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   Abstract

Converted-wave (P-S) seismic processing requires a specialized approach due to its

mixed wavetype. To facilitate this approach, a set of algorithms has been developed starting

from data preparation and ending with the correlation techniques for P-P and P-S time sec-

tions.

A new statics estimation algorithm is developed to estimate S-wave receiver statics.

This algorithm operates in the common-offset domain and relies on f-x prediction to gen-

erate pilot traces. Good results using the f-x statics estimation on the synthetic Marmousi

example with random statics suggests that this technique is very useful especially in com-

plex structural regimes. This is especially true where hyperbolic velocity assumption is vi-

olated or velocity estimation before statics is not possible. These features of the new

technique are important for the converted-wave data and are demonstrated with Blackfoot

data.

After statics corrections are applied, I use f-x prediction filters to interpolate missing

traces. At this stage, the prestack data are assumed to be evenly sampled and are ready for

further multi-channel processing.

Some fundamental equations for converted-wave traveltimes are derived and imple-

mented in a velocity analysis method based on P-S prestack migration. This analysis uses

the previously estimated P-wave background velocity to create the pseudo S-wave velocity
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field.

Based on both velocity fields I use a new Asymmetric MoveOut Correction (AMOC)

technique to transform the P-S data into pseudo P-P reflection data. With this approach, S-

wave receiver statics can be estimated and a non-iterative velocity processing flow can be

developed.

The processing is finalized with a rigorous analysis of the correlation between P-P and

the corresponding P-S time sections. Two analysis techniques are developed for this pur-

pose. The first technique is based on non-linear optimization of the correlation function,

while the other is an approach to match data in the logarithmic time domain. Both correla-

tion techniques produce a good visual match on both synthetic data and the Blackfoot data.
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Chapter 1    Introduction

 1.1  Background

In recent years, there has been a growing interest in shear-wave exploration for hydro-

carbons. Previous authors (e.g., Gregory, 1976; Tatham and Stoffa, 1976; Helbig and Mes-

dag, 1982; Tatham, 1982) have shown that the physical properties of rocks such as

lithology, porosity, porefill, anisotropy, etc., could be inferred from combined P- and S-

waves interpretation.

Although S-wave sections can be generated by S-wave sources, it has also been shown

(Fertig, 1984; Tatham and Goolsbee, 1984) that in practice S-wave images generated from

traditional P-wave sources often have resolution and signal-to-noise advantages over those

generated by S-wave sources. In addition to difficulties with generating shear-waves direct-

ly, shear source operation is relatively inefficient, since recording of two perpendicularly

polarized emissions are required for each source location (Garotta et al, 1990). Further-

more, S-S data have longer recording time than P-S data which can be an issue in some sys-

tems. In comparison, a P-wave source requires only 3-component geophones to record both

P-P and P-S data, with perhaps some adjustment to recording time. In terms of processing,

S-S reflection data need a solution for relatively large shot and receiver statics, while the

P-S data benefit from previously determined P-wave source statics. Another problem with

shear source data, as discussed by Garotta et al (1990) and Simin (1997), is that the frequen-
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cy content of the S-S data is lower than that of P-S data, and hence S-S data are seriously

contaminated by low-frequency, source-generated noise. Therefore, from an operational

point of view (both acquisition and processing), P-S data are the preferred data set for S-

wave reflection seismology studies.

To realize the potential advantages of P-S data, it is necessary to isolate P-S reflection

arrivals and to account for the asymmetric travel path of these converted-waves. Although

some success has been achieved in the separation of P- and S-wave events (Tatham and

Goolsbee, 1984; Dankbaar, 1985), algorithms for handling the asymmetric ray path are

generally limited to low relief data. For example, common conversion point (CCP) binning

and P-S DMO are only partial solutions to the asymmetry problem and face some difficulty

with structural data.

The traditional way of estimating static corrections is by correlating prestack traces with

pilot traces created from CMP stacks. The absence of symmetric travel path in the CMP

domain for P-S data, forces the pilot traces to be assembled from the asymptotic common

conversion point (ACCP) curve. Unlike depth-variant binning, ACCP does not involve

trace mixing and hence surface consistency is preserved (Cary, 1994). Unfortunately,

ACCP is only valid for the deep part of data recorded over an horizontally layered earth

with slowly varying Vp/Vs ratios.

Although P-S reflection data contain S-wave velocity information, traditional time pro-

cessing does not yield direct estimation of the interval S-wave velocity. By correlating
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events on both P-P and P-S sections, interval P-to-S velocity ratios ( ) can be derived. This

information, together with interval P velocity, is then used for lithology detection (Garotta

et al., 1985, Miller and Stewart,1990). One of the simplest ways of matching P-S to P-P

sections is by visual inspection after the P-S section has been squeezed into P-P time using

an estimate of Vp/Vs ratio. Using sonic logs, Lawton and Howell (1992) used a forward

modeling technique to create P-P and P-S synthetic stacks to help understand the correla-

tion between P-P and P-S data.

 1.2  Dissertation objectives

The objective of this desertion is to develop a complete and consistent processing flow

for converted-wave (P-S) reflection data. This new processing flow includes a solution for

residual statics without NMO velocity information, missing traces interpolation, convert-

ed-wave time migration and migration velocity analysis, asymmetric P-S ray path correc-

tion, and matching of P-S to P-P sections. It is hoped that by avoiding the layered earth

model assumption in the process, the flow proposed is general enough to apply to structural

data sets.

 1.3  Data sets used in this dissertation

Synthetic and real data sets that are used to evaluate the algorithms presented in this dis-

sertation are described below.

γ
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1.3.1  Synthetic data sets

All the multi-component synthetic data used in this dissertation were generated by a fi-

nite-difference elastic modeling program (Crase, pers. comm.) which simulates a 2-D earth

2-component (2-C) recording (vertical and radial) with a line source excitation. To avoid

surface related multiples, data were generated with the absorbing surface condition option.

A 2-D P-P structural synthetic data set from Marmousi is used to evaluate the newly de-

veloped statics routine discussed in Chapter 4. Surface-consistent random statics as large

as 30 ms are introduced to the data.

1.3.2  Blackfoot, Alberta

A set of 2-D seismic lines was acquired by the CREWES Project over the Blackfoot

field near Strathmore, Alberta. Acquisition parameters are summarized in Table 2.1. These

lines included a variety of geophones (2-C 2Hz, 3-C 4.5 Hz, 3-C 10 Hz and vertical 10 Hz

strings) and used a dynamite source. The processing of the vertical and the radial compo-

nents of the 4.5 Hz geophone recordings is discussed in Chapter 2. This data set is also used

to evaluate the new algorithms discussed in Chapters 4 to 7.
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1.3.3  Pine Creek, Alberta

A 2-D 3-component (3-C) data set was acquired by Western Geophysical Company of

Canada Ltd. in the spring of 1990. Acquisition parameters are summarized in Table 3.1. A

vertical vibrator source was used. This data set was donated to the CREWES Project at the

University of Calgary by Canadian Hunter Exploration Ltd. The processing of the vertical

components of line 95-04 of the survey is discussed in Chapter 3.
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Chapter 2    Conventional P-P and P-S processing

 2.1  Introduction

The purpose of this chapter is to compare and contrast the state-of-the-art processing for

P-P seismic data to that of P-S reflection data. The results of recent P-S processing are also

used as comparison for the newly developed algorithms. Both the vertical and the radial

components of 4.5 Hz Blackfoot broadband data are used to evaluate the processing flow.

Although the P-S processing sequence is similar to that for P-P data, the actual algorithms

for most processing steps are different and account for ray path differences. Note that P-S

processing suffers from larger receiver statics due to lower shear-wave velocity near the

surface, and the difficulty in determining the shear-wave replacement velocity for elevation

and datum corrections. Finally, diminishing amplitude in the near-offset range for P-S data

is also a problem in velocity analysis where it reduces the control on zero-offset time (T0).

 2.2  Data acquisition

A broadband 2-D 3-C survey was conducted over the Blackfoot Field in July, 1995. The

field acquisition parameters are summarized in Table 2.1. The seismic line was 4 km long

with receiver stations at every 20 m, and shots at every receiver station. The CMP stacking

fold is as high as 200 at the middle of the survey and drops gradually to 1 at both ends of

the line. To obtain more absolute energies in both the lower and the higher frequency rang-
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es, 6 kg of explosive at a depth of 18 m was chosen as the source. A variety of geophones

were used, but only the 4.5 Hz data are used for this dissertation. Figure 2.1 illustrates the

first 4 seconds of 3-C 4.5 Hz shot record. Gain has been applied to amplify the later arrivals.

Figure 2.2 is a filtered version (with band pass and gain) of Figure 2.1. Further processing

has been applied to suppress the ground roll. Only a small amount of coherent signal is seen

in the transverse component.

Acquisition Parameters, Blackfoot 1995

Instrument type ARAM-24
Record length 6 seconds
Sample rate 1 ms
Pre-amp gain 18 dB
Notch filter Out
Low cut filter Out
Low cut slope Out
High cut filter 240 Hz
High cut slope 70 dB / Octave

Energy source Dynamite
Shot size 6 kg
Shot depth 18 m
Geophone array Single 3-C and 6 phones 1-C over 20 m
Group interval 20 m
Type of geophones OYO 30CT, 10Hz,

Litton 1033, 3C, 10Hz,
Mark L-28, 3C, 4.5 Hz,
Mark L-4a, 2hz

 Table 2.1. Field acquisition and recording parameters for the Blackfoot survey.
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       Fig. 2.1.Shot  records from Blackfoot, Alberta (4.5 Hz geohones). (a) Vertical component. (b) Radial component. (c)
       Transverse component. Time scaling and trace balance are applied.

(a)                                                             (b)                                                          (c)
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Fig. 2.2. 4.5 Hz filtered records (bandpass and gain). (a) Vertical component. (b) Radial component. (c) Transverse component.

(a)                                                             (b)                                                          (c)
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 2.3  Conventional P-P processing

Figure 2.3 presents a conventional processing flow creating a structural stack (Figure

2.4), DMO stack (Figure 2.5), and prestack time-migrated stack (Figure 2.6). The residual

statics algorithm used is based on the stack power maximization approach of Ronen and

Claerbout (1985). This approach requires iterations on both velocity and statics estimates.

Unfortunately, as is shown in Chapter 4, when large statics are considered, cycle skipping

is often introduced.

Note that the flow in Figure 2.3 requires early velocity information only for residual stat-

ics estimation. The DMO and the prestack time migration are velocity independent and are

based on the algorithms from Forel and Gardner (1988), Gardner et al. (1986), Canning and

Gardner (1993).

 2.4  Conventional P-SV processing

Figure 2.7 presents a conventional processing flow to obtain a P-S structural stack (Fig-

ure 2.8). In general, birefringence analysis needs to be preformed to rotate the radial and

the transverse components into the proper natural coordinate axes. Because of velocity

anisotropy, shear-waves split into fast and slow components, and are recorded in the radial

and the transverse channels potentially interfering with each other. By rotating the data into

the proper axes, fast and slow components are separated. However in this data set, no no-
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Fig. 2.3. Processing flow for P-P seismic data.
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Fig. 2.4.  P-P structural stack (4.5 Hz geohones) from Blackfoot, Alberta.
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Fig. 2.5.  P-P DMO stack (4.5 Hz geophones) form Blackfoot, Alberta.
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Fig. 2.6.  P-P prestack time-migrated stack (4.5 Hz geohones) from Blackfoot, Alberta.
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Fig. 2.8.  ACCP stack (4.5 Hz geohones) from Blackfoot, Alberta.
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ticeable coherent reflection energy is presented in the transverse component (Figure 2.2c).

It is then believed that the velocity anisotropy is not important in this area or the recording

line is coincided with one of the natural coordinate axes. Therefore, the birefringence anal-

ysis and the rotation are ignored in the flow.

2.4.1  Polarity reversal

As shown in Figure 2.9, P-wave data, recorded as vertical particle motion on the surface,

have the same polarities for both positive and negative offsets. On the other hand, P-S data

are largely recorded as radial particle motion. If the first motion arriving at the geophone

at the positive offset is toward larger positive offsets, then, by symmetry, the first motion

arriving at the geophone with negative offset will be toward larger negative offsets. The ra-

dial geophones are all planted in the same direction. As a result the radial component of

geophones with opposite signed offsets, records data with reverse polarity. To stack the

same event coherently across the offsets, the polarity of some of the data needs to be re-

versed. The choice of the offset side for the polarity reversal depends on the convention of

P-P and P-S stacks, so that they both exhibit the same polarity, positive peak or negative

trough, corresponding to the same reflection.
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Fig. 2.9. Schematic diagram for the polarities of the particle motion recorded on the 2-C phones at
different signed offsets. The vertical phones record the same polarity on both positive and negative
offsets, while the radial phones, planted in the same direction, record different polarities on positive
and negative offsets.

2.4.2  Refraction statics

As shown in Figure 2.10, it is believed that pure S-wave refraction arrivals found in P-

S data are generated from the conversion of P-wave to S-wave soon after the source explo-

sion (Dufour and Lawton, 1996). Unlike P-wave refraction, S-wave refraction is not a first

break, and is not readily identifiable. This accentuates the problem of finding the near sur-

face S-wave velocity model and apply proper datum corrections at the receivers.

Dufour and Lawton (1996) attempt to pick the later pure S-wave refraction arrivals to

perform the shear refraction analysis. This approach heavily depends on the reliability and

quality of the picks. Nevertheless, their results on the choice of  S-wave replacement veloc-

S
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ity (1200 m/s) is used to datum the receivers to 960 m, and Vp/Vs=1 is used for weathering

correction on the receiver sides in the processing of the Blackfoot data.

Fig. 2.10. Raypath geometry of the P-S refraction.

2.4.3  Common conversion point binning

The ray path for the converted-wave P-S mode is asymmetric, with the conversion point

situated closer to the receiver. Stacking the data with a conventional CMP bin causes large

conversion point smear even for horizontally layered earth models. To properly stack P-S

data, we need to gather the data based on a common conversion point (CCP). Unfortunate-

ly, unlike CMP binning, CCP binning is velocity dependent even for 1-D models. Several
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layered earth based techniques have been developed to locate the conversion point as a

function of depth or time. It is found that by sorting the P-S data into the CCP domain, the

moveout curve is approximately hyperbolic. A reasonable CCP stack is obtained by normal

moveout correction and stack, after traditional velocity analysis (Tessmer and Behle,

1988). For structural data sets, advanced CCP binning techniques are required. For exam-

ple, conversion point binning can be done along the normal ray (P-S DMO), or along the

image ray (P-S prestack time migration), or at the common depth point (P-S prestack depth

migration).

However for flat data, asymptotic common conversion point (ACCP) binning, based on

an average Vp/Vs for all times, is commonly used to create the structural stack. In addition

to speed, ACCP also allocates complete traces to designated bins and does not destroy the

surface consistency of the data (Cary, 1994), thereby simplifying the residual statics calcu-

lation. Figure 2.8 is an example of structural stack created from ACCP binning on the

Blackfoot data set.

2.4.4  Residual statics

P-S residual statics requires previous P-wave static correction at the shots, and S-wave

static correction at the receivers. Receiver stacks are a useful tool to examine the high fre-

quency receiver statics, and can be used to estimate them (Cary and Eaton, 1992). Conven-

tional P-P surface-consistent statics routines can also be applied to P-S data. In this case,
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instead of analyzing data in the CMP domain, they are applied to data in the ACCP domain,

and the design time window starts at deeper time (where the asymptotic common conver-

sion point assumption is more valid).

2.4.5  Discussion

In general the quality of the near surface of the Blackfoot P-S stacked section is poor.

Partly the reason is an erroneous ACCP binning of the shallow data, but also it is believed

that lower velocity at the top creates severe NMO stretch so that only few near offset traces

are available for stack. Furthermore, the quality problem is amplified because the near off-

set traces do not have strong and coherent converted-wave energy.
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Chapter 3    F-x interpolation for missing traces

 3.1  Introduction

In a 2-D seismic survey, it is usually desirable to sample the sub-surface uniformly by

placing sources and receivers in a regular fashion. General acquisition problems disturb the

sampling density and regularity to some degree. Proper binning regularizes the data to

some extent and improves the quality of stack and poststack migration. However, some

prestack algorithms, like DMO and migration, work directly from the acquisition geometry

and require a different remedial approach.

A missing trace interpolation method based on least-squares f-x prediction filtering is

proposed to improve data sampling (see Abma and Claerbout, 1995; Soubaras, 1995 for

some background on the development of f-x filters). The f-x trace interpolation fills the lo-

cation of the missing traces with traces predicted from neighboring information. Although

the data set used in the following is a vertical component recording, it is expected that the

algorithm also applies to the converted-wave data in the same manner, once the receiver

statics problem is solved.

 3.2  Data acquisition

The 2-D 3-C Pine Creek data set is recorded on a 240-channel instrument. It contains
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411 shots with a 25 m group interval and shots at every station. The nominal fold of the

data is 40 with an end-on shooting configuration. The nearest and largest offsets on each

shot record are 150 m and 2125 m respectively (except shooting into and off the line). The

field acquisition parameters are shown in Table 3.1.

Acquisition Parameters, Pine Creek

Instrument type Sercel SN369
Number of channels 240
Record length 5 s
Sample rate 2 ms
Pre-amp gain 42 dB
Low cut filter Out
High cut filter 177.6 Hz
High cut slope 72 dB / Octave

Energy source 4 vibrators
Number of sweeps 8
Source pattern length 30 m
Sweep frequency 10-70 Hz
Sweep length and type 8 s (linear)
Geophone array Single
Vibrator spacing 25 m
Group interval 25 m
CDP coverage 4000%
type of geophones LRS L-1033, 14Hz

 Table 3.1. Field acquisition and recording parameters for the Pine Creek survey.

 3.3  The problem at Pine Creek

A P-P data set from Pine Creek, Alberta is used to demonstrated the effect of missing

traces on subsequent processing. Shown in Figures 3.1, 3.2, and 3.3 are NMO, DMO and
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f

Fig. 3.1. Final structural stack without interpolation. Artifacts are observed in both boxes where there is low fold.



25Fig. 3.2. DMO stack without interpolation. Artifacts are observed in both boxes where there is low fold.



26Fig. 3.3. Prestack time-migrated stack without interpolation. Artifacts are observed in both boxes where there is low fold.
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prestack time-migrated stacks. Artifacts are observed at CMP locations around 2300 and

3750. By examining the prestack data in a common-offset plane (for example offset at 1165

m in Figure 3.4), it is concluded that this artifact noise is generated because of the missing

traces. A CMP gather at location 3775 together with its velocity spectrum are shown in Fig-

ure 3.5 and supply a further evidence of this conclusion.

 3.4  Theory

Canales (1984) has shown that linear events convolved with the same wavelet were per-

fectly predictable with a one-step ahead convolutional prediction filter in the f-x domain.

In other words, the predicted data, at each frequency, are a linear combination of a set of

complex sinusoids in the x-direction, with each sinusoid represents a single dipping event.

When the linear events are corrupted by random noise, we can use the complex prediction

Wiener filter theory to find a set of coefficients to estimate a least-squares approximation

of the predictable part of signal (sinusoids) at each frequency. This procedure is now called

f-x deconvolution and is routinely used in seismic data processing to suppress random

noise. Spitz (1991) extended the idea of predictability of linear events for trace interpola-

tion in the f-x domain. In Spitz’s approach, the objective is to over-sample the input data at

half of the original regular trace spacing, so that data aliasing in the x-direction is reduced.

His trace interpolation scheme has two steps. First, the prediction filter coefficients are es-

timated for the data at half of the original trace spacing. Then given the prediction filter, the

interpolated traces are solved in a least-squares sense.



28    Fig. 3.4. A common-offset 1165 m section with missing trace location shown.
.
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Fig. 3.5. A CMP gather at location 3775 is shown on the left, and its velocity semblance is shown on the right. Because
of the missing traces, events are not easy to follow on the gather.
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The missing trace interpolation in this work is a hybrid scheme of Canales’ f-x decon-

volution and Spitz’s f-x trace interpolation. First, the data are sorted into common-offset

planes, followed by the Fourier transform in time direction. For each frequency slice of a

common-offset plane, the f-x prediction filter coefficients are estimated as if that frequency

slice in the spatial direction is regularly spaced. It is found that if the missing traces are only

a small part of the data, the prediction filter coefficients can be estimated from the data with

missing traces replaced by the zeros to maintain regular spacing. Second, the missing traces

for the current frequency are solved, as unknowns in a set of over-determined equations, in

a least-squares sense. Unlike Spitz’s f-x interpolation, we have to solve for data at random

surface locations.

Prediction filtering can be written as convolution in the f-x domain. Using a matrix No-

tation:

FX' = Y' ( 3.1 )

Here, F is a convolution matrix that contains the prediction filter coefficients at a particular

frequency. Each row of F consists of the same filter coefficients shifted by one column with

respected to the row above it. X' is a vector that contains the data at the corresponding fre-

quency, and Y' is a vector consisted of predicted data, that is, a shifted version of X’. For

example, for a one-step ahead prediction with a three-point f-x prediction filter as applied

to a data set with 7 traces, equation (3.1) looks like:
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( 3.2 )

Although the matrix F shown above contains only the forward prediction filters, in the ac-

tual algorithm, the matrix F contains both forward and backward prediction filters (Spitz,

1991). Because of missing traces, some of the elements in X' and Y', at the missing trace

locations, are unknowns. After some re-arrangement, equation (3.1) can be re-written as:

AX = BY ( 3.3 )

where X contains all the known values of X’ and Y’, and Y contains all the unknown values

of X’ and Y’ at the missing trace locations. A and B are the matrices resulting from the re-

arrangement of F.

For example, if x3 and x5 in equation (3.2) represent the missing traces, the matrix no-

tation of equation (3.2) can be written as a system of equations as follows:

f1 f2 f3 0 0 0 0

0 f1 f2 f3 0 0 0

0 0 f1 f2 f3 0 0

0 0 0 f1 f2 f3 0

x1

x2

x3

x4

x5

x6

x7

y1

y2

y3

y4

=

x4

x5

x6

x7

=
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( 3.4 )

The matrix form of equation (3.4) now becomes:

( 3.5 )

The least-squares solution  for the equations (3.3) or (3.5) can be written as:

 = (B*B)-1B*AX ( 3.6 )

where * denotes the conjugate transpose.

Note that equation (3.6) is solved at all signal frequencies and all common-offset planes in-

dependently.

The procedure of the f-x interpolation can be summarized by the following pseudo-code:

sort data into common-offset planes

for each common-offset plane

     insert zero traces at the missing trace locations to maintain regular spacing

     transform data from x-t domain into f-x domain

     for each frequency slice

f1x1 f2x2 x4–+ f3x3–=

f1x2 f3x4+ f2x3– x5+=

f2x4 x6– f1x3– f3x5–=

f1x4 f3x6 x7–+ f2x5–=

f1 f2 1– 0 0

0 f1 f3 0 0

0 0 f2 1– 0

0 0 f1 f3 1–

x1

x2

x4

x6

x7

f3– 0

f2– 1

f1– f3–

0 f2–

x3

x5

=

Y

Y
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calculate prediction filter

form equation (3.3)

solve for missing traces using equation (3.6)

     next frequency slice

     transform data back to t-x domain

next offset plane

 3.5  Examples

 To evaluate the interpolation scheme I construct a synthetic data set shown in Figure

3.6a with 5 conflicting dips. Some traces are randomly removed to create a number of dif-

ferent size gaps, as shown in Figure 3.6b. The traditional f-x deconvolution is applied to the

data of Figure 3.6b to fill the gaps as shown in Figure 3.7a. Figure 3.7b shows the difference

plot between Figure 3.6a and 3.7a. The result of applying the least-squares f-x prediction

approach to that data of Figure 3.6b is shown in Figure 3.8a. The difference between Fig-

ures 3.6a and 3.8a is shown in Figure 3.8b. Note that the non-zero values in Figure 3.8b at

live trace locations are due to spectral truncation during forward and inverse Fourier trans-

forms. From comparison of the difference plots, the new f-x interpolation gives significant-

ly less error. The same tests are repeated for a large gap of missing traces at the crossing

area, and are shown in Figures 3.9, 3.10 and 3.11. Again, the new f-x interpolation predicts

the crossing events better.

Next, the f-x interpolation is applied to the Pinecreek data. Since the f-x interpolation is

based on the predictability of linear events, the natural domain to apply this technique is
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Fig. 3.6.  (a) A synthetic record with 5 conflicting dips. (b) Some traces are randomly removed to
create different size gaps.

Fig. 3.7.  (a) The result of applying traditional f-x deconvolution to Figure 3.6b. (b) the difference
between Figures 3.6a and 3.7a.

(a)                                                              (b)

(a)                                                              (b)
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Fig. 3.8.  (a) The result of applying the new least-squares f-x interpolation to Figure 3.6b. (b) the
difference between Figures 3.6a and 3.8a.

Fig. 3.9.  (a) A synthetic record with 5 conflicting dips. (b) A large group of traces are removed to
create a larger gaps.

(a)                                                              (b)

(a)                                                              (b)
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Fig. 3.10.  (a) The result of applying traditional f-x deconvolution to Figure 3.9b. (b) the difference
between Figures 3.9a and 3.10a.

Fig. 3.11.  (a) The result of applying the new least-squares f-x interpolation to Figure 3.9b. (b) the
difference between Figures 3.9a and 3.11a.

(a)                                                              (b)

(a)                                                              (b)
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common-offset planes. In common-offset planes, signals appear locally linear even without

NMO correction. Shown in Figure 3.12 is the result of applying the new technique to the

common-offset plane of Figure 3.4. After applying the interpolation to each common-offset

plane, the data are sorted back into CMPs and a semblance plot at the same location as in

Figure 3.5 is shown in Figure 3.13. The coherence of the events is improved and events are

easier to follow visually, and the velocity spectrum is more focussed. The results of the

NMO stack, DMO stack and prestack time-migrated stack are shown in Figures 3.14, 3.15

and 3.16. Artifacts of the missing traces are now suppressed, and cleaner images are ob-

tained.

 3.6  Discussion

The methodology proposed here for missing trace interpolation is very similar to that of

Spitz (1991). In Spitz’s approach, the operator is estimated from the data at half of the cur-

rent frequency, while in missing trace interpolation, like in normal f-x deconvolution, the

operator is estimated at the current frequency and is subjected to contamination by the

missing traces. The operators are slightly improved (not shown in this dissertation) by re-

estimation after the missing traces are filled with the current interpolation. It is believed that

the error introduced by the contaminated operator is minimized during the second least-

squares process to obtain the missing traces, and a single iteration is sufficient.

The advantage of this technique is that no a priori velocity information or the range of



38  Fig. 3.12. A common-offset 1165 m section with missing traces filled by the least-squares prediction.
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Fig. 3.13. A CMP gather and its velocity semblance after missing trace interpolation. The cmp gather is at the same location as in
 Figure 3.5. After interpolation, events are much easier to follow.
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Fig. 3.14. Structural stack with the least-squares f-x interpolation. Improvement is seen when comparing this to the same section
without prestack f-x interpolation in Figure 3.1.
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Fig. 3.15. DMO stack with the least-squares f-x interpolation. Improvement is seen when comparing this to the same section without
prestack f-x interpolation in Figure 3.2.
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Fig. 3.16. Prestack time-migrated stack with the least-squares f-x  interpolation. Improvement is seen when comparing this to the
same section without prestack f-x interpolation in Figure 3.3.
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dips is required for the interpolation. Unfortunately the proposed f-x interpolation is ap-

plied in the common-offset domain, and in the present it does not apply to 3-D data.
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Chapter 4    Statics without a priori velocity information

 4.1  Introduction

Some modern surface-consistent residual statics algorithms rely on maximizing the

power of a CMP stack. However, errors in the estimated statics are strongly correlated to

the NMO velocity error. Ronen and Claerbout (1985) said, "statics estimation is effectively

a velocity analysis of the near-surface. Ideally, statics and velocity analysis would be done

together ". In practice, the velocity and the statics are solved iteratively. This iterative pro-

cedure works well provided that the first velocity estimation is reasonable.

In a complex structural region, reasonable velocity estimation in the presence of large

statics is not possible. In general, the assumption of hyperbolic moveout in the CMP do-

main is violated and hence, the maximum stack power may not reflect the proper statics.

The problem is even worse for converted-wave data where S-wave receiver statics are

solved in the ACCP domain. Note that ACCP binning requires an estimate of the average

Vp/Vs ratio, and that even for 1-D earth models this binning is only an approximation.

There are some other problems with residual statics, for example, when long wavelength

statics and structural variations mixed together. However, in this chapter I just focus on the

velocity issue and an alternative method of solving statics without a priori velocity infor-

mation is proposed. This new approach operates in the common-offset domain and does not

require a priori NMO velocity information or the assumption of hyperbolic moveout.
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Recently, some other approaches in separating velocity and statics estimation are devel-

oped, and they can be found in Taner and Berkhout (1997, 1998), Li and Bancroft (1997).

 4.2  Theory

The basic requirement of the new statics routine is that reflection events without statics

contamination, in the common-offset plane are smooth. When statics are present, the image

in each common-offset plane exhibits trace-to-trace jitter, and that can be considered as

random error superimposed on the smooth events. Using linear prediction iteratively in the

f-x domain for each offset (Canales, 1984), the smoothness of the observed events is im-

proved by virtue of the fact that the f-x prediction filter is estimated by a least-squares ap-

proach. The smoothed common-offset plane, that is, a common-offset gather where every

data trace is replaced by a trace predicted from neighboring information, is served as mod-

el. Once the models are created for all offset-planes, they are correlated with the original

traces to find static shifts for each trace in the data. These static shifts are then decomposed

into shot and receiver components in a surface-consistent manner. The statics are applied

to the data, new models are predicted and subsequently new statics are estimated. Iterations

continue until no significant change to statics estimate is detected.

 4.3  Synthetic test

To demonstrate the new statics application, the Marmousi model data set is used. To
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start, brute velocity functions at 5 CMP locations were picked from the statics-free data.

For comparative NMO and stack, these velocity functions are used for all subsequent tests.

The brute stack of the statics-free data is shown in Figure 4.1. Next, random, but surface-

consistent shot and receiver statics are applied to the prestack data. The maximum shot and

receiver statics are 30 ms each. These data are stacked and the result is shown in Figure 4.2.

Figure 4.3 is the stack after applying the statics derived from Ronen and Claerbout’s algo-

rithm. Both stacks are created with the same brute velocity functions previously picked

from statics-free data. Because of the size of the statics, cycle skipping occurs everywhere,

especially at both ends of the line. In the middle of the line, the structure is so complex that

the hyperbolic assumption is violated, and the statics solution fails. The Ronen and Claer-

bout algorithm is modified to allow summing of three adjacent CMPs to build a pilot trace.

The result of the stack is shown in Figure 4.4. The quality of the stack is improved, espe-

cially on the right hand side. By summing 3 CMPs together, the quality of the pilot trace is

improved when the dips are gentle. However the result is still very poor compared to Figure

4.1, indicating the calculated statics are still poor.

Using the new velocity independent f-x approach, the statics were re-calculated from the

statics contaminated model data. Figure 4.5 shows the stack obtained after correction of the

f-x statics, and NMO correction with the same brute velocity functions. The quality of the

stack is improved, even in the middle of the structure where the hyperbolic assumption

breaks down.

A comparative view of the effect of the statics, with different statics solutions, is ob-
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Fig. 4.1.  The stack of the statics-free Marmousi data.
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Fig. 4.2.  The stack of the Marmousi data after introducing maximum 30 ms random statics for both
shot and receiver.



49

Fig. 4.3.  The stack of the Marmousi data after applying the Ronen and Claerbout’s statics. Because
of the size of statics, cycle skipping occurs everywhere especially at both ends. The structure in the
middle is not improved by the statics.
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Fig. 4.4.  The stack of the Marmousi data after applying the modified version of Ronen and Claer-
bout’s statics. 3 CMPs are summed vertically to build the pilot trace. The effect of cycle skipping is
lessened especially on the right hand side of the data where the dips are gentle.
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Fig. 4.5.  The stack of the Marmousi data after applying the f-x statics. The complex structure starts
showing up.
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tained by inspecting selected CMP gathers along with their associated velocity spectra. Fig-

ure 4.6 shows a CMP gather and its velocity spectrum for statics-free data, at CMP station

2225. Figure 4.7 is the same after the statics are introduced. It is clear that the reference

velocity function is very difficult to identify. Figure 4.8 is the velocity spectrum after ap-

plying the Ronen and Claerbout statics. The statics solution effectively tries to satisfy the

given velocity function and forces the reflections to obey hyperbolic moveout, even though

the original CMP data does not. Figure 4.9 is the velocity spectrum with the new velocity

independent f-x statics applied. The similarity between Figures Figure 4.6 and Figure 4.9

indicates the statics solution is good, and that the velocity function can now be picked as

reliably as when the data had no static shift.

Since the velocity can be picked relatively accurately, we may follow the f-x statics so-

lution with a Ronen and Claerbout statics algorithm to improve the quality of the stack. The

CMP gather at station 2225 and its velocity spectrum after correction with f-x followed by

Ronen and Claerbout statics is shown in Figure 4.10. Finally, Figure 4.11 displays the re-

sulting stack.

 4.4  Blackfoot example

In this section, the new f-x based statics calculation is applied to a subset of a broad-band

3-C 2-D seismic experiment conducted at the Blackfoot Field in July 1995. The vertical

component data (4.5 Hz geophones) are first processed in the traditional way to obtain P-
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Fig. 4.6.  The velocity semblance of the statics-free data at station 2225. A brute velocity function
is picked as a reference for the test.
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Fig. 4.7.  The velocity semblance after random statics applied. The reference velocity function is
difficult to identify.
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Fig. 4.8.  The velocity semblance after applying the Ronen and Claerbout’s statics. Cycle skipping
is seen within the CMP gather.
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Fig. 4.9.  The velocity semblance after applying the f-x statics. The semblance reveals a similar ve-
locity function to the reference.
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Fig. 4.10.  The velocity semblance after f-x statics and the modified Ronen-Claerbout statics.



58

Fig. 4.11.  The stack of the Marmousi data after applying the f-x statics and the modified Ronen-
Claerbout’s statics. The diffraction patterns in the middle of the line now show clearly.
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wave refraction statics and P-wave residual statics (Ronen-Claerbout residual statics calcu-

lation). The processing flow for the vertical component is shown in Figure 2.3. The radial

component data (4.5 Hz geophones) are then processed in a receiver-consistent manner.

The data set is first datumed to 960 m with a P-wave replacement velocity of 3000 m/s at

the shot and an S-wave replacement velocity of 1200 m/s at the receiver. As well, P-wave

refraction statics and P-wave residual statics for both shots and receivers are applied (i.e.,

Vp/Vs=1 is assumed). Any un-corrected part of S-wave statics is treated during the S-wave

residual statics calculation.

To avoid cycle skipping due to large statics, I need to work in a lower frequency band.

Unfortunately, the lower frequency signal is largely contaminated by the ground roll. To

solve this problem, I suppressed the ground roll in the receiver-domain and limited the stat-

ics calculation to offsets larger than 1000 metres. A local slant stack procedure is also ap-

plied in the receiver-domain to improve the signal-to-noise ratio. The data set is then

processed with gather-oriented minimum phase deconvolution for all receivers followed by

gather-oriented zero-phase deconvolution (to maintain the receiver-consistent phase) for

all shots. The processed results are then analyzed with the f-x statics calculation.

For comparison purposes, Figures 4.12, 4.13 and 4.14 display the ACCP stack without

residual receiver statics, with conventional residual receiver statics, and with f-x statics, re-

spectively. Both static routines improve the quality of the stack. In fact, the conventional

statics gives an apparently crisper stack than the f-x statics, especially in the time window

2.25 s to 2.75 s. Figure 4.15 displays the f-x and the conventional statics. The first trace
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Fig. 4.12.  ACCP stack without residual receiver statics applied.
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Fig. 4.13.  ACCP stack with conventional residual receiver statics. The quality of the stack is con-
siderably improved.
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Fig. 4.14.  ACCP stack with f-x residual statics. The quality of the stack is better than the stack with-
out residual receiver statics, but not as high as that of the stack with conventional residual receiver
statics.
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Fig. 4.15.  Comparison of the results of f-x statics and the Ronen and Claerbout statics. The maxi-
mum size of statics is around 20 ms. Application of f-x statics is shown in the first trace. The first
nine iterations of the Ronen and Claerbout statics are shown in the next nine traces. Both algo-
rithms show similar results from receiver stations between 2700 to 6000. Starting from the third it-
eration of the Ronen and Claerbout algorithm, a D.C. bias of the statics around receiver station
2600 is built-up, and eventually it develops into a cycle-skip.
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shown in the figure is the f-x statics solution, while the next nine traces represent the solu-

tion for nine subsequent iterations of conventional statics. By comparing the f-x statics and

the last iteration of the conventional statics, it is observed that they both show similar short

wavelength results from stations 2700 to 6000. It is also observed that, in the conventional

statics, a constant negative shift is superimposed on stations 2020 to 2600, and a positive

shift is superimposed on stations 2600 to 3500, creating a break in statics at station 2600.

This suggests that a cycle skip is occurred in the conventional statics solution. A similar

pattern of a statics break is also seen at station 4100 for both the f-x and the conventional

statics. This statics break, however, is smaller in magnitude and is not likely to create a leg

jump.

Some common-offset planes before and after application of conventional and f-x resid-

ual receiver statics are shown in Figure 4.16 to Figure 4.21. Figures 4.16 and 4.17 are a

comparison of the results at an offset of 2270 m. Since this offset only includes stations

4300 to 6000, the results are very similar. The next two figures (Figures 4.18 and 4.19) are

at an offset of -1530 m and include stations 2020 to 4480. Here, the f-x based statics esti-

mation approach produces smoother result than the conventional statics estimation. A dis-

continuity in reflection events occurs at station 2600 in the conventional statics result.

Figures 4.20 and 4.21 display an offset panel of -2130 m with stations ranging from 2040

to 3880. The statics break at station 2600 is obvious in Figure 4.20 while it is clearly miss-

ing in Figure 4.21 which shows the same offset corrected with f-x based statics estimates.

The next comparison involves statics application in the shot record domain. Figure 4.22
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Fig. 4.16.  A common-offset plane at 2270 m. (a) Without residual receiver statics. (b) With conven-
tional residual receiver statics.

(a)                                                                     (b)
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Fig. 4.17.  A common-offset plane at 2270 m. (a) Without residual receiver statics. (b) With f-x re-
sidual receiver statics.

(a)                                                                     (b)
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Fig. 4.18.  A common-offset plane at -1530 m. (a) Without residual receiver statics. (b) With con-
ventional residual receiver statics.

(a)                                                                     (b)
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Fig. 4.19.  A common-offset plane at -1530 m. (a) Without residual receiver statics. (b) With f-x re-
sidual receiver statics.

(a)                                                                     (b)
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Fig. 4.20.  A common-offset plane at -2130 m. (a) Without residual receiver statics. (b) With con-
ventional residual receiver statics.

(a)                                                                     (b)
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Fig. 4.21.  A common-offset plane at -2130 m. (a) Without residual receiver statics. (b) With f-x re-
sidual receiver statics.

(a)                                                                     (b)

(a)                                                                     (b)
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Fig. 4.22.  Shot record at 4180 without residual receiver statics applied.
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displays a shot record at station 4180 without residual receiver statics applied. Figures 4.23

and 4.24 are the same shot record after the application of conventional and f-x statics re-

spectively. Both statics improve the smoothness of the reflections, except for a discontinu-

ity at station 2600 in the conventional statics result. The next three figures (Figures 4.25 to

4.27) show the same comparison for a shot at station 5120, where the same observations

hold.

The final definitive observation stage is the receiver stack domain. Figure 4.28 displays

the receiver stack without residual receiver statics application. Figure 4.29 shows receiver

stack with the conventional statics applied. From this figure it is concluded that statics are

generally properly resolved except at the vicinity of station 2600. Note that although the

raw receiver stack is wavy around station 2600, no discontinuity is seen there. Figure 4.30

shows a receiver stack with f-x statics applied. It is observed that the coherency of events

is improved, without a discontinuity at station 2600.

 4.5  Discussion

From the previous examples one can see that the reflector smoothness condition is pow-

erful enough to allow a robust statics estimation procedure. Since this procedure operates

in the common-offset domain, no prior NMO velocity information is required and hence

the approach is deemed suitable for the studies of converted P-S mode data. Note that al-

though an ACCP stack is displayed in Figure 4.14, the associated statics are totally inde-
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Fig. 4.23.  Shot record at 4180 with  conventional residual receiver statics applied.
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Fig. 4.24.  Shot record at 4180 with f-x residual receiver statics applied.
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Fig. 4.25.  Shot record at 5120 without residual receiver statics applied.
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Fig. 4.26. Shot record at 5120 with conventional residual receiver statics applied.
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Fig. 4.27.  Shot record at 5120 with f-x residual receiver statics applied.
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Fig. 4.28.  Receiver stack without residual receiver statics.
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Fig. 4.29.  Receiver stack with residual statics based on the Ronen and Claerbout algorithm. Cycle
skipping is clearly seen at station 2600.
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Fig. 4.30.  Receiver stack with residual receiver statics based on f-x statics.
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pendent of ACCP binning. Conventional statics routine introduce a discontinuity while the

f-x procedure gives a more plausible and smoother section.

Unfortunately, the method in its current form is not applicable to 3-D data, especially in

land 3-D. In the 2-D survey, the data are normally acquired quite regularly, and a common-

offset plane is easily gathered. However, irregular shooting may make common-offset

planes binning difficult.


