: original seismic. Pre: after adding RMO. Post:
after inversion. Three to the left: noise free. Three to the right: white noise.

In addition, the coordinate system was rotated to see the improvement in the fluid
traces pre- and post-inversion as seen in Figure|8.30l The true fluid trace is identical
to the fluid trace after inversion for the noise-free model, as the RMO was completely
removed for this model. The fluid trace when RMO is present experiences very large
amplitudes, and resembles the true gradient trace. The fact that the fluid trace
after inversion is zero indicates the inclination was properly corrected. The case is
the same in the presence of noise too. The amplitudes when RMO is present are
larger than the ones after inversion. This is a further indication the inclination was
improved.
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Figure 8.30: Model 1 fluid traces. True: original seismic. Pre: after adding RMO. Post: after
inversion. Three to the left: noise free. Three to the right: white noise.

Model 2: Class 2p anomaly

Figure[8.31] shows the AVO response for the model containing the Class 2p anomaly.
The red points represent the response after RMO was added. Green and blue rep-
resent the true and post-inversion responses respectively. The noise-free case shows
clear improvement, as the AVO response after inversion is nearly completely over-
lapping with the true response. The points when RMO is added appear to follow a
more linear line than the true and post-inversion points. For the noisy seismic, it is
difficult to make much of the difference just by looking at the cross-plot. Similarly
to the noise-free response, the red points appear to follow a linear line.
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Figure 8.31: Model 2 intercept and gradient cross plot. Green: True AVO response. Blue:
response after inversion. Red: response with RMO. Left: noise free. Right: white noise.

Figure [8.32| shows all the intercept traces, which are all near-identical as the small
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move-out applied to the gather is not affecting the intercept much at all.
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Figure 8.32: Model 2 intercept traces. True: original seismic. Pre: after adding RMO. Post:
after inversion. Three to the left: noise free. Three to the right: white noise.

Figure show all the gradient traces, and there is clear difference between them.
The true and post-inversion gradient traces show positive amplitudes at ¢ = 2.09 s,
while the gradient trace with the presence of RMO shows negative. It appears that
flattening the gather with the move-out applied has drastically changed the gradient
at that time. The rest of the trace also show clear difference between pre and post,
but these are amplitude related. The case is exactly the same for the noisy gather,
which experiences the same change in sign and same amplitude artifacts.
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Figure 8.33: Model 2 gradient traces.
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8.5.1 Summary

The intercept and gradient were examined for both models. When adding RMO,
the amplitudes were greatly increased. However, this increase was removed after
inversion. The difference was not as noticeable by looking at the cross plot for
the noisy seismic, however the traces showed clear difference. The fact that the
amplitudes on the gradient were corrected suggest the spread was reduced, and the
amplitude reduction in the fluid trace post-inversion suggests the inclination was
corrected too.
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Chapter 9

Comparison and discussion

Four approaches were implemented and tested as methods to precondition data for
seismic analysis. This chapter will compare the strengths and weaknesses of the
methods, and examine the differences in the AVO responses post-correction.

9.1 Methods

As Semblance and Swans RVI both are directly related to velocity, it is natural
to compare the two. The differences observed are related to the sensitivity of the
methods, and the nature of the output. For Model 1, the normalized stacking
amplitude was not maximized for the true trajectory neither when noise was nor
was not present. In fact, when noise was present, there were 3-4 trajectories resulting
in higher amplitudes. For Swan the case was different, for the noise-free seismic the
RVI was clearly minimized for the right trajectory, while in the presence of noise
it was minimized for a trajectory with minimum error. Swans RVI is clearly more
sensitive to small changes in velocity. The second difference is related to the nature
of the output. The normalized stacking amplitude provides no information whether
the user is over- or under-correcting the seismic. On the other hand, the trace
representing the RVI experiences a phase change depending on whether the user
over- or under-corrects the seismic. In other words, Semblance is unimodal, while
the RVI is bimodal. It is important to note that even though they are both directly
related to velocity, they have different purposes. As mentioned, Semblance is used to
maximize the stack energy. Swans approach was developed to precondition data for
AVO analysis, where enhanced sensitivity is required. Other differences between the
two methods are related to the derivative. The derivative of the RVI with respect
to velocity is nonzero at the optimal velocity, while for Semblance it vanishes (Swan
(2001))).

Cross correlation proves to be very useful too. It was by far the easiest method to
implement and provides decent results with and without noise. Compared to the
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other methods it had the lowest accuracy. However, this is directly due to my sub-
optimal implementation where RMO below the sampling rate was neglected. This
could easily be fixed by either re-sampling the data, or simply interpolating between
two samples to obtain the correct values. All in all, cross correlation, Semblance
and Swans RVI are very useful for non-anomalous seismic. For Model 2, they all
completely failed to handle the apparent RMO correctly.

The joint Bayesian AVO and RMO inversion worked just as well as any other method
on Model 1, if not better. The main difference is that it also successfully managed
to correct the seismic for the model containing the anomaly. This means that
the purpose of implementing a method were anomalies should not be avoided was
successful. However, a proper initial guess is important. It is also important to note
that even though it follows the Bayesian approach, it is an optimization algorithm
that does not provide the user with any uncertainty information about a and b
in At = af? + bh*. As mentioned, the user only obtains the maximum posterior
solution. In order to acquire a complete posterior distribution, a Markov-Chain
Monte Carlo simulation was also implemented. However, the lack of time resulted
in not being able to properly present it.

An important note is the re-writing of the methods from static to dynamic ap-
proaches, which would be a much more realistic approach. As mentioned, RMO
tends to be slowly varying across time in addition to offset. It is not unusual for a
trace to experience negative RMO some places, and positive elsewhere. In order to
correct the traces more accurately, stretching and squeezing has to be implemented.
A widely used method is a time-varying approach to cross correlation, where the
cross correlation is calculated at each time sample to obtain weighted time shifts.
These can be smoothed across time and space, and the data can be interpolated
accordingly. Swans RVI can be averaged across windows, meaning the user can
correct for different amounts of move-out in each window. For Semblance, several
trajectories are needed, and these can be combined with stretching and squeezing
the seismic to obtain the best fit (Rickett & Lumley (2001), Wolberg| (1990))). Re-
garding the joint Bayesian AVO and RMO inversion, At(#) could be rewritten to
At(t,0), by including terms to ensure a slowly varying curve in both time and space.

9.1.1 Further work

An obvious improvement would be to re-write the optimization algorithm to a joint
¢ and m optimization which would increase the accuracy and decrease the compu-
tational cost.

The method can also be improved by extending the term for ¢ to more variables,
making At a function of both time and angle. In other words, implement a dynamic
approach to correcting for the residual move-out rather than a static one. This
should improve the stability of each iteration.
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In addition, the algorithm can be further improved by estimating the noise in the
seismic instead of assuming constant noise, by using the inverse gamma distribution
for the unknown standard deviation for the noise.

Finally, the method should also be tested on real data.

9.2 AVO Analysis

AVO analysis was performed by cross plotting the intercept and gradient for both
models. To examine the difference done to the AVO response by the different meth-
ods, the residuals for intercept and gradient were calculated by subtracting the true
and post-correction results. This has only been done for the noise-free synthetic
gathers to truly capture the difference done by correcting the RMO by the different
methods, and not any noise-related distortions.

Figure 9.1 shows the intercept residuals for all four methods used on Model 1. Keep
in mind that the amplitude axis contains very small values. Nonetheless, there is
quite the difference in the residuals. Swans RVI is the only method which perfectly
corrected the seismic, resulting in zero residuals. Semblances lack of sensitivity
resulted in small residuals. The Bayesian framework has the second lowest residuals,
but they are as close to zero as can be. The main observation lies within cross
correlation, where the residuals are large simply due to my implementation.
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Figure 9.1: Noise-free Model 1: intercept residuals (true minus after correction) for all methods.

Figure [0.2] shows the same scenario, but for the gradient. Again, keep in mind the
x-axis, the amplitudes are far lager than for the intercept. As the implementation of
cross correlation did not allow for sub-sample RMO correction, this method expe-
riences by far the largest gradient residual amplitudes. Swan and Bayesian obtain
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zero and near-zero differences respectively, while Semblances lack of sensitivity fails
to remove it all.
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Figure 9.2: Noise-free Model 1: gradient residuals (true minus after correction) for all methods.

Figure [9.3] shows the residuals for the intercept for Model 2. The absolute value
of the amplitudes are small, however the relative differences are huge. An impor-
tant observation is the general shape of the traces. The residuals for Model 1 all
shared the same shape, but experienced different amplitudes. For Model 2, there are
clear differences in general shape and amplitudes. The residuals from the Bayesian
framework are near-zero compared to the other methods. The changes in the shape
between the other methods indicates they all reacted differently to apparent RMO.
At approximately ¢t = 2.095 s the residuals are negative for Semblance, but positive
for cross correlation and Swan. The residuals obtained post-cross correlation are the
second smallest, and do resemble the ones post-semblance. This indicates they did
a fairly similar job, which resulted in flattening the gather. The reason the residuals
post-Swan is so different is because of the way the method handled apparent RMO.
As shown in Chapter [6] the RVI was minimized for values of a and b that cor-
rected the gather into a co-linear relationship between intercept and gradient. The
resulting seismic was quite different from that of Semblance and cross correlation.
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Figure 9.3: Noise-free Model 2: Intercept residuals (true minus after correction) for all methods.

Figure 9.4 shows the gradient residuals for model 2. The Bayesian framework did
an excellent job correcting for the RMO, resulting in near-zero residuals compared
to the other methods. Generally, the changes are related to general shape and
amplitude. Residuals post-Semblance and cross correlation are fairly similar with
small amplitude differences, while the post-Swan response is different in every way.
Again, this is related to the nature of the output seismic. Simply put, Swan moved
the seismic down while cross correlation and Semblance moved it up.
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Figure 9.4: Noise-free Model 2: Gradient residuals (true minus after correction) for all methods.

Another important observation was made when comparing the chi angles in which
resulted in the fluid traces. For Swan, Semblance and Bayesian it was approximately
the same (~ 35 degrees). However, for cross correlation it was 62 degrees, which is a
significant increase. This is related to only using the near and far when estimating
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the AVO response, which resulted in intercept and gradient points following a very
flat trend.
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Chapter 10

Conclusion

The main purpose of this thesis was to test existing methods to correct for RMO,
and compare them with the new method introduced in Chapter [§l The reason
behind the need for correction is to make AVO more robust. The existing methods
were cross correlation, Semblance, and Swans RVI. For the model following the
background trend they all proved to be very useful, clearly improving the intercept
and gradient, which further resulted in the right chi angle to obtain the fluid trace.
The main differences between the output of the different methods are generally
linked to implementation and sensitivity to small move-out errors. Cross correlation
provided un-accurate results due to the implementation neglecting sub-sample RMO.
Semblance lacked the sensitivity needed to remove all the RMO, while Swans RVI
managed to do so. The new method proposed has the sensitivity needed, in addition
to providing inverted elastic parameters with uncertainty in the same time.

For the model containing the anomaly, the difference between the results provided
by the existing and the new method were clearly different. Semblance, cross correla-
tion and Swans RVI acted in ways that very clearly altered the gather in the wrong
way. This resulted in distorting the intercept and gradient almost to the point of
no recognition. Some time-samples even went from positive to negative amplitudes.
This clearly suggests the user should avoid known anomalies when using these meth-
ods. The joint Bayesian AVO and RMO inversion however, did an outstanding job
at correcting for RMO in the presence of an anomaly, given a proper initial guess.
The main idea behind this new framework was to develop a method to correct for
RMO where the user is not suggested to avoid or neglect anomalies. Keep in mind
that they are in fact what we actively look for in oil exploration.
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