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Abstract 

Exploration and development geophysicists regularly make use of prestack 

analysis is seismic data in order to identify hydrocarbon accumulations in the subsurface 

in quantities that are economic and in reservoirs that can produce the hydrocarbons 

efficiently.  One commonly used attributed derived from prestack analysis is the ratio of 

P-wave and S-wave velocities, or Vp/Vs, however there are a variety of methods 

available to derive these parameters.  This thesis compares three established workflows 

for estimating Vp/Vs from 3C3D seismic data, and discusses some of the limitations of 

each method on both a synthetic model and an acquired 3C3D seismic survey from 

eastern Alberta, Canada.   

The first method is a two step inversion where we first invert for P- and S-wave 

reflectivity from prestack PP gathers, followed by a second, decoupled inversion of these 

reflectivities to impedances.  Another method condenses this into a single inversion, 

allowing estimation of P- and S-Impedance directly from prestack PP gathers.  The third 

inversion is similar, in that it is a single-step inversion, however it also incorporates 

converted wave, or PS, data in an attempt to better constrain the solution by providing 

additional independent input. 

Analysis of the model data has shown that the prestack inversion with converted 

wave data provides the most accurate estimates of Vp/Vs of the three methods compared, 

though the prestack inversion without converted wave data also appears to have far 

outperformed the two-step inversion in the zone of interest.  However the model example 

also shows a high degree of sensitivity to the registration of the converted wave data to 



3 

 

PP-time and that even small errors in this registration can degrade the quality of the 

inverted result.   

In the case of the real seismic data from eastern Alberta, the prestack inversion 

without converted wave data has produced the most accurate estimate of Vp/Vs ratio in 

the reservoir interval.  Interestingly it has been revealed that the two-step inversion 

process has actually created noise in the Vp/Vs volume resulting from the de-coupled 

second inversion step.  Correlations to well logs at well locations indicate that the 

prestack inversion with converted wave data has outperformed the two-step inversion, 

despite the registration errors that are inherent in the model resulting from an isotropic 

assumption made in the processing of the converted wave data, which has significantly 

affected not only the registration of the converted wave data to P-wave time, but has also 

degraded the bandwidth and amplitude fidelity of the converted wave volumes. 
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Chapter One: Introduction 

1.1 Background 

The seismic experiment concerns the acquisition, processing and interpretation of 

seismic waves reflecting and refracting off layers of rock in the subsurface.  The two 

primary types of seismic waves used in reflection seismology are P-waves (also called 

compressional or longitudinal waves) and S-waves (also called shear or transverse 

waves).  The velocity of these waves is governed by the properties of the substance the 

waves are traveling through and can be used as an aid to identify rock types and 

properties without physically sampling the rock.  Similarly, the ratio of P-wave to S-wave 

velocities can not only be a reflection of the lithology of the rock the waves are traveling 

through, but also the fluid that has saturated the pores of the rock, and even the relative 

amount of porosity present.  For the rocks sampled by local well logs, limestones 

generally have lower Vp/Vs than sandstones, which are generally lower than clay-rich 

shales, for example.  While most sound sources for the seismic reflection surveys 

generate P-waves primarily (e.g. dynamite, air-gun or vibratory), mode conversions occur 

at every contrast in either P-wave velocity, S-wave velocity, or density, which results in 

both reflected and transmitted P- and S-waves at each of these interfaces.  The ratio of 

energy that emerges from each of these interfaces is dependant upon the incident angle of 

the sound energy.  Typically all the reflected and transmitted energy for a sound wave 

incident normal to an interface is also P-waves, however, as the angle changes from 

normal to parallel, the amount of energy transmitted and reflected as P- and S-waves 

changes.  The most common description to describe this energy partitioning was 

described by Zoeppritz, building upon work by Knott (Aki and Richards, 1980), often 
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referred to as the Zoeppritz (or Knott-Zoeppritz) equations. For a wave emitted as a P-

wave at the source, traveling at P-wave velocity to an interface, where it is reflected back 

to the surface where it can be recorded by a geophone, we refer to this reflection as a PP-

reflection.  Similarly, a P-wave source emitting a wave from the source to a reflection 

where it is converted to an S-wave and returns to the surface is referred to as a PS-

reflection (or converted wave reflection). For most seismic reflection experiments, it is 

only the reflected energy that is recorded and available for further processing and 

analysis and it is processing and analysis of these converted waves upon which 

geophysicists base interpretations of lithology, porosity and fluid content, among other 

attributes that may be relevant to the rock.   

The work that follows is a comparison of three seismic inversion methods for 

estimating Vp/Vs of the subsurface from seismic data to determine the rock properties 

present, in order to identify zones of specific lithology and/or fluid content for mineral or 

hydrocarbon exploration. Inversion is a general mathematical process which has been 

adopted for a variety of seismic data problems, including inversion of prestack seismic 

data for P-wave and S-wave impedance (Lines and Newrick, 2004).  In this case, the 

intent is to produce earth models from available data.  The intent, in this example, is to 

invert reflectivity data for the P- and S-Impedances that gave rise to the reflectivity, 

however, this is not without problems. Seismic inversion (as with most inversions) is 

often non-unique, meaning for a given input data volume, there is a vast solution space of 

equally valid solutions, for a given set of constraints. One way of decreasing this 

ambiguity is in constraining the solution with additional, independent input.  In the case 

of inverting for impedances, the minimum required input is one sample as in the case of 
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post-stack inversion.  We can constrain this result by including more data with different 

incident angles, as in prestack inversion.  By adding additional data, for example PS-

reflectivity, we further constrain the inversion solution as the solution is required to 

honour multiple datasets, ignoring the potential impact of noise on the input data.  This is 

often called simultaneous inversion (Sheriff, 1991) or joint inversion.  

Until recently, inversions of seismic data for impedance (e.g. Lindseth (1979) 

were typically poststack inversions of stacked data.  Stacked data is comprised of 

summing seismic data that has been processed and sorted to common midpoints located 

between the source and receiver locations, to form common midpoint gathers.  These 

gathers are then averaged at each midpoint to produce a single output (i.e. stacked trace) 

which can then be inverted to P-Impedance.  With the popularization of amplitude versus 

offset (AVO) methods over the past 30 years, inversion was extended to a two step 

inversion workflow (Goodway et al., 1997).  The first inversion uses common midpoint 

gathers and inverts the amplitudes to P-wave and S-wave reflectivity, using offset 

dependent reflectivity as described by many authors (e.g. Fatti et al., 1992).  The second 

process involves inverting each of these reflectivity attributes independently following a 

methodology similar to that of Lindseth (1979).   

In recent years, a full prestack inversion has become more popular as computers 

are now able to manage the computations on vast amounts on input data in useful 

timeframes.  This simplifies the previously mentioned two-step inversion to a single step, 

from prestack gather to P- and S-Impedances.  This also helps to remove some errors that 

resulted from decoupled P- and S-Impedance inversions, which were independent 

inversions for a common Earth Model.  Because the inversion must now be solved (i.e. 
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by minimizing solution error) on multiple datasets, in this case multiple offsets at each 

time sample, the solution for both P- and S-Impedance are constrained by one another.  

While multicomponent seismic data is not a new concept in literature (Stewart, 1990; 

Margrave, 2001; Veire and Landro, 2006), its use has been somewhat limited by 

computer power and software availability for working with it effectively.  Similar to 

prestack inversion, joint prestack inversion is a tool that has recently become more 

readily available.  As a result, it is another dataset that can be included in the inversion 

process to aid in the estimation of P- and S-Impedance, and should similarly constrain the 

solution space.  Discussed in more detail later, a critical requirement for using converted 

wave data in a joint prestack inversion, or most other analysis methods, requires that the 

converted wave data be registered from PS-time to PP-time.  With conventional PP 

seismic data, waves travel through the earth to a reflector and back to the surface all at P-

wave velocity.  For converted waves however, while the wave does still travel down to 

the reflector at P-wave velocity, when it is reflected, it returns to the surface at S-wave 

velocity, which is significantly slower than P-waves (typically approximately to 50%).  

This means that for a single reflector, the P-wave reflection will be detected before the 

converted wave reflection.  To align geology correctly between P-wave and converted 

wave data, the converted wave data must be related to the P-wave data, either by depth 

migration (Stewart, 1990) or by some method of manual event alignment in time domain, 

as described later in the text. 

This thesis examines three types of inversion that employ one of the three 

methods described above.  The performance of these inversion methods is compared for 

an eastern Alberta data example acquired with digital 3-component (3C) receivers.  The 
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primary targets in this experiment are Mannville-age fluvial channels.  While easily 

identifiable on 3D seismic data, reservoir quality remained an issue which conventional 

stacked data alone could not further high-grade.  It was anticipated that the 

multicomponent seismic data would provide the leverage necessary to aid in drilling 

economic gas wells with a higher degree of success as multicomponent data contains 

more information about the seismic wavefield (i.e. reflections) than conventional single 

vertical component data alone.  Anderson and Larson (2006) showed that such hope 

appears to have been realized, with look-back drilling success rates improving from 31% 

with P-wave seismic only, to 65% when integrating the information from the P-wave and 

converted-wave volumes.  Also discussed by Anderson and Larson (2006), Vp/Vs is 

related to reservoir quality for the target sands.  A project was then undertaken to 

evaluate the differences in predicting rock properties, specifically Vp/Vs, from seismic 

data using one of three paths (also see Figure 1.1): 

• Amplitude variation with offset (AVO) analysis 

followed by poststack inversion of the AVO attributes 

(AVOI, Goodway et al., 1997) 

• Prestack inversion of the P-wave gathers directly to 

impedances (PSI, Hampson et al., 2005) 

• Joint prestack inversion of the P-wave gathers and a 

converted-wave volume (JPSI, Hampson et al., 2005) 
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Figure 1.1: A comparison of the three workflows compared in this study. 

 

The procedure and results from that analysis are presented below.  A map of the 

seismic data identifying the relative positions of the wells is provided in Figure 1.2.  

Before discussing the inversions of the acquired seismic data, a comparison of the same 

inversions applied to synthetic data is first discussed. 
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Figure 1.2: Map of portion of 3C-3D volume with wells identified.  Wells A, C, D 

and E have dipole sonic log measurements and Well F has a Vp/Vs log derived from 

a 3C-VSP experiment.  The area shown is approximately 6 miles by 15 miles. 

 

1.2 Literary review 

Various methods for evaluating and interpreting reflection seismic data have been 

in the works for several decades.  Most methods are based upon the equations of 

Zoeppritz (1907) and Knott (1899), which describes the partition of energy from an 

incident plane wave impinging upon the boundary between two semi-infinite half-spaces.  

In general, full use of these equations is impractical in exploration seismology as it 
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requires the sampling of data which is unobtainable, specifically the recording of waves 

transmitted through the earth which never return to the surface.  As a result, the original 

Knott-Zoeppritz equations have been simplified, the most common incarnation having 

been derived by Aki and Richards (1980).  This simplification reduced the Knott-

Zoeppritz equations from 16 equations with 16 unknowns to a single equation with three 

unknowns, however this did require some key assumptions to be made.  Specifically that 

reflectivity at any given interface is small and that refractions do not occur. 

The work of Aki and Richards has been further expanded upon by a large variety 

of authors.  One approach taken to this analysis was to reformulate the Aki and Richards 

equations in terms of P-wave and Poisson‟s Ratio as was popularized by Shuey (1982) 

and Verm and Hilterman (1995).  A second approach following from Aki and Richards 

continues to define the unknown terms of their equations in terms of P-wave velocity, S-

wave velocity, and density.  Smith and Gidlow (1987), Gidlow et al. (1992), Fatti et al. 

(1994), Larsen (1999), and Downton (2005), among others, have proposed various 

methods and approximations to the Knott-Zoeppritz or Aki and Richards equations.  

Converted wave seismic data, or PS-data, has also been incorporated into prestack 

inversion in a variety of ways.  Stewart (1990), Larsen (1999) and Margrave et al. (2001), 

though these are reflectivity, or AVO, inversions and not impedance inversions as 

discussed in this thesis. 

While the above methods do provide a means of estimating rock properties such 

as facies, fluid content, and porosity, relating reflectivity changes to petrophysical 

changes can be non-unique (Hilterman et al., 1996).  Lindseth (1979) proposed using 

inverted log data to simulate well logs in order that these parameters might be more 
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quantitatively determined (Wallace et al., 1996).  By inverting the reflection data to 

impedance, information about individual layers of rock and the changes within each layer 

can be more quantitatively determined. 

The utility of Vp/Vs as an indicator of rock and fluid properties have been 

demonstrated by Tatham (1982), Freund (1992), Castagna (1985), and Mavko (1998), 

amongst others.  The explorationist is tasked to identify drilling locations over 

commercially viable quantities of hydrocarbon accumulations from productive reservoirs, 

which requires information about the rock and fluid properties present.  Because 3D 

seismic data is able to sample large volumes of the subsurface, the ability to convert this 

information Vp/Vs in order to determin rock and fluid properties can be of great value in 

identifying viable drilling targets.  Work by Goodway et al. (1997), Pendrel (2000), Ma 

(2002), Young et al. (2005) and others has demonstrated the utility of estimating rock 

properties from prestack seismic inversion, by effectively combining impedance 

inversion (Lindseth, 1979) with one of the various AVO methods discussed above.  

Extending these impedance inversion methods to incorporate converted wave data has 

been published by a variety of authors, including: Agullo et al. (2004), Knapp et al. 

(2002), and Hampson et al. (2005). 

1.3 Software used 

Various software was used to interpret, invert and analyse the tests performed 

herein.  Hampson-Russell software was used for all inversions and AVO analysis on both 

the synthetic and real seismic data.  It was also used to generate the model data used in 

testing the three inversion methods. 
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Additional software used included SeisWare for conventional interpretation of the 

conventional seismic data (i.e. horizon picking) and Microsoft Excel for a variety of the 

displays and analysis that follows.  Image editing was performed using Microsoft 

Powerpoint and the thesis was compiled and edited using Microsoft Word.   

1.4 Geologic background 

The 3C3D seismic program and wells being investigated as part of this study are 

located in east central Alberta, Canada (figure 1.3).  The primary geologic target for oil 

and gas exploration on this 3D seismic program is upper Mannville aged Rex channel 

sands within a regionally continuous shale Rex member (Figure 1.4).  These sand 

channels tend to be three (3) to ten (10) meters thick, when present, and approximately 

200 – 250 meters wide at a depth of approximately 800 meters below the surface.  A 

commercially successful well will yield 0.7 Bcf of gas with initial production rates above 

500 mcf/day. 

 

Figure 1.3: Map of Western Canada identifying location of 3C3D program with blue 

circle (adapted from http://www.ags.gov.ab.ca/graphics/atlas/fg17_06.jpg). 

 

http://www.ags.gov.ab.ca/graphics/atlas/fg17_06.jpg
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Figure 1.4: Table of Formations spanning the Mannville and Colorado age deposits 

of East-Central Alberta.  Target formation of this study area are Rex channel sands.  

Image provided by Energy Resources Conservation Board (adapted from 

http://www.ercb.ca/docs/products/catalog/TOF.pdf) 

 

While the lateral seal for the channel sand consists of regional shales, the top seal 

is a regionally continuous Rex-age coal.  Similar age coals can also be present laterally, 

adding complication to the geology of the area.  Since coals are typically the remains of 

ancient swamps, we can infer that the sediments were initially deposited over relatively 

flat areas with occasional channels cutting throughout.  Over geologic time, however, the 

regional shales compact more under the overburden rocks than the more sandy channels, 

resulting in differential compaction over the channel sands (Figure 1.5).   
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Figure 1.5: Cartoon cross-section of Rex channel in relation to lateral and top seals.  

Note differential compaction characteristic of the channel sands as compared to the 

regional shaley Rex (adapted from Larson and Anderson, 2006). 

 

In some cases, the pore-throats of the sandy-channels can be plugged by fine 

grained sediments, resulting in poor reservoir quality.  As a result, differential 

compaction alone cannot accurately predict the presence of reservoir, but only the 

presence of the channel itself.  Figure 1.6 shows a modern river system, which while 

more energetic than the Rex channels, it does demonstrate the differences in reservoir 

quality along the river, even within the channel complex itself.  The Yukon River in 

Alaska, USA, shows sandy bars and shale/silt rich bars, within the same channel system 

only a short distance apart.  If the channel contains relatively high shale content, it will 

not provide economic development due to poor permeability, despite the presence of 

enough sand to allow for differential compaction. 
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Figure 1.6: The Yukon River in Alaska, USA forms a modern analogue for the Rex 

reservoir sands.  Dark meanders indicate shale/silt rich bar deposits where as white 

indicates either water or sand-rich deposits (from 

http://disc.sci.gsfc.nasa.gov/geomorphology/GEO_4/GEO_PLATE_F-12.shtml) 
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Chapter Two: Comparisons of inversions on model data 

2.1 Model generation 

In order to better understand the differences between the methods, it is 

worthwhile to first perform the comparison that follows on synthetic data where the 

correct answer is known.  This allows for comparative assessment of the outputs arising 

from the real seismic data experiment.  This also allows for the method to be tested for its 

general accuracy in a case where the solution is known.   Sonic and density well logs 

from within the seismic data outline (Figure 1.2) were used to create both P-wave and 

converted-wave PS angle gathers which were then inverted using each of the above-

mentioned methods.  For the purposes of this experiment, the Knott-Zoeppritz equations 

were used to derive the synthetic traces.  The Knott-Zoeppritz equations describe how 

energy will partition into reflected and transmitted P- and S-waves, for a wave incident 

on an interface at a given angle relative to the normal.  The Knott-Zoeppritz equations 

consist of 16 equations with 16 unknowns, and are functions of the velocities above and 

below the interface in question. These equations have been simplified by many authors, 

including; Shuey (1983), Verm and Hilterman (1995), and Fatti et al. (1992), as 

commonly referenced examples in literature. 

For both the PP- and PS-synthetic gather, seven angle-traces were created varying 

between 0 and 30 degrees with a 1-millisecond sample rate (Figure 2.1).  In general, the 

frequency content of signal on converted wave data is typically lower than its PP 

counterpart (Anderson and Larson, 2006; Stewart, 1990), in their native domains.   This 

was replicated in this synthetic example by using different bandpass wavelets for the PP 

(5/10 - 80/110 Hz) and PS (2/4 - 30/50 Hz) synthetics.  The gathers were then inverted 
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through three inversion processes; PP-AVO followed by poststack inversion, PP prestack 

inversion, PP and PS joint prestack inversion.  Additionally, because this is synthetic 

data, the impact of small PP-PS registration errors, described later, can also be tested.   

 

Figure 2.1: Well logs used for generating PP- and PS synthetic gathers used for 

inversion of model traces.  Left synthetic is the PP-gather (0-30) and the right 

synthetic is the PS-gather (0-30).  Red arrow indicates zone of interest below the 

coals. 

 

Before incorporating the converted-wave information, we must first ensure that 

all data to be used is in a common domain, as discussed above.  The issue is that 

conventional (P-wave) seismic data is recorded in time, however this is really the time for 

a P-wave to travel a specified distance to a reflector and back to the surface.  In the case 

of normal moveout corrected P-wave data, this is the T0-time given by 
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

T0 
2z

VPave
           (1) 

where VP-ave is the average P-wave velocity for a source wavelet to travel from the 

surface to the reflector, and back again at zero offset.  In the case of converted-waves 

however, this equation must be modified such that we account for the wave traveling 

down at P-wave velocity and returning at S-wave velocity  

 ,              (2) 

where the reflected S-wave returns at the average shear wave velocity (VS-ave).  This 

however leads to a difficulty in that we do not explicitly know the S-wave velocity to 

each event in our seismic section in much the same way we do not know P-wave 

velocities well enough to produce perfect depth conversions.   

The solution is to correlate events of key geologic markers that are regionally 

consistent and visible on both the P-wave and converted-wave seismic sections.  Because 

we have correlated well logs to P-wave seismic sections, we know where each 

geologically significant event exists on P-wave gathers, which we can repeat with the 

converted-wave data.  Using the correlated P-wave sonic log and the integrated S-wave 

sonic log, the software can develop a converted-wave synthetic.  We can now correlate 

the converted-wave synthetic to the converted-wave seismic data following the same 

procedure used previously for the P-wave data.  Given the resulting depth to converted-

wave time relationship, we can now identify which geologic events are consistent 

between the P-wave and converted-wave volumes (Figure 2.2). 



T0  z
1

VPave


1

VSave


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Figure 2.2: Correlation of logs to P-wave data and to converted-wave data allows 

identification of key horizons in both domains.  Scales for the wells logs are: 480-170 

s/m (Vp), 500-3000m/s (Vs), 1.0-3.0 g/cc (), 0-0.5 (), 1-150 API (GR), -30 - +90 

mV (SP).  The resistivity log is on a logarithmic scale from 1-100 ohm-m. 

 

We now have two methods of calculating the Vp/Vs from the well log data; 

1. ratio of the compressional and shear sonic logs, and 

2. ratio of the depth-time curves derived by correlating synthetics to the P-

wave and converted-wave volumes. 

Differences between these methods may exist due to a variety of factors including 

dispersion, however they are expected to be relatively consistent with one another.  These 

curves will be compared in a later section.  Now that we have the ability to register the 

data at the wells, we need to extend that throughout the volume.  To do that we used the 

previously mentioned geologic markers that are consistent between the P-wave and 

converted-wave sections.  First we pick these horizons throughout each volume 

independently.  Once that is completed, we can now force the converted-wave horizons 
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to P-wave time.  To do this, we go back to the equations defined above for zero-offset 

traveltime.  When performing the registration in this manner, it is important to watch that 

the domain-specific reflectivities are accounted for.  For example, it is possible that an 

event used for horizon-based registration is a peak on the P-wave volume (i.e., an 

impedance increase) but is a trough, zero-crossing or something in between on the 

converted-wave volume.  Such effects will result in registration errors and could result in 

non-geologic Vp/Vs being calculated.  It is important to ensure that the Vp/Vs derived 

from the horizon-based technique is consistent with well control.  Figure 2.3 shows the 

converted-wave data in P-wave time with the background colour defined as the horizon-

based Vp/Vs.  The Vp/Vs calculated from the depth-time curves has been inserted into 

the section for comparison, in this case it appears to be a fair match.  While we are able to 

use this Vp/Vs to register the volume to P-wave time, it is worth noting that it has 

considerably less resolution than is present in the background velocity model used for 

inversion (Figure 2.4).  The geologic horizons used to build the registration Vp/Vs 

included the Base Fish Scales (BFS), and the Rex Coal.  Attempts were made to use 

additional horizons, however the different frequency content of the volumes limits our 

ability to pick consistent geologic events in order to produce geologically realistic Vp/Vs.   
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Figure 2.3: Vp/Vs from horizon-based registration as colour background with PS-

data displayed in PP-time (left axis).  Horizon lines shown in blue from top to 

bottom include Base Fish Scales, Viking, Rex Coal, and a deep marker.  Sonic log 

from well D is shown. 

 

Figure 2.4: P-wave velocity from background model used for prestack inversion and 

the joint prestack inversion. Horizon lines shown in blue from top to bottom include 

Base Fish Scales, Viking, Rex Coal, and a deep marker. Sonic log from well D is 

shown. 
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The vertical resolution of the Vp/Vs volume from registration is often too low to 

be of value in determining the rock properties of potential reservoir formations, because 

the velocities used in equation (2) are average velocities over geologically large intervals.  

As an aside, while not incorporated into the software at this time, there could be 

additional value in incorporating this registration Vp/Vs volume as a soft-constraint into 

the inversion.  At this time, it is only used to register the converted-wave data to P-wave 

time. 

The synthetic gathers are generated using the Vp/Vs of the model, meaning that 

the correct registration is known and defined by the sonic well log data.  It is important to 

know that this is only true in the case of a model dataset as in reality the correct Vp/Vs 

for registration cannot be known.  In order to simulate the workflow used on real seismic 

data, manual registration of the same synthetic PS-gather was also performed, resulting in 

a slightly different registration, in order to determine what, if any, impact registration 

errors could have on joint prestack inversion.  This is an important factor to understand in 

order to determine if the level of accuracy and detail required to properly perform a joint 

prestack inversion has been achieved or if additional processing steps and/or additional 

horizons for registration may be necessary. 

Because the inversion is now including the PS angle gather, a corresponding 

wavelet is required in order to properly represent the signal bandwidth of the gather.  

Typically, a wavelet is extracted from the corresponding data after registering the data to 

PP-time as the inversion is performed in that domain, however in this case, the wavelet 

used for generating the synthetic was compressed to PP-time using the Vp/Vs of the 
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model around the zone of interest.  Figure 2.5 shows a time and frequency domain 

comparison of the wavelet in both its native PS-time and in PP-times. 

 

Figure 2.5: Comparison of wavelets used for synthetic gather creation.  Wavelets 

are: PP in PP-time (a), PS in PS-time (b), PS in PP-time (c).  Note frequency content 

increase in PS-wavelet when converting to PP-time.  Registration of wavelet was 

done using the Vp/Vs of the zone of interest. 

 

One consequence of the different, and usually lower, frequency content of the 

converted-wave data is in temporal resolution of the data.  Seismic data is assumed to be 

a band-limited reflectivity series.  By limiting the bandwidth of the data at high 

frequencies, the data is no longer able to resolve reflectors above a given thickness.  As a 

result, tuning will often manifest itself on all seismic data, however in this example, the 

converted wave data is impacted to a higher degree due to it‟s inherent lower bandwidth, 

which increases the tuning thickness significantly, in this case.  Widess (1973) and others 

have discussed the difficulties encountered when interpreting amplitudes from 

bandlimited reflectivity.  The problem is that as two reflections get closer together, the 

waveforms representing each reflection get close enough that they can not only begin to 
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distort one another, affecting the amplitude fidelity of each reflection.  The result is that 

the input data amplitudes have been corrupted by tuning and are not representative of the 

reflectivity of a series of distinct interfaces, but rather an averaged reflectivity series, 

which can predictably have an impact on amplitude inversion for impedance.  

Both joint inversions were completed using the same general parameters used in 

the previous inversions, for consistency.  These inversion results will be discussed in 

more detail in the following section. 

 

2.2 AVO + poststack inversion method on P-wave synthetic data 

The process of estimating Vp/Vs with a poststack inversion method follows the 

procedure outlined by Goodway et al. (1997) and described in the upper flow-chart of 

Figure 1.1.  In their paper, Goodway et al. propose starting with prestack single-

component data ( ( )S  ) and performing an amplitude variation with offset (AVO) 

inversion of these gathers, in order to estimate the P-wave and S-wave reflectivities, RP 

and RS respectively.  One such method is an approximation to the Knott-Zoeppritz 

equations, proposed by Fatti et al. (1994), where AVO is estimated by fitting the 

amplitudes at a particular time to a linearized equation that describes the amplitude 

behaviour at each offset, usually with a least-squares fit.  Fatti et al. have proposed the 

following linearized AVO equation as a model for ( )S  : 

  DSP RRRS 

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where ( )S   is the bandlimited reflectivity at any given incident angle θ, Vs/Vp is the 

background Vs/Vp, and where Fatti et al. have defined RP, RS, and RD as the P-wave, S-

wave and density reflectivities, such that 
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
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
.        (6) 

Linear inversion of equation 3 cannot recover estimates above or below the frequency 

range of the data and so we obtain bandlimited estimates of the reflectivities, denoted 

with “hats” as PR̂ , SR̂  and DR̂ , while RP, RS and RD, are the real-earth broadband 

reflectivities.. It should be noted that because of the limited offset distribution available 

for most seismic inversion experiments, the RD term is often poorly constrained by the 

data and therefore either ignored or discarded for most experiments of this type. 

The AVO inversion of prestack P-wave seismic gathers generates P-wave and S-

wave reflectivity.  As this example is inverting a synthetic dataset, building the 

background P- and S-Impedance for poststack inversion is a simple process of smoothing 

the well-log data used to generate the synthetic gathers.  Using these background models, 

inversion of the reflectivity attributes to impedance attributes is possible through a 

poststack inversion of each reflectivity volume separately, following the outline provided 

by Hampson (1988).  As discussed above, seismic reflection data is assumed to be a 
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bandlimited reflectivity sequence.  This comes from the convolutional model of seismic 

data which states that 

)()(*)()( tntwtrts        (7) 

where s(t) is the seismic trace, which results from the convolution of a time series of 

reflectivity, r(t), with a wavelet described by, w(t), and added noise (n(t)).  However in 

this case, we have previously estimated reflectivities PR̂  and SR̂  by inverting equation 

(3), and these reflectivities are bandlimited as they were derived from bandlimited 

prestack seismic gathers.  As a result, we recognize the relationship between real earth 

(broadband) reflectivity and the bandlimited reflectivity estimates which results via 

)()(*)()(ˆ tntwtRtR PPPP  , and     (8) 

)()(*)()(ˆ tntwtRtR SSSS        (9) 

where RP and RS refer to the real earth P-wave and S-wave reflectivities, wP and wS are 

the wavelets for the P and S seismic traces respectively.  PR̂  and SR̂  are the bandlimited 

reflectivities resulting from the inversion of equation (3) from the P-wave CMP gathers 

(S()).  For the poststack inversion, reflectivity is defined as 

)()(

)()(
lim)(

0 tZttZ

tZttZ
tR

t 





      (10) 

where Z is either the P- or S-Impedance (depending upon which reflectivity), (t+t) 

refers to a point in the time series of reflectivity t after time t.  Taking the limit, making 

the assumption that the impedance contrast across an interface is small such that 

 



Z(t  dt) Z(t)  2Z(t),      (11) 

and substituting the numerator of (10) with 
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

Z(t  dt) Z(t)

t  dt  t
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       (12) 

equation (10) can be rewritten such that 
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and rearranging terms, 
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)(2         (14) 

then integrating both sides of (12) yields 
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where -ln(Z0) is a constant of integration.  Substituting the result from (15) into equations 

(8) and (9) and defining 
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or in matrix notation  
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where D is a derivative matrix, WP and WS are Toeplitz matrices formed from the 

wavelet for the P- and S-wave seismic traces respectively (Yilmaz, 2001).  NP and NS are 

the matrices that represent noise on the P-wave and converted wave data respectively.  

Due to the bandlimited nature of seismic data, specifically the lack of low frequencies, an 

initial model reflecting the low frequency trend (e.g. 0 – 10 Hz) of the impedances is used 

as an initial solution in an iterative inversion in order to properly recover the impedance 

information from the seismic trace (Lindseth, 1979). 

While not discussed in this work, in general it is possible for the noise to be 

different on each of RP and RS. This noise difference, can be accounted for either with 

additional processing on the reflectivity volumes, or by adjusting the prewhitening in the 

inversion, so as to better stabilize the solution.  Additionally, while not mentioned in this 

work, the wavelet could change in both space and time or even between reflectivity 

volumes ( PR̂  and SR̂ ), however the inversions presented here assume the wavelet is both 

non-changing (i.e. stationary), and consistent between PR̂  and SR̂  volumes for the 

purposes of the independent impedance inversions.  In order to preserve continuity 

between the inverted volumes, consistent models and inversion parameters were applied 

for each inversion.  

After the inversions for P- and S-Impedance have completed, the calculation of 

Vp/Vs is simple, i.e.  

 .                  (21) 
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The Vp/Vs resulting from AVO + prestack inversion of the synthetic gather is shown in 

figure 2.6. 

 

Figure 2.6: Comparison of Vp/Vs from logs (green) and AVO + Poststack Inversion 

(blue).  Zone of interest is between 750 and 770 ms.  Note that the inverted trace 

shows good agreement with the log except between 760 – 795 ms, which includes the 

zone of interest. 

 

2.3 Prestack inversion with P-wave synthetic data 

The procedure for prestack inversion of P-wave seismic data follows the 

workflow presented by Hampson et al. (2005).  The intent with this workflow is to 

calculate the same attributes as the workflow presented above, with fewer steps, and in a 

more integrated fashion.  One of the less favourable aspects of the poststack inversion 

method described above is that inversions for P-Impedance and S-Impedance, with the 

exception of the models, are independent of one another.  Non-correlated noise can cause 

problems because the signal-to-noise ratio of the reflectivity volumes is often different 

and the resulting inversion can respond to this independently on each volume.  By 
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performing the inversion prestack, we are able to solve for P-wave impedance and S-

wave impedance simultaneously, thereby treating errors equally on both volumes.   

The method proposed by Hampson et al. incorporates published rock physics 

relationships into the Fatti et al. equation discussed above. Castagna et al. (1985) have 

established an empirical relationship between P-wave and S-wave velocities from the 

Gulf of Mexico, of the form 

yxVV PS          (22) 

where  x = 1.16 and y = 1360 m/s in the original publication, but could vary slightly due 

to local geology.  While this equation is based upon measured rock properties from the 

Gulf of Mexico, it provides a good relationship to a variety of clastic rocks in a variety of 

basins.  Similarly, Gardner has proposed an equation between P-wave velocity and 

density which is of the form 

 
b

PaV         (23) 

where a = 0.23 and b = 0.25, which was similarly derived for Gulf of Mexico clastics.  

Together, these two equations allow for a reformulation of the equation by Fatti et al. 

(1992) to solve for P-wave Impedance and the misfit to the model of general forms of 

both the Castagna et al. and Gardner et al. equations.  

Using the same assumptions as made in the derivation of equations (11) to (15), 

equations (4) to (6) can be rewritten such that 
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This allows a reformulation of equation (3) given by 

 DSP DLWcDLWcDLWcS  322

1
12

1      (27) 

where LP, LS and LD are defined as the natural logarithm of P-Impedance, S-Impedance 

and density respectively, W is the wavelet matrix at each angle , and  



c1 1 tan
2  sec2        (28) 



c2  8
VS
2

VP
2
tan2        (29) 



c3  
1
2 tan

2 2
VS
2

VP
2
sin2 .      (30) 

However, due to the relationships described in (22) and (23), LS and LD can be 

formulated in terms of LP, adding a constraint to the solution, such that 

 SCPS LkkLL         (31) 

and 

DCPD LmmLL        (32) 

By incorporating equations (34) and (35), equation (30) can now be written as 

DSP LDWcLDWcDLWCS   322

1
1     (33) 

or in matrix form with M angle traces as 
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where 



C1 
1
2c1

1
2kc2mc3.      (35) 

Similar to the poststack inversion above, the low frequencies are missing from the 

seismic data and cannot be recovered from the inversion without additional input.  The 

method implemented by Hampson et al. sets a low frequency background model for P-

Impedance, which indirectly also sets the background model for the S-Impedance and 

density by the relationships defined in equations (31) and (32), which then iterates to a 

solution.  For the purpose of the initial model, LS and LD are set to zero and iteratively 

solved through the inversion along with LP.  There are a variety of mathematical tools 

available to solve this inversion, including L-1 or L-2 norms, singular value 

decomposition (Aster et al., 2005), however Hampson et al. have implemented their 

algorithm with a conjugate gradient algorithm in order to maintain numerical stability and 

computational efficiency. 

In the case of the synthetic gather, the same impedance models used for the 

poststack inversions were again used for the prestack inversion, so as to test the algorithm 

and not the models used.  Since we generated the input wavelet ourselves, we can select 

that same wavelet for the inversion.  This, however, will not account properly for NMO-

stretch on the gather (Downton, 2005), though in using angles less than 30 degrees, 

NMO-stretch has been assumed to be negligible.  The input to the prestack inversion is 

the synthetic angle gather previously discussed.  By performing the prestack inversion, 
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we reduce two inversion processes to a single inversion, and better link the inversion 

solutions as both the P- and S-Impedance volumes are solved simultaneously, thereby 

minimizing the solution error on both attributes at the same time.  The limitation, 

however, is that the traces being inverted generally have lower signal-to-noise ratios as 

compared to stacked data, raising the possibility that the inversion could be more 

susceptible to noise on real gathers, however this is partially mitigated by utilizing 

partially-stacked angle gathers (e.g. 35-fold offset gather converted to 5-fold angle 

gather).  Additionally, by utilizing multiple angles at each CMP location, the noise 

attenuation benefit of stacking indirectly results, providing further stabilization to the 

solution.  Figure 2.7 shows the resulting Vp/Vs from the prestack inversion. 

 

Figure 2.7: Comparison of Vp/Vs from logs (green) and prestack inversion (blue).  

Zone of interest is between 750 and 770 ms.  Note the improved correlation to the 

log over the zone of interest as compared to figure 2.6. 
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2.4 Prestack inversion with P-wave and converted-wave synthetic data 

Integration of the converted-wave data to the inversion follows a similar path as 

previously defined for the PP-only prestack inversion.  Using the same P-wave angle 

gathers created for the previous inversion, we also include input from the converted-wave 

data.  As in the previous inversion, the PP angle gathers are loaded into the inversion, 

however this time the converted wave gathers are also included.  While still only 

requiring a single inversion step, it is hoped that the addition of converted wave data will 

improve the Vp/Vs estimate by providing an additional “independent” response of the 

seismic data, which must fit the same resulting inversion result. 

The inversion method is extended to include PS data by utilizing a formulation of 

the PS-AVO equation as published by Stewart (1990), where 



RPS 
 tan


4sin2  4



 cos cos RS 
 tan

2
12sin2 2



 cos cos RD     (36) 

By including these additional terms in the inversion discussed in the previous method, the 

solution of P-Impedance, S-Impedance and density are optimized for both the PP- and 

PS-data. 

 Incorporating this additional data into the prestack inversion discussed above 

simply requires adding two additional inputs into equation (34), such that; 
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where;  

M represents the number of PS angle traces, 

322
1

12
1 mckccA  ,      (38) 
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In the case of the synthetic example, two methods are used to register the PS-

gather to PP-time for the inversion.  The first is to use the Vp/Vs of the log data, which is 

the exact solution for the synthetic model generated for this experiment, though this is 

unknown for conventionally processed multicomponent seismic data.  The joint prestack 

inversion results of the model are shown in figure 2.8.   
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Figure 2.8: Comparison of Vp/Vs from logs (green) and Joint Prestack Inversion 

(red).  Zone of interest is between 750 and 770 ms.  Note the improvement in the 

correlation to the log trace over the entire trace interval displayed including the 

zone of interest. 

 

2.2 Discussion – inversions of synthetic data 

In order to better understand and compare the results from the above inversions, 

the Vp/Vs from each inversion is compared to a band-limited Vp/Vs calculated from well 

logs.  Starting with a comparison of the correlation between the inversion result and the 

log data (Figure 2.9), we can see that over the inverted window, the correlation is quite 

high in all cases (above 85%), however, when focusing into the zone of interest, 

important differences begin to emerge which dramatically change the correlation 

coefficient.  Figure 2.10 shows the inversion results compared to the filtered log data for 

comparison.   
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Figure 2.9: Correlations between Vp/Vs from well logs with estimates from the 

various inversion methods with both long (312 ms) and short (73 ms) correlation 

windows around the zone of interest.  All prestack inversion methods (PSI, JPSI, 

JPSI+HBR) appear to be significantly better in the zone of interest (short window). 
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Figure 2.10: Comparison of the three inversion methods against well control.  Track 

1 shows the Vp/Vs from well log data, track 2 shows Vp/Vs from AVO + poststack 

inversion of the model gather.  Track 3 shows the Vp/Vs of the well logs which have 

been corrected by the time-depth relationship derived from correlation with both 

the PP and PS seismic data.  Track 4 is the Vp/Vs ratio from prestack inversion and 

track 5 is a duplicate of track 1.  Track 6 shows the Vp/Vs from the joint prestack 

inversion, while track 7 is a duplicate of track 3. 

 

In the case of AVO + poststack inversion, the correlation coefficient for the 

Vp/Vs decreases from 88% using a window length of 312 ms, to 52% when examining a 

shorter window around the zone of interest (figure 6.1).  When examining the output of 

the other three inversions performed, the difference in correlation coefficients between 

long and short windows is not as dramatic, with correlations ranging from 85% to 92%.  

Because the correlation over the long window for the AVO + poststack inversion is 88%, 

it appears that the inverted result is a close representation to the real Vp/Vs.  However 

when examining this result over the short window which is more directly focused 

immediately around the zone of interest.  The coals which surround the zone of interest 
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exhibit very high reflectivities, which is a violation of the small-reflectivity assumption 

(i.e. R(θ) << 1) built into most linearized-AVO methods (Aki and Richards, 1980).  It 

appears the high reflectivity has introduced an error into the AVO and subsequent 

inversion results, introducing an error in the output inversion result through the zone of 

interest. 

Prestack inversion has significantly improved the result through the zone of 

interest, as compared to the previous method, with the correlation at the zone of interest 

at 89%, however the correlation of the longer window appears to have been compromised 

by the mismatch to the wells shallower in the section.  Interestingly, the prestack 

inversion algorithm used is also based upon the Aki and Richards equations, and so 

should be compromised by the high reflectivities at the coals, similar to the AVO 

example above, though this does not appear to be the case when comparing the results of 

the inversion to well control. 

As expected, joint prestack inversion has slightly improved the inversion result in 

this noise-free synthetic example, with correlations of 91% and 92% for the long and 

short windows respectively.  In general, the shallower zones at 636-650 ms and 712-734 

ms exhibit a better match to well control over the prestack inversion without PS-data and 

the match at the zone of interest is almost identical to the previous result (Figure 2.11), 

though there are some changes at the coals where the joint prestack inversion has been 

slightly degraded.  This degradation near the coals could be due to wavelet changes not 

accounted for when changing domains from PP-time to PS-time. 
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Figure 2.11: Well log Vp/Vs (black) compared to the AVO + poststack inversion 

(red), prestack inversion (blue), and joint prestack inversion (green). Note that all 

prestack inversion methods correlate better over the zone of interest (740 ms – 780 

ms) than the AVO + poststack inversion technique.  

 

A second method for correlating PP- and PS-data to a common domain utilizes 

horizons picked independently on the P-wave and converted wave volumes which are 

intended to be geologically identical and are forced to match, as described in a later 

section, which results in a Vp/Vs.  Due to frequency content and phase differences 

between the PP and PS volumes, even on synthetic data, small errors in Vp/Vs estimates 

can occur with horizon-based registration.  These small errors can have an impact upon 

the inversion results that follow by introducing errors.  To test the impact of small errors 

from manual registration, the horizons used for the seismic data registration are the same 

horizons used for the registration test on the synthetic data.  A comparison of Vp/Vs from 

logs and from registration of the synthetic data is shown in figure 2.12.  
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As discussed above, PS-data is compressed to PP-time, which has the effect of 

distorting the wavelet in a time-variant sense.  Because the amount of compression is 

proportional to the Vp/Vs ratio in the interval, this effectively creates a time-variant 

wavelet on the PS-data that has not been accounted for in the inversion process and could 

be the source of the degraded inversion result at this level. 

As mentioned above, the Vp/Vs to be used for registration is generally not known 

everywhere, even with monopole or dipole shear sonic logs (though they can be used at 

well locations).  Therefore Vp/Vs must be approximated, often by correlating horizons 

between PP- and PS-volumes.  Due to frequency content and reflectivity differences 

between these volumes, accurately registering events on a sample-by-sample basis is a 

formidable task.  This can introduce errors in the inversion, but what impact does this 

have on the inversion result?  The joint prestack inversion was repeated using horizon-

based registration identical to that used for the real seismic data in the sections that 

follow.  In comparing the results in detail, a small error has been introduced, which, when 

considering the process of registering PS-data to PP-time, appears to have manifested as a 

delay (figure 2.12).  Some samples appear to be perfectly aligned as compared to the 

result using the correct Vp/Vs, others appear to exhibit a delay of 1-2 samples.  

Additionally, amplitudes have also been changed slightly as compared to the previous 

inversion result.  This indicates that even small registration errors (i.e. on the order of one 

sample) are sufficient to degrade the results from joint prestack inversion. 
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Figure 2.12: Comparison of Joint Prestack Inversion results using different 

registration methods.  Green = logs, Red = Joint Prestack Inversion (JPSI), Blue = 

Joint Prestack Inversion with Horizon Based Registration (JPSI+HBR).  Results are 

in good agreement above the zone of interest, however amplitude and/or phase 

distortions are apparent within the zone of interest (740 – 780 ms).  Registration 

time difference is approximately 1 ms (1 sample). 
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Chapter Three: Inversions comparisons of real seismic data 

3.1 AVO + poststack inversion method on P-wave seismic data 

The gathers, as delivered by the processor, have additional processing applied in 

order to help improve the solutions.  This consisted of a mute function applied to the data, 

as well as a 3x3 superbin, in order to improve the signal-to-noise ratio at each offset 

through partial stacking (Ostrander, 1984).  A maximum angle of 30° was used for the 

AVO inversion, as larger angles begin to exhibit problems with normal moveout removal, 

either from inappropriate velocities, or non-hyperbolic moveout.  AVO inversion used a 

background relationship between shear-wave velocity and P-wave velocity given by the 

mud-rock line (Castagna, 1984), 

Vs = -1172 + 0.862 * Vp.             (42) 

Figure 3.1 shows an example of a characteristic offset gather with angles defined 

as the background colour.  In following the workflow described by Goodway et al. 

(1997), P-wave and S-wave reflectivities are first estimated (figure 3.2). 

 

Figure 3.1: Prestack P-wave seismic data.  Angles are displayed as colour 

background.  Target zone has a maximum angle slightly above 30° 
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Figure 3.2: AVO attributes RP (top) and RS (bottom).  For location reference, the 

sonic log from Well F is shown as the red trace in the displays.  Key horizons are 

identified by blue lines.  The zone of interest is at approximately 925 ms, 

immediately below the “Rex Coal” horizon.  The lateral extent of the section 

displayed is approximately 4.1 km (2.57 miles) long. 

 

A single well log was used to build the impedance models.  This well (Well E) 

contained measured conventional and shear sonic logs, in addition to density and other 

commonly acquired well log data.  We therefore have a direct measurement of the 

velocities for both P-waves and S-waves, in the vicinity of the borehole.  Using the sonic 

logs available from four wells, time-depth relationships were created by manually 

1000 ms 

750 ms 

750 ms 

1000 ms 

Rex Coal 

BFS 

BFS 

Rex Coal 
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aligning key events.  A synthetic trace was created using the reflectivity derived from the 

sonic and density logs, convolved with a zero-phase wavelet extracted (Hampson, 1988) 

from the seismic data (Figure 3.3).  The quality of the well log correlations was quite 

good, as shown in Figure 3.4.  An independent wavelet (zero-phase statistical) was used 

in the inversion of the S-wave volume.  This was done to better reflect the amplitude 

spectrum present on the S-wave reflectivity volume. 

 

 

Figure 3.3: P-wave synthetic to seismic well tie for well D.  The blue wiggle trace is 

the synthetic and the red wiggle trace is the seismic data at the well location.  

Correlation is 69%. 
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Figure 3.4: P-wave synthetic correlations to seismic data at four wells, indicating 

reasonable quality well ties. 

 

Using the time-depth relationship for Well A, an impedance model was created to 

be used for the P-wave and S-wave inversions. In the case of the poststack inversion of 

the AVO attributes, a model-based inversion was performed.  The inversion parameters 

are specified in Table 1, and are consistent for both the P-wave and S-wave inversions.   

Prewhitening 1% 

Scalar Adjustment Factor 1 

Number of Iterations 10 

Maximum Impedance Change ± 100% 

Average Block Size 2 ms 

Scaling Window Top 
200 ms above Base Fish 

Scales 

 Base 50 ms below Rex Coal 

 Table 1: Poststack inversion parameters  

 

Figure 3.5 is an example of the calculated Vp/Vs volume.  The correlation of the 

Vp/Vs volume from poststack inversion to well control will be discussed later. 



62 

 

 

Figure 3.5: Vp/Vs from AVO + poststack inversion.  Vp/Vs from logs at Well D has 

been inserted in color and the SP log as the trace. 
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3.2 Prestack inversion with P-wave seismic data 

The same gathers used for the AVO extraction were used as a starting point for 

the prestack inversion.  Using the stacking velocities, the offset gathers were converted to 

angle gathers (Figure 3.6), using seven angles between 0° and 35°.  For the inversion, 

however, only angles between 5° and 30° were used, due to acquisition footprint issues 

(near offsets) and NMO-correction errors (far offsets). 

 

Figure 3.6: 7-fold (0°-35°) angle gathers from around Well F.   

 

In order to maintain consistency, the background model used for the poststack 

inversions was also used for the prestack inversion.  Because the algorithm is somewhat 

different, parameterization is not the same between the poststack and prestack inversions.  

This difference originates from the prestack inversion optimizing the solution using seven 

prestack traces at each CMP location, instead of one poststack trace.  In building the 

background model used for the prestack inversion, trends between P-impedance, S-
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impedance and density are required.  The inversion then iteratively determines an angle-

dependant reflectivity model that minimizes the error on the angle gathers as deviations 

from the input model (Hampson et al., 2005).  These deviations from the model are then 

added back to the model and the process is repeated, generally with significantly more 

iterations than typically done with a poststack inversion to reach what is hoped to be a 

global minimum.  Using the model built from Well A and the background relationships 

between P-Impedance, S-Impedance, and Density from four wells (Wells A, C, D and E), 

the prestack inversion parameters used are defined in Table 2 guided by the cross-plots 

shown in Figure 3.7. 

Angles Used 5 – 35 

Number of Iterations 50 

Joint k (from Figure 3.7) 1.050752 

Joint kc (from Figure 3.7) -5.30515 

Joint m (from Figure 3.7) 0.025122 

Joint mc (from Figure 3.7) -0.934635 

Prewhitening P-Impedance 25% 

 S-Impedance 25% 

 Density 100% 

Scalar Adjustment Factor 1 

Scaling Window Top 75 ms above Base Fish Scales 

 Base 50 ms below Rex Coal 

Table 2: Prestack inversion parameters.  The terms “kc”, “k”, “mc” and “m” refer 

to the slope and intercept of the best fit lines for the cross-plots shown in Figure 8.2. 
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Figure 3.7: Well log cross-plots to establish relationships (LP vs. LS and LP vs. LD) 

for the background model.  The left image is a cross-plot of the natural log of P-

Impedance versus the natural log of S-Impedance.  The right image is a similar plot 

of the natural log of P-Impedance versus the natural log of density.  The geologic 

interval covers from the Second White Speckled Shale to the top of the coal 

sequence.  Deviations along the vertical axis from the regression lines (red line) 

correspond to the LS and LD in equations X and X respectively.  Large deviations 

may be indicative of a lithology change. 

 

In order to account for frequency content differences from near to far angles, near 

angle (5°) and far angle (25°) wavelets were extracted using the same parameters as the 

wavelets derived from the poststack inversion.  This allows the wavelet to account for 

frequency dependant changes in the angle gathers that are not attributable to geology 

(frequency decay with offset, wavelet stretch from normal moveout removal – Figure 3.8, 

etc.).  The resulting wavelets are shown in Figure 3.9.  In this case, a full-phase wavelet 

was extracted using the method proposed by White (1997) to account for frequency 

dependant phase variations that are present in this data as the difference in the “average 

phase” (i.e. the intercept of a line fit through the phase versus frequency over the signal 
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band of the wavelet) is 28°.  A profile from the resulting Vp/Vs volume is shown in 

Figure 3.10.  Inserting the Vp/Vs log from the wells, the correlation is quite good over 

the zone of interest, again with the possible exception of the coal layers immediately 

above the target sand.  This may be because the geology present here violates the small 

reflectivity assumption inherent in any method based upon the Aki and Richards (1980) 

equations. 

 

Figure 3.8: Simple 1-layer model showing the exaggerated effect of NMO-stretch on 

a simple reflector.  Note that the same wavelet was used to generate the synthetic at 

all offsets before normal moveout removal. 
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Figure 3.9: Near (blue) and far (red) angle wavelets used in prestack inversion.  In 

addition to differing frequency content, the average phase of the wavelet is 26° for 

the near angle and 54° for the far angle.  
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Figure 3.10: Vp/Vs from prestack inversion.  Vp/Vs from logs at Well D has been 

inserted in color and the SP log as the trace. 
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3.3 Prestack inversion with P-wave and converted-wave seismic data 

Now that we have the necessary information to register the converted-wave data 

to P-wave time, we can build the background model.  This background model is the same 

as the model built in the previous prestack inversion, however it also incorporates the 

Vp/Vs from registration so as to register the converted-wave data as part of the inversion 

process.  Wavelets also need to be defined for use in the inversion and for the P-wave 

data, we are again using the near- and far-angle wavelets extracted previously.  It is now 

also necessary to derive a wavelet from the converted-wave data.  This wavelet is derived 

from the converted-wave data in P-wave time over the same geologic intervals used for 

the P-wave wavelets.  We can see in Figure 3.11 that the frequency content of the 

converted-wave data, even after compressing the time scale to P-wave time, remains 

significantly lower than that of the P-wave wavelets.  Because the wavelets in the 

inversion program are defined at specific angles, but we are using a full-offset stack for 

the converted-wave data, we must choose an angle at which to define the converted-wave 

data and the corresponding wavelet.  In this case we chose an angle of 15°, because low 

angles produce low converted-wave reflectivities (converted-wave reflectivity at zero-

offset in an isotropic medium is zero), and the far offsets are muted, the dominant portion 

of the data will follow a corridor through the prestack gather and the volume will have an 

average angle close to 15°, analogous to weighted stacking for AVO analysis (Fatti, 

1995; Smith and Gidlow, 1987; Stewart 1990).  Small errors in the estimation of this 

angle can be accounted for in the inversion itself when calculating the scalar to apply to 

the converted-wave data, provided that the dominant angle of the converted-wave data 

does not change with respect to time (Stewart, 1990). 
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Figure 3.11: Near (blue) and far (red) angle wavelets from P-wave data compared to 

the converted-wave wavelet used in joint prestack inversion.  Note that the 

converted-wave wavelet is significantly lower bandwidth than either P-wave 

wavelet.  The average phase on the converted-wave wavelet is -7°. 

 

The inversion parameters are then selected and the inversion is performed.  

Because the P-wave data consists of multiple traces, but the converted-wave data is one 

trace, the inversion is biased towards the P-wave data, unless the converted-wave data is 

weighted higher (Hirsche, personal communication, 2003-2008).  As such, inversions 

were tested with weights of 1.0 and 2.0, with a final selection of a weight of 1.0 being 

used for the full inversion as it appeared to suffer the least from the low-frequency 
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content of the converted-wave data.  A cross-section of the Vp/Vs calculated via joint 

simultaneous prestack inversion is shown in Figure 3.12, with the Vp/Vs from the time-

depth relationship inserted for comparison. 

 

 

Figure 3.12: Vp/Vs from joint prestack inversion.  Vp/Vs from logs at Well D has 

been inserted in colour and the SP log as the trace. 
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3.4 Discussion – seismic data  

Figure 3.13 shows a comparison of the three different Vp/Vs methods for the 

same cross-line.  Inserted into each section is the Vp/Vs calculated from depth-time 

relationships for comparison.  We first observe that each of these volumes has different 

frequency content.   

 

Figure 3.13: Comparison of Vp/Vs calculated from AVO + poststack inversion (left), 

prestack inversion (middle) and joint prestack inversion (right).  Vp/Vs from logs at 

Well D has been inserted in color and the SP log as the trace. 

 

The amplitude spectra of the Vp/Vs volumes are displayed in Figure 3.14.  Given 

that the P-wave seismic data in all cases was filtered with the same bandpass parameters 

it is interesting to note the differences in the spectra.   
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Figure 3.14: Amplitude spectra of the Vp/Vs volumes taken from 10 inlines around 

well F.  The left image shows the amplitude spectrum from the AVO + poststack 

inversion has significantly more high frequency noise (red outline) from the 

inversion than either, the prestack inversion (middle) or the joint prestack inversion 

(right), and higher frequencies higher than the filter applied to the PP-gathers.  

Also, the joint prestack inversion does show notches in its spectrum over the 

converted wave bandwidth (green dashed line).  Horizontal axes extends from zero 

to 150 Hz and the vertical axes from -50 to 0 dB-down. 

Comparing the wavelets (near against Rp, and far against Rs), we note some 

differences, particularly at the high frequencies on the Rs wavelet (Figure 3.15).  It would 

appear that the weighted stacking process of AVO has preserved more high-frequency 

energy than is present on the individual angle stacks.  As the input data did not contain 

this frequency content, due to filtering, it must be the result of inversion noise 

contaminating the resulting Vp/Vs.   

 

Figure 3.15: Amplitude spectra of the wavelet used in the inversions.  The left image 

shows a comparison of the near angle wavelet (blue) with the wavelet used to invert 

the P-wave reflectivity (red).  A similar comparison is shown for the far angle (blue) 

and the S-reflectivity wavelet (red). 
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Interestingly, by going back one step to look at the amplitude spectra on the 

impedance volumes, the high frequencies on these attributes are much more suppressed 

(Figure 3.16).   

 

Figure 3.16: Amplitude spectra of the attributes derived from the AVO + poststack 

inversion flow.  The left image shows the spectrum from the P-Impedance, the 

middle from the S-Impedance, and the spectrum from the Vp/Vs is on the right.  

Taking the ratio of the impedances has enhanced the high-frequency content of the 

data, likely by introducing noise. 

 

It is possible that we have accidentally demonstrated one of the potential pitfalls 

with the AVO + poststack inversion technique.  That pitfall is that while the inversion is 

running it is minimizing the error on the reflectivity estimates by iteratively changing the 

reflectivity of each sample.  Since the inversion for P-Impedance and S-Impedance are 

decoupled, we may have a situation where the P-wave inversion may put a reflector at 

sample x, but that same geologic event may occur on the S-wave inversion at sample x-1 

or x+1.  When we then ratio these two attributes which contain alignment errors, we 

produce high-frequency artefacts (see Figure 3.17). 
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Figure 3.17: Cartoon representation of the idealized (left) and realized (right) 

boundaries from the independent poststack inversions.  The left image shows the 

idealized case where the bed-boundaries occur coincident on the P- and S-

Impedance inversions.  The right image shows what has occurred to contribute the 

high-frequency noise to the resulting Vp/Vs volume, in which the bed-boundaries 

occur on different samples, resulting in high-frequency jitter imparted to the Vp/Vs 

volume. 

 

Examining the amplitude spectrum of the joint prestack inversion, we can see that 

using a cut-off of approximately 30 dB-down, there appears to be a large number of 

notches in the resulting amplitude spectrum (Figure 3.14c).  While spectral notches can 

occur due to processing or acquisition issues (e.g. multiples; Margrave, 2007) the input 

data to the inversions does not posses these notches.  It is therefore assumed that these 

spectral-notches are an artefact of the inversion process.  Interestingly, these notches 

occur where the amplitude spectra of the P-wave and converted-wave data overlap in the 

frequency domain (Figure 3.14), from approximately 10 Hz to 50 Hz.  One possible 

explanation is that there are errors present in the converted-wave registration such that 

the geology on each volume effectively does not align, causing the inversion to solve for 

two different geologies at the same time, which cannot be done, except at certain 

frequencies where tuning or some other effect allows for a solution to exist, though this 
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solution may still be non-geologic.  The frequencies above the converted-wave band (i.e., 

> 50 Hz) are unaffected as the only data contributing to a solution at those frequencies is 

the P-wave data.  Further work on registration may help to improve these results. 

Another possible explanation, is the registration process has made the wavelet on 

the registered converted-wave data non-stationary in time (and possibly space).  This 

result comes from different portions of each converted-wave trace being compressed a 

different amount, depending upon the Vp/Vs used for registration.  This non-stationary 

wavelet violates one of the assumptions of the inversion process and, as a result, the 

amplitude spectrum of the inverted result is impacted within this frequency range. 

The prestack inversion using P-wave data only, appears to be a good compromise 

between the high frequency noise of the AVO + poststack inversion and the relatively 

low frequency result using the joint prestack inversion.  Additionally, the Vp/Vs result 

from the prestack inversion appears to give the most laterally continuous inversion result 

which also appears to correlate with well control.  One way to determine this is to plot the 

inverted results at the well locations over the Vp/Vs from well logs.  Figure 3.18 shows 

the Vp/Vs from four well location.  Correlations between the Vp/Vs from filtered well 

logs and the various inversion results were calculated and displayed in figure 3.19, 

showing that averaging over four blind wells, the best correlation between the inversion 

and the well logs comes from the prestack inversion with a correlation of 69%, followed 

by the joint prestack inversion at 55% and then AVO + poststack inversion at a 

disappointing 46%. 
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Figure 3.18: Detailed trace comparisons for Vp/Vs extracted using on of the three 

methods discussed above for four wells.  The left track shows the Gamma Ray (0-

150 API, red), SP (-90 - +30, black) and Density (1.5-3.0 g/cc, blue) logs from the 

wells where the remaining tracks are comparisons to the various inversions (scale= 

1.0 – 3.0) in the order in which they were completed, AVO + poststack inversion, 

prestack inversion, joint prestack inversion (black=log Vp/Vs, red=inversion, 

blue=depth-time).  The 5
th

 track compares each method directly. 

 

Figure 3.19: Comparison of the correlation between Vp/Vs from filtered well logs 

and the various inversion results between the Base Fish Scales (BFS) to the base of 

the logs.   Note the best results are coming from the prestack inversion (Logs vs. 

PP). 
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While all three methods discussed in this work do assume small reflectivities (i.e. 

R() < 0.1), the AVO + poststack inversion has this assumption built into each of the two 

inversion steps. Because the assumption is violated in the geology surrounding the target 

interval, it is possible that the error introduced by making this assumption is exasperated 

in the second inversion, resulting in the poor results shown in the examples shown here in 

the AVO + poststack inversion workflow.  This is true of all three inversion methods 

mentioned above.  Because the reflectivity contrast of the coals is so high, approaching 

ten times higher than the average background reflectivity (Figure 3.20), this assumption 

is violated and the solution at that level is therefore left in doubt. 

 

Figure 3.20: Plot of well logs for well D.  Reflectivity is plotted in the 4
th

 track and 

shows that the small reflectivity assumption is violated by the coals. 
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Chapter Four: Conclusions 

In summary, three different inversion methods were tested and evaluated based 

upon their ability to estimate Vp/Vs from well logs data. 

1. Amplitude variation with offset (AVO) with two poststack inversions 

2. Prestack inversion of P-wave data only 

3. Joint-prestack inversion of P-wave and converted-wave data 

Based upon the results presented here, AVO + poststack inversion produces the 

least favourable (i.e. worst well tie and most noise) result and the prestack inversion of P-

wave data appears to be the best method to estimate Vp/Vs from seismic data; however, 

future work could impact these results.  Similar analysis on model data suggest that while 

joint prestack inversion should have produced the best estimate of Vp/Vs, the inversion 

results can be sensitive to even very small registration errors.  A combination of small 

registration errors and isotropic processing may have contributed to the degradation of 

the results from joint prestack inversion. 

Reprocessing the converted-wave data to account for shear wave birefringence 

may significantly improve the amplitude correlation in addition to the frequency content 

of the converted-wave data.  It may be possible to better register this data (e.g. prestack 

depth migration), thereby improving the accuracy of both the registration and the joint 

prestack inversion.  Anderson and Larson (2006) showed that converted-wave traveltime 

delays as large as 30 ms are present on this data, therefore this is expected to have a 

significant impact on both the amplitude and frequency content of the converted wave 

data.  Additionally, more detailed registration work, or even prestack depth migration of 

both PP and PS data, may better align geology between the P-wave and converted-wave 
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volumes, resulting in better joint inversions.  Dipole sonic logs are a critical component 

of registering PS-data to PP-time and should be acquired whenever possible. 

Incorporation of the Vp/Vs from registration into each inversion could improve 

all three inversion techniques.  Revised processing of the P-wave data to incorporate 

larger offsets/angles may help to constrain the inversion results, perhaps even allowing an 

inversion for density, however this would require higher-order move-out corrections or 

other brute-force methods (e.g. time-variant trim static). 

We have observed that the AVO + poststack inversion flow has potential pitfalls 

which appear to have been encountered with this data set due to the fact that we are 

solving for related parameters in an unrelated fashion, resulting in artefacts (high-

frequency noise on subsequent products like Vp/Vs).  Registration of the converted-wave 

data violates the “stationary wavelet” assumption inherent in the inversion process.  

Additional research is needed, however, in order to find a method to resolve this non-

stationarity.  Caution should also be exercised when estimating rock properties from 

seismic data that contains geology which violates any of the assumptions used in the rock 

properties extraction.  Based upon the results shown to date, the prestack (P-wave only) 

inversion appears to have produced the best correlation to well control with a relatively 

small amount of noise generated as a result of the inversion process. 

Future work on this data should include reprocessing of the PP-seismic data to 

improve normal moveout correction so as to allow for larger incident angles to be 

included in the inversions discussions contained herein.  Extending the angles would 

allow better constrain the inversion and may even allow for reliable inversion of both 

density reflectivity and density inversion.  Additionally, it has been shown that horizontal 
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transverse isotropy (HTI) has severely impacted the quality of the converted wave 

seismic data (figure 4.2) by inducing azimuthally dependant time-delays to the 

reflections.  Anderson and Larson (2006) have shown these time-delays to be very large 

(i.e. > 25 ms), and as such have limited the frequency content and amplitude fidelity of 

the PS-seismic data.  Not only do the amplitude distortions and time delays cause 

problems for the joint prestack inversion, but properly accounting for this effect in 

processing could provide a means of deriving a more detailed Vp/Vs model for 

registration, removing at least some of the errors involved in registering the PS-data to 

PP-time. 

 

Figure 4.1: Cartoon description of shear-wave splitting.  If the mechanism of 

splitting is aligned along a single azimuth, the time-delay (t) can be azimuthally 

variant (from http://garnero.asu.edu). 
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Figure 4.2: Example of shear-wave splitting as evidenced on the seismic data used in 

this study.  The left image shows the transverse component of the converted wave 

data at a single CCP, stacking along different azimuths.  The right image shows the 

same CCP location and the characteristic time delay associated with the fast and 

slow azimuths.  The phase reversals on the transverse section coincides with the fast 

and slow azimuths on the radial section, providing strong evidence of shear wave 

splitting.  Note that the traveltime differences of approximately 20 ms shown on the 

radial data above were not removed prior to stacking, impacting both the 

amplitudes and frequency content of the radial volume. 

 

As previously mentioned, other authors have performed joint prestack inversion 

analysis by using prestack depth migration for both the PP- and PS-datasets, allowing for 

the processing to register the data buy processing with a unified Earth model.  Comparing 

joint prestack inversion results between registration by prestack depth migration against 

horizon based registration would also be of value.   
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APPENDIX A: PP SEISMIC DATA PROCESSING FLOW 

The following is a summary of the processing sequence followed on the PP-

gathers, up to and not including the inversions performed in this thesis.  While processing 

was performed by multiple contractors, the version of processing used was completed in 

2006 by Veritas GeoServices Ltd. (now CGGVeritas).  Where known, the name of the 

algorithm within Veritas‟ software has been identified in brackets. 

1. Reformat 

2. 3D Geometry 

3. Amplitude Recovery: 

4. Manual Trace Edits 

5. Coherent Noise Attenuation (CNA) 

6. Despike (BLAST) 

7. Surface Consistent Deconvolution 

8. Near Surface Structure Statics – 2-layer drift calculation 

9. Trace Gather: 

10. Preliminary Velocity Analysis: 

11. Surface consistent Residual Statics (MASTT) 

12. Spectral Whitening (SPECBAL) 

13. Surface Consistent Scaling 

14. Final Velocity Analysis 

15. Surface Consistent Residual Statics (MASTT) 

16. CMP Trim Statics (TRIM) 

17. Mute 
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18. Prestack Scaling 

19. Bandpass Filter 

20. Prestack Scaling 
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APPENDIX B: PS SEISMIC DATA PROCESSING FLOW 

The following is a summary of the processing sequence followed on the PS-data, 

up to and not including the inversions performed in this thesis.  While processing was 

performed by multiple contractors, the version of processing used was completed in 2006 

by Veritas GeoServices Ltd. (now CGGVeritas).  Where known, the name of the 

algorithm within Veritas‟ software has been identified in brackets. 

1. Reformat 

2. 3D Geometry 

3. Amplitude Recovery: 

4. Coherent Noise Attenuation (CNA) 

5. Despike (BLAST) 

6. Surface Consistent Deconvolution 

7. Apply Shot-Component Structure Statics (see Appendix A) 

8. Trace Gather for PS-data (Asymptotic Conversion Point) 

9. Preliminary Velocity Analysis 

10. Surface Consistent Residual Statics (MASTT) 

11. Final Velocity Analysis 

12. INVEST Noise Attenuation 

13. Spectral Whitening 

14. Mute 

15. Trace Scaling 

16. Long Wave Structure Statics (estimated) 

17. Trim Statics (TRIM) 
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18. CCP Velocity Analysis 

19. CCP Binning 

20. Stack 

21. FXY Noise Attenuation 

22. Poststack Migration 

23. Spectral Shaping (ZSIGNAL) 

24. Phase Correction 

25. Filter 

26. Trace Scaling 
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