
BC 
 

Research Report 2011 
Volume 23 

 
 
 
 
 

In this volume… 
Report Summaries 

 
On the memory stick… 

Complete Reports 
Student Theses 

Software 
 
 
 
 
 
 
 
 

  



 
 

C
R

E
W

E
S

 P
ro

je
ct fac

u
lty, sta

ff an
d

 s
tu

d
en

ts, S
ep

te
m

b
er 2

011
 

 Left to R
ight: 

B
ack R

o
w

:  Jessie A
rthur, F

aranak M
ahm

oudia
n, L

arry L
ines, H

eather L
lo

yd, S
h

ahin Jabb
ari, V

a
nja V

racar, D
ia

ne L
espinasse, R

olf M
a

ier, , 
N

aser Y
o

usefzad
eh, K

ris In
nane

n, M
icha

el Lam
oureux, C

hris B
ird, S

h
ah

in M
orad

i, T
im

ur A
khunov, P

en
g C

h
e

ng, M
oham

m
ed A

larfaj, M
att 

M
cD

ona
ld, C

hris P
etten, M

arcus W
ilson, H

orm
oz Iza

di, S
te

ve
 K

im
, V

irgin
ia V

era
 

M
id

d
le R

o
w

:  M
elissa H

ern
ánde

z, Laura B
aird, S

a
ul G

uevara, D
ave H

e
nle

y, H
e

le
n Isaac, A

gg
ie P

a
w

lak, T
hais G

uiriga
y, E

ric G
alla

nt, P
a

tricia 
G

avotti, N
asser S

a
eed

, L
i L

u, Joe W
ong, P

eter G
ag

liardi, B
yron K

elly, D
on L

a
w

to
n, H

assan K
h

an
ian

i. 
F

ro
n

t R
o

w
: K

evin
 H

a
ll, T

o
dor T

odorov, C
hris H

arriso
n, G

ary M
argra

ve
 (D

irector), G
len

 Y
o

ung
, M

ahd
i A

l-M
u

tlaq
, B

en W
ards, A

ndre
w

 N
icol, O

liver 
Lahr, Joh

n B
ancroft, P

eter M
ann

in
g. 



Abstracts 

 CREWES Research Report — Volume 23 (2011) i 

CREWES in 2011 

 

If you are reading this, then it is likely that you are either a student or staff member of 
CREWES or one of our industry supporters.  Either way, I want to thank you for your 
part in the continuing success of CREWES in 2011.  At this moment, CREWES has 41 
students, 13 staff, and 11 faculty for a total of 60 people, the most ever. 

This year's Abstract Book documents over 100 reports on topics spanning the entire 
breadth of exploration seismology.  As you read these abstracts and attend our annual 
meeting, I hope you will get a positive impression of the tremendous energy and 
enthusiasm of our group.  As a whole, we are delighted to have the opportunity and 
privilege to pursue scientific investigation into such a fascinating and challenging field.  
Seismic exploration offers an unusual blend of challenging, diverse problems, fascinating 
data, and a real sense of societal relevance.  Every year, we tackle these problems and 
acquire new data with a sense of impending discovery and the hope of contributing 
meaningfully to society.  The year 2011 stands out for us as a time of very vigorous field 
activities that resulted in a huge volume of data that will keep us busy for some time.   

In the April-June time frame, Don Lawton and three staff members travelled to New 
Zealand, at the invitation and expense of that Government, to shoot a grid of seismic lines 
around the city of Christchurch, which had been recently devastated by an earthquake.  
The intent was to collect data to enable the mapping of the active fault system as a guide 
in reconstruction.  Not only did our intrepid staff members make this trip, but so did our 
17,000lb vibrator and much of our field gear (needless to say the Vibe travelled in special 
circumstances). 

While our globetrotting colleagues were off in the South Seas, CREWES was also 
planning a second major field effort closer to home.  This resulted in the Hussar 
Experiment (named after the village of Hussar, Alberta), which was designed to explore 
the activation and recording of very low frequency seismic energy.  Acquired in 
collaboration with sponsors Husky Energy, Geokinetics, and INOVA, this experiment 
was completed by mid September and resulted in a large volume of seismic data 
consisting of a variety of sources into a variety of receivers, all with low-frequency 
capability.  We are just beginning the data analysis but already have some exciting 
results. 

The interest in low-frequencies is driven by our present research plan which is to 
transition from migration to inversion.  Both theory and experience tell us that the low 
frequencies are critical for accurate inversion and we hope to use the Hussar data to test 
ideas in the coming years. 

We also hope to conduct another major field experiment in 2012.  Please give thought 
to what you think is an appropriate focus for such an experiment.  It should be structured 
around one or more key questions relating to the physics of seismic waves, their 
recording, or image construction.  It should also have a well defined field protocol for 
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instrumentation and activities.  Finally it is preferable if the experiment can take place 
near Calgary.  Feel free to let us know your thoughts on this. 

So, please enjoy our meeting and give us your feedback on the quality and 
effectiveness of our research.  Thank you all for your continued and generous support. 

 

Calgary, Alberta Gary F. Margrave 
December, 2011 Director of CREWES 
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Application of a surface-consistent  matching filters (SCMF) on a 
time-lapse data set 

Mahdi Almutlaq* and Gary F. Margrave 

ABSTRACT 

This paper presents a new idea for designing a matching filter for processing time-
lapse seismic data in a surface-consistent manner. We extend the surface-consistent data 
model to the case of designing matching filters to equalize two seismic surveys in the 
least-squares sense. The frequency-domain surface-consistent design equations are 
similar to those for surface-consistent deconvolution except that the data term is the 
spectral ratio of two surveys. Since taking spectral ratios poses a challenge, we design the 
matching filter in a least-squares sense in the time domain and Fourier transform the 
result. We decompose the result into four surface-consistent components: source, 
receiver, offset, and midpoint. Each of these components collects unique effects, thus 
providing us with freedom on how to utilize them. 

We discuss two examples that demonstrate how the matching filters are constructed 
and implemented. In the first example, we apply all four-components to the first 
monitoring survey to match it to the baseline survey, whose subsurface (the reservoir) is 
unchanging but shows surface-consistent variability. In the operator window, the residual 
between the matched survey and the baseline survey is extremely small. 

The second example is between the first monitoring survey and second the monitoring 
survey where the reservoir is variable and shows surface-consistent variability as well. In 
this case, the residual is close to zero in the matching filter window (Figure 1). 

 

FIG. 1. Shot gather # 15 from a synthetic 2D data set. The top panel shows the first monitoring 
survey; the middle panel shows the matched second monitoring survey; and the bottom is the 
difference multiplied by 10.  



Abstracts 

 CREWES Research Report — Volume 23 (2011) 2 

Short note: Shaping / matching filters 

Mahdi Almutlaq and Gary Margrave 

ABSTRACT 

In this paper, we briefly present a review of one of the most common filters in 
geophysics: that is the matching filter. A matching filter is one of the simplest filters to 
apply, but one needs to consider two important criteria: i) the matching filter length and 
ii) an optimum crosscorrelation lag. We provide two examples that analyze the effects of 
the filter length and the correlation between two dissimilar input traces to be matched. 
These examples show that an optimum filter length needs to be tested by plotting filter 
lengths vs residuals norm (L-curve method). In some cases a filter length that is less than 
the input trace length is ideal and reduces the computational time significantly (Figure 1). 
In the second example, two dissimilar traces are matched and the result is a larger 
residual error. The value of this example stresses the importance that both traces to be 
matched need to be correlatable. 

 

FIG. 1. A matching / shaping filter designed to match trace #1 to trace #2 with an operator length 
of 0.4s which is less than the length of the input trace #1. Top panel shows the first trace (green), 
second trace (red) and the matched first trace (dotted blue). The middle panel is the matching 
filter and the bottom panel show the difference between the second trace and the matched first 
trace. 
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Multicomponent AVO analysis of a single thinning bed 

Jessie M. Arthur and Don C. Lawton 

ABSTRACT 

Synthetic seismograms are constructed with Ricker wavelets of 30 Hz and 50 Hz 
dominant frequency to represent a gradually thinning bed with equal magnitude and 
opposite polarity reflection coefficients in a homogeneous medium. A tuning thickness of 
λ/4 is observed for the PP data, and approximately (λp+λs)/8 for the PS data. AVO 
intercept and gradient crossplot analysis for a slow velocity, less density thin layer are 
compared with a high velocity and high density layer. For a slow velocity thin layer 
above tuning thickness, the AVO crossplot results show a counter-clockwise rotation, 
indicating a negative correlation as the gradient decreases and the reflection coefficient 
magnitude increases. For the high velocity thin layer, a clockwise rotation occurs in the 
AVO crossplot as the bed thins; the gradient increases and the reflection coefficient 
magnitude decreases. Results below tuning thickness behave non-linearly and are less 
predictable. 

 

FIG. 1. Reflection coefficient (A) versus the AVO gradient (B) for a gradually thinning high velocity 
bed in a homogeneous slow velocity, less dense medium. The trend rotates clockwise as the bed 
thins. This is the result of a decreasing reflection coefficient and increasing AVO gradient, which 
is a measure of offset dependent reflectivity. As bed thickness decreases below tuning thickness 
of λ/4, the results are less predictable and greater variation is observed in the AVO intercept 
results. 
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Estimation of phase and group velocities for multi-modal ground 
roll using the ‘phase shift’ and ‘slant stack generalized S 
transform based’ methods 

Roohollah Askari*, Robert J. Ferguson and Kristof DeMeersman 

ABSTRACT 

Phase and group velocities are two important factors to determine shear wave velocity 
in Multi-channel Analysis of Surface Wave (MASW) surveys. In this study, we present 
two different methods “the phase shift and the slant stack generalized S transform based” 
for the estimation of the phase and group velocities respectively. The phase shift method 
uses the idea of the slant stack in the Fourier domain to estimate the phase velocity. The 
slant stack generalized S transform based method uses the slant stack idea in the time-
frequency domain based on the generalized S transform. These methods are robust to 
estimate the phase and group velocities where ground rolls are multi-modal. We 
anticipate that, through inversion of the phase and group velocities of multi-modal 
ground rolls, a better estimation of near surface shear wave velocity will be obtainable. 

 

  

FIG. 1. The estimated group velocity for a synthetic record using the slant stack generalized S 
transform based method. As seen, the method estimates the group velocity for multi-modal 
ground roll. The solid and dashed lines correspond to the theoretical values. 
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Deconvolution after migration 

John C. Bancroft*, Thais A. Guirigay and Helen Isaac 

ABSTRACT 

Deconvolution is a process that is normally applied before migration.  However, there 
are data conditions where deconvolution should be performed after migration.  These 
situations are reviewed with a final conclusion that deconvolution after migration should 
be applied and be tested, especially in areas with little structure, such as a sedimentary 
basin. 

 

a) 

 

b) 

FIG. 1. Seismic sections: a) a prestack migrated section and b) deconvolution after the prestack 
migration shown in (a).  
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Documentation for MATLAB equivalent offset migration 

John C. Bancroft 

ABSTRACT 

Equivalent Offset migration (EOM) has become a valued algorithm for prestack 
migration.  A prestack time version of EOM has been developed on the MATLAB 
platform and this paper is essentially an introduction and user manual. 

The algorithm assumes the input data is in SEGY format.  A velocity file may also be 
used as input to define the location for the output gathers.  A text file is used to define the 
I/O SEGY files, and parameters.  

This software in under continual development and currently is capable of 2D and 3D 
data. 

CPUmemAlloc  4000   % Maximum memory allocated by the user in megBytes.   
InputSGYFile C:\Projects\Hussar\HussarInputFiles\INOVA_LowDwell_vert_radialfilt_4sec.sgy 
ScaleDataIn  10.0;    % Scale the input data (SEGY problems) 
ScaleDataXYIn  0.01;     % Scale the input data X and Y location (SEGY  
NsampVelIn   2001;      % Number of sample in the SEGY velocity trace 
TsampVelIn   0.002;     % Time sample interval for SEGY velocity traces 
ScaleVelIn   1.0;      % Scale the amplitude of the velocities (SEGY problems) 
ScaleVelXYIn 0.01;     % Scale SEGY velocity locations X and Y (SEGY problems) 
CspgSGY      C:\Projects\Hussar\HussarCSPgathers\CSPgHus09Nov2011EO2LinVel.sgy  %  
Velocity     12  2200   5900     % A linear velocity for all CSP’s, t=0 until t ==  
FirstCSP     237  372770 5672443 % First CMP number, and location (x and y)  
LastCSP      1128  369462 5669460 % Last CMP number, and location (x and y)  
CSPincNum    2     % Increment number of CPS's 
Obliquity    1      % Angle of obliquity degree from normal.  Default = 0 degrees 
EOmethod     4  1     % Gathers:[ Type : Sides ]  Sides = 1, 2, or n = 3D multi 
%                      Type 1 = Asymptote offset, No vel, he^2 = x^2 + h^2 
%                           2 = Asymptote offset, ampscaling, (Vel1) 
%                           3 = Sample by sample he, very accurate, very slow 
%                           4 = Bin copy (faster) 
TincType4    0.050     % Time increment for Itype 3 
Bins         501 5   % Number of CSP bins and bin increment 
NsampCSP     1001     % Number of samples in CSP traces (Vel. and Gathers) 
TsampCSP     0.002    % Input time sample increment 
Dim2D3D      3        % Dimension, 2D or 3D, = 2 or 3.  [2] 
FoldGather   1        % Use of CSP gather fold counter.  0 = No, 1 = Yes   
NMO          1        % Normal moveout to CSP gathers: 0 = no, 1 = yes 
DipLim       20 30    % Dip limits in degrees for moveout (stretch limit) 
AmpCos       1        % Cosine amplitude scaling 
AmpT0        1        % Amplitude scaling for T0 
AmpT         0        % Amplitude scaling for T 
StackOpt     1        % Stack CSP gathers: 0 = no, 1 = yes 
RhoFilter    1        % Apply rho filter to stack: 0 = no,  1 = yes 
SaveCSPg     1        % Save CSP gathers to SEGY file, 0 = no, 1 = yes 
Idebug       3        % Debug level:  0 = Minimal,  
End                 % Nothing read after first "End" 

 

FIG. 1. Example of the MATLAB text file used for prestack time migration using the EOM method.
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Imaging oblique reflectors on a 2D line 

John C. Bancroft, Thais A. Guirigay and Helen Isaac 

ABSTRACT 

Seismic data is usually acquired with a 3D geometry for exploration and exploitation 
purposes.  This 3D geometry allows for the resolution of dipping, or oblique reflectors 
and eliminates the concern of sideswipe.  2D data is still being acquired and designed to 
be normal to the geological structures.  However, some reflector may be oblique to the 
2D line and may not be imaged correctly.  These oblique reflectors can be imaged by 
varying the velocities during a poststack time migration, and then the best focusing 
velocities can used to estimate the angle of obliquity.   

Should the same concept be applied to a prestack time migration?  No. 

Prestack time migration is very sensitive to the migration velocities which aids in 
defining accurate migration velocities.  However, small perturbations in velocity can 
create significant artifacts.  Therefore the prestack migration should be used to create one 
migrated section using the best velocities.  Then this migrated section could be re-
migrated to simulate poststack migrations with percent velocities, in an attempt to image 
oblique reflectors.  

 

FIG. 1. Perspective view of a 2D line with an oblique reflector (brown).  Raypaths are shown in 
blue for a zero-offset normal incident reflection, red for a given offset, and green from the same 
source and receiver locations, but to a reflector that is normal to the 2D line.  
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Low wavenumber reflectors 

John C. Bancroft 

ABSTRACT 

A numerical modelling environment was created to accurately evaluate reflections 
from a 1D interface that has a smooth transition shape between the two different 
velocities.  The objective was to accurately propagate a chirp through the transition zone, 
where the size of the transition zone is similar to the wavelengths within the chirp. 

Transition zones in the shape of a raised half-cosine were evaluated using the incident 
and reflected chirps.  The shape of the reflectivity is a half-sine.  Reasonable matches 
were obtained. 

 

a) 

 

b) 

 

c) 

FIG. 1. Snapshots of a reflected and transmitted chirp after passing through a) a narrow transition 
zone, and b) a relatively large transition zone.  Part c) compares the shape of the reflectivity 
estimated from the reflection (blue) with a theoretical value (red).  
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Sensitivity analysis for micro-seismic events 

John C. Bancroft 

ABSTRACT 

Papers have been previously presented for evaluating the sensitivity of locating a 
microseismic event using first arrival times.  These papers used an analytic singular value 
decomposition (SVD) method and a Monte Carlo method that perturbed the event 
location. 

These papers are combined with the intent of simplifying the presentation of the SDV 
method. 

 

     

a)      b) 

FIG. 1. 3D view the of error distribution of source with a) a std=10ms and b) a std=2ms when 
using the SVD method.  
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Results from comparison tests between sources and geophones 
in a December 2010 survey at the Priddis test site 

Malcolm B. Bertram*, J. Helen Isaac, Kevin W. Hall and Kevin L. Bertram 

ABSTRACT 

An analysis is made of seismic data from a comparison study carried out in December 
2010 at Priddis, Alberta. Comparisons are made between two different sources and three 
types of geophones. The analysis provides a quantitative and qualitative comparison 
between the onSEIS and EnviroVibe sources, and different geophones. 

Filtered shot gathers show that both sources produce reasonable data, although the 
EnviroVibe seems to be a better energy source for this location with greater bandwidth, 
providing better definition of the shallow reflections as well as better imaging deeper 
layers. The processed sections also indicate better results from the EnviroVibe. 

The higher sensitivity of the GS-One geophone shows a better signal to noise ratio 
than the SM24 and RTC4.5 geophones. As expected, the RTC4.5 geophones do have 
considerably more low frequency data than the 10 Hz geophones, and would be a 
preferable choice if the focus of the survey were at this end of the spectrum.  

 

FIG. 1. OnSeis source.    FIG. 2. EnviroVibe. 

 

FIG. 3. Geophone cluster.  FIG. 4. Processed sections – EnviroVibe / onSeis.
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AVF inversion of anelastic reflectivity, practical issues 
concerning implementation 

Chris Bird, Kristopher Innanen, Larry Lines and Mostafa Naghizadeh 

ABSTRACT 

A frequency by frequency method (AVF) of inverting for Q exists which requires as 
input an estimate of the local spectrum of the absorptive reflection coefficient. We have a 
calibrated fast S-transform (FST) which we have demonstrated provides a high fidelity 
estimate of the local spectra of seismic reflection events and is suitable as input for AVF 
inversion. In this paper we consider a prioritized set of issues a method like this face 
when applied in the field. We develop methodologies and recommendations to manage: 
1. Random/uncorrelated noise; 2. Nearby/difficult-to-isolate events; 3. Source wavelet. 
We begin by describing our synthetic testing environment including forward model for 
attenuating traces, and then consider each of these ideas in turn. In their presence we 
consider AVF inversion, though more complicated, to be a likely tractable problem. 

 
 
FIG. 1. In (a) a noisy, busy trace with an absorptive reflection. In (b) the analytic spectrum of the 
absorptive reflection (blue) and the spectrum of the absorptive reflection extracted from the trace 
in (a).  
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Full waveform inversion of anelastic reflection data: an analytic 
example 

Chris Bird and Kris Innanen 

ABSTRACT 

Full waveform inversion is taking an increasing important role in exploration 
seismology. As this role continues to grow, we must develop our understanding of the 
basic nature of full waveform inversion. We develop an analytic example of anacoustic 
full waveform inversion for a simple attenuating Earth model. The first gradient of full 
waveform inversion is calculated for analytic, one-dimensional zero-offset data of the 
attenuating model. Analysis of the results yields that the gradient predicted an imaginary 
step function located at the depth of the attenuative target. This imaginary step function 
seems to be an intuitively correct result as introducing absorption into the wave equation 
usually involves allowing the wavespeed to have an imaginary component. The 
imaginary part appears to be moving well towards the right answer, whereas the 
dispersion and its effect on the real part has left much remaining work to be done to 
reconstruct the correct result. 

 

FIG. 1. In (a) a simple attenuative Earth model consisting of an elastic overburden overlaying an 
anelastic target. The is a contrast in Q at 300m. In (b) the starting model for FWI is homogeneous 
and perfectly acoustic. In (c) the imaginary part of the gradient g1 and in (d) the real part of the 
gradient g2.  
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Least squares AVF inversion 

Chris Bird, Kristopher Innanen and Mostafa Naghizadeh 

ABSTRACT 

A frequency by frequency method (AVF) of inverting for Q exists which requires as 
input an estimate of the local spectrum of the absorptive reflection coefficient. We have a 
calibrated fast S-transform (FST) which we have demonstrated provides a high fidelity 
estimate of the local spectra of seismic reflection events and is suitable as input for AVF 
inversion. We formulate the AVF inverse problem in a least-squares formalism. The 
opportunity for optimization offered by a least squares approach my bring stability to the 
estimates of Q yielded by AVF inversion. We also formalize this least-squares approach 
to use the estimate of a source wavelet, as opposed to removing the wavelet via 
deconvolution, which appears to offer stability to the estimates of Q and wavespeed. We 
also extend our least-squares approach to the broader problem of AVO by including 
angle of incidence. Finally, we use input from the FST as input into our least-squares 
AVF approach. Using numerically modeled data we find that the inversion results are 
accurate up to angles of incidence up to roughly 35 degrees. Also we find that bringing 
an estimate of the wavelet into the inversion scheme stabilizes the inversion results of Q 
and wavespeed. 

 
FIG. 1. Comparison of the inversion of target Q (red) and the actual target Q (blue) vs. Notice the 
inversion fails at low Q. This is due to linearization error.  
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Towards field evidence for anelastic and dispersive AVF 
reflections  

Chris Bird* and Kris Innanen  

ABSTRACT  

Strongly anelastic seismic targets are expected to exhibit amplitude-vs.-frequency 
(AVF) variations. Some field and laboratory evidence of this type of behaviour exists, but 
much more evidence is needed before definitive statements are made about the benefit of 
AVF to monitoring and/or exploration. The Ross Lake heavy oil field has been subject to 
several VSP experiments through geological structures with strong variations in Q; one of 
the reflectors, at the top of the Mannville group, is a reasonable AVF candidate. By 
combining a time-frequency decomposition tool with a methodology for extracting raw 
reflection coefficients from VSP data, we show that the Mannville reflection coefficient is 
consistent with an AVF-rich anelastic reflector. However, our control event exhibits 
frequency variations on comparable scales, and so at present the identification of AVF 
variations is not definitive.  

 
FIG. 1. Evidence for AVF behaviour? Comparison of the Mannville and Milk River primaries. In (a) 
and (b) the spectra of the direct wave for the Mannville and Milk River formations respectively. In 
(c) and (d), the spectra of the primaries from the Mannville and Milk River formations and in (e) 
and (f), the spectra of the reflection coefficients with Q-compensation (red) and without (blue).  
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Q estimation by a match filter method 

Peng Cheng* and Gary F. Margrave 

ABSTRACT 

Knowledge of Q is desirable for improving seismic resolution through inverse Q 
filtering, facilitating amplitude analysis and seismic interpretation, and understanding the 
subsurface environment better.  However, Q is rarely measured since estimates are 
mainly made from VSP data, which is usually not available.  In addition, the question of 
reliable Q estimation remains, especially in case of unfavorable signal to noise ratio 
(SNR).  Estimating Q from VSP or even reflection data in presence of moderate noise 
with sufficient accuracy is still under investigation.  To address this problem, a match-
filter method for Q estimation is proposed in this paper, and evaluated using synthetic 
1D, 2D data and field data.  Our method takes two local amplitude spectra from different 
times in a seismic record and estimates the interval Q between them.  First we compute 
minimum-phase equivalent wavelets from each amplitude spectra, and then we find the 
best forward Q filter that best matches the shallow wavelet to the deeper wavelet.  Our 
method is theoretically similar to the spectral-ratio method because the inverse Fourier 
transform of a spectral ratio is a matching filter.  However, computing the match filter in 
the time domain is more robust in the presence of noise than direct spectral division in the 
frequency domain.  Testing results show that the proposed method is, compared to the 
spectral-ratio method, more robust to noise and more suitable for the Q estimation from 
reflection, and has the potential to indentify a localized low Q zone of the subsurface, 
which can be used as a gas indicator.  

 

FIG. 1. An attenuated seismic trace with noise level of SNR=4 and constant Q of 80. 

                          

0 0.5 1 1.5
-0.01

-0.005

0

0.005

0.01

0.015

time : sec

am
pl
itu
de

20 40 60 80 100 120 140 160 180 200
0

5

10

15

20

25

30

estimated Q

mean value : 84.74
standard deviation : 22.46

20 40 60 80 100 120 140 160 180 200
0

10

20

30

40

50

60

70

estimated Q

mean value : 78.72
standard deviation : 5.86

FIG. 2. Histogram of estimated Q values by 
the spectral-ratio method using 200 seismic 
traces similar to the one shown in figure 1. 

FIG. 3. Histogram of estimated Q values by 
the match-filter method using 200 seismic 
traces similar to the one shown in figure 1. 
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Reflectivity modeling for stratified anelastic media 

Peng Cheng and Gary F. Margrave 

ABSTRACT 

The reflectivity method is widely used for the computation of synthetic seismogram 
for layered media due to its capacity of modeling all kinds of wave propagation and 
attenuation for a given model with sufficient accuracy and relatively low computation 
cost. This paper gives a brief introduction of the reflectivity method, and then 
demonstrates that reflectivity method can give accurate and realistic modeling results for 
stratified anelastic media. 

 

FIG. 1.  Vertical component of P-SV waves for a two-layer model. 

 

FIG. 2. Radial component of P- SV waves for a two-layer model. 
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Azimuthal AVO inversion by simulated annealing 

David Cho and Gary F. Margrave 

ABSTRACT 

Fractures influence the permeability pathways and mechanical properties associated 
with a rock mass and therefore, are a crucial aspect in the characterization of the 
subsurface. In this study we develop an azimuthal AVO inversion algorithm using a 
simulated annealing optimization technique. The parameterization of the problem is in 
terms of an isotropic background with the inclusion of fractures through an addition of 
excess compliances to the medium. Preliminary inversion results demonstrate a 
reasonable estimate of the model parameters in addition to an excellent match between 
the data and synthetic data. Associated errors in the estimated model parameters are 
attributed to variable sensitivities of the model parameters to the objective function. 
Future work will attempt to address these issues through different parameterizations of 
the problem and additional constraints in the objective function.  

 

FIG. 4. Elastic properties for a two layered model including the Lamé parameters, λ and 
μ, density, normal and tangential fracture compliances and fracture azimuth for the true model 
(blue), initial model (red) and inverted model (green).  
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On the extraction of angle dependent wavelets from synthetic 
shear wave sonic logs 

David Cho, Craig Coulombe and Gary F. Margrave 

ABSTRACT 

The extraction of angle dependent wavelets requires the use of a shear wave sonic log. 
However, shear wave measurements are often not acquired in a conventional logging 
suite and must be estimated to produce a synthetic result. The errors associated with the 
synthetic shear propagate through to the angle dependent reflectivity with a sine squared 
dependence of the incidence angle. Therefore, the reflectivity becomes unreliable at 
larger angles and a least squares extraction using the convolutional model could yield 
erroneous results. To reduce the errors associated with wavelet extraction at larger angles, 
a near angle wavelet was estimated with an acceptable amount of error using a least 
squares approach. Subsequently, an estimate of the angle dependent wavelet amplitude 
spectrum and a constant Q attenuation model was used to evolve the amplitude and phase 
respectively to estimate the wavelets at larger angles.  

 

FIG. 3. Reflectivity error as a function of incidence angle. 

 

FIG. 5. Normalized angle dependent wavelets derived using a constant Q attenuation model. 



Abstracts 

19 CREWES Research Report — Volume 23 (2011)  

Seismic fracture detection in the Second White Speckled Shale: 
Anisotropic perspectives on an isotropic workflow 

David Cho*, Craig Coulombe, Scott McLaren, Kevin Johnson and Gary F. 

Margrave 

ABSTRACT 

Seismic methods for fracture detection typically require an azimuthal analysis of the 
recorded wavefield. However, conventional data acquisition practices often provide 
insufficient azimuthal and offset coverage for proper application of azimuthal techniques. 
Therefore in most cases, alternative methods must be used for fracture detection.  

This study investigates the ability of seismically derived isotropic properties in the 
delineation of fractures within the Second White Speckled Shale. Fracture systems with 
structural controls were identified through attributes that are sensitive to changes in the 
structure of the seismic image. In addition, elastic properties were derived from the 
seismic measurements to investigate the conditions that control fracture formation in a 
given stress environment. Travel-times through anisotropic models were also analyzed to 
determine the propagation response in the presence of fractures. The analysis yields a set 
of attributes that are sensitive to fractures and are used in the reduction of uncertainty for 
the delineation of the associated fracture systems.  

 

FIG. 16. Multi-attribute map for fracture detection in the SWS. Linear features represent areas of 
increased probability for fractures formed under a thrust faulting stress regime. Green areas 
represent an increased probability for the presence of fractures formed under a strike-slip or 
normal faulting stress regime. It combines four attributes including the vertical P-wave velocity, 
Poisson’s ratio, Young’s modulus and a measure of the residual moveout to detect travel time 
anisotropy effects.  
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Understanding hydraulic fracture variability through a penny 
shaped crack model for pre-rupture faults 

David Cho, Gary F. Margrave, Shawn Maxwell and Mark Norton 

ABSTRACT 

A study was conducted to investigate the large variations in the hydraulic fracture 
behavior in the vicinity of faults. The process of failure was illustrated through laboratory 
experiments that demonstrate the formation of aligned microcracks throughout the 
deformation process. Using a penny shaped crack model, associated properties can be 
computed to investigate the response of media containing a fault that has yet to rupture. 
The reflectivity response for the detection of pre-rupture faults is discussed in addition to 
the presentation of an effective stress model for a medium containing aligned penny 
shaped cracks. Using the effective stress model, the observed variations can be 
understood from the response of the aligned cracks to a uniform normal traction applied 
by a pore fluid.  

 

FIG. 1. Map view illustrating the variability in the microseismic response associated with the 
stimulation of three horizontal wells (Maxwell et al., 2011).  

 

FIG. 9. Effective vertical and minimum horizontal stress for a) the intact rock and b) the pre-
rupture fault where the stress regime changes as a result of an increase in pore pressure.  
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Finite-Difference Methods for Wave Propagation in an Elastic 
AnIsotropic Plane-Layered Medium With Orthorhombic 
Symmetry 

P.F. Daley 

ABSTRACT 

This report presents a simulation system for the solution of the forward problem of 
elastic wave propagation in a plane-layered (orthorhombic) elastic medium.  Forward 
modeling has become a useful tool for interpretation in exploration seismology. The 
method discussed here employs finite Fourier transforms to temporarily remove the x and 
y coordinates resulting in a coupled system of three finite-difference equations in the 3 
Cartesian coordinate particle displacements in terms of depth (z) and time (t).  The return 
to the (x,y,z,t) domain is done using a double summation over the two horizontal 
wavenumbers (kx, ky).  At the present time, 3-D seismic modeling realistically requires a 
high-performance multiprocessor computer using efficient 3-D algorithms for the 
geological model mentioned above.  Non-geometrical wave types are minimal in this 
model type, but the development of the method presented here may serve as a basis from 
which to pursue more complicated numerical 3-D geometries. 
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Higher order terms of the asymptotic ray theory series solution 
for the acoustic wave equation in 2, 3 and higher dimensions  

P.F. Daley 

ABSTRACT 

Often referred to, but rarely derived in practice, are the transport equations for higher 
order terms in an Asymptotic Ray Theory (ART) solution method for hyperbolic (wave) 
equations. In most instances in the literature only the first term (zero order) term in the 
asymptotic series is used in the computation of dynamic (amplitude) quantities. Higher 
order terms in the series will be derived here in any number of dimensions, with the 
emphasis on the two and three dimensional cases, and compared with the exact solution. 
The type of medium propagation will be assumed to be an infinite space and the 
hyperbolic equation used will be the simple acoustic wave equation with a constant 

velocity – homogeneous medium. In addition, the summation of the series ( )
0

n

n

iω
∞

−

=
  will 

be presented for use in a solution which has been assumed to be high frequency. 
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A hybrid method applied to a scalar (almost) 3D SH wave 
equation  

P.F. Daley  

ABSTRACT 

Seismic modeling of shear ( )HS  wave propagation in a three dimensional structure 

using the potential scalar wave equation is considered. A combination of finite difference 
and finite integral transform methods are employed for this purpose. It is assumed that 
the variation in the medium parameters is smoothly varying in one of the spatial 
dimensions, and as such can be removed from the finite difference problem through the 
use of a finite integral transform. Although what will be considered is not a true 3D  
model it does allow for some inhomogeneity in all spatial dimensions and as a 
consequence provides an intermediate point between a 2.5D and a truly 3D  situation that 
provides a computational basis that can be expanded upon to address a general fully 
inhomogeneous 3D  problem. 

 
FIG. 1. Schematic of a model that may be treated using the method described here. The 

computational model employed is similar with a source located at 0Sz = , 0 Sx a< < , 

0 Sy c< < .  
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Porous medium – the fast P-wave case 

P.F. Daley  

ABSTRACT 

A subset of the general equations used to describe seismic wave propagation in a 
poroviscoelastic medium is investigated. Theoretically for an isotropic medium of this 
type there are four modes a propagation: a compressional ( )P  wave, a shear ( )VS  wave 

and a shear ( )HS  wave as well as what in termed a slow compressional ( )SP  whose 

actual existence has, until fairly recently, been questioned. The scaled down version of 
the full poroviscoelastic equation set is one which is viscoelastic and but does not contain 
any shear type propagation. It is the acoustic analogue of the elastic wave equation, being 
a set of two coupled equations in the fast and slow compressional ( )P  wave modes, 

which may be further downgraded to to a single equation in the fast compressional ( )P  

wave mode as the slow compressional ( )P  wave mode is difficult to physically detect 

and as a consequence omitted, at least in this preliminary study.  The relatively simple 
equation remaining was chosen so that a comparison with the seismic response of the 
acoustic wave could be done to ascertain the possible usefulness of pursuing this topic 
further. Apart from hydrocarbon related seismic applications, the use of this theory for 
near surface seismic or Ground Penetrating Radar ( )GPR  applications to locate toxic or 

hazardous waste sites and possibly be of assistance in delineating the extent of seepages 
either from actual dumping or deteriorating containers is a possibility. 
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Reflection and transmission coefficients at the interface 
between two transversely isotropic media (Matlab software) 

P.F. Daley 

ABSTRACT 

Derivations and related closed form expressions for reflection and transmission 
coefficients at the interface between two transversely isotropic ( )TI media have been 

available in the literature for several decades. However, the progression from a set of 
equations to software that produces accurate results is often less obvious than might be 
expected. This is true for this problem as there are a number of related or ancillary 
inconveniences related to the original problem that must be addressed. These require 
either extensive algebraic manipulations or the development of numerical algorithms that 
deal with the additional points. These are supplemented by typographic errors which may 
be present in the original works as well as having to acquire an appreciation of at least the 
basic concepts of wave propagation in an anisotropic medium. This report discusses the 
use of software for the numerical computation and graphical display of the reflection and 
transmission coefficients for the media type indicated above using the Matlab 
programming language. The procedure is initially presented at a fairly basic level for the 
computation and graphical presentation of the generally complex valued coefficients 
(amplitude and phase versus incident phase angle). Other options are available to display 
the coefficients versus the reflected or transmitted phase angle, or the horizontal 
component of the slowness vector or the incident and reflected or transmitted group 
angles. 

 
FIG. 1. p1s1 reflection coefficient – amplitude and phase versus the reflected (s) group angle. 
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Elimination of seismic multiples by anisotropic, prestack depth-
migration and filtering  

Robert J. Ferguson*  

ABSTRACT 

Seismic multiples associated with the sea floor can distort the interpretation of seismic 
reflection data where they are mistakenly interpreted as primaries, or where they overly 
reflections of interest. Numerous techniques exist by which multiples are removed. For 
example, some predict the amplitude and phase of the multiples so that they may be sub-
tracted. Other approaches to multiples elimination cast the entire seismic recording into a 
domain where the multiples separate from the primaries, and then a filter is used to delete 
the multiples.  

Here, I explore a method by which multiples are focused along with the rest of the 
recorded wavefield in the space domain by prestack migration. There, the multiples are 
erased, and the space domain data are unmigrated. Central to this method is the derivation 
of a migration velocity that focuses the multiples. This velocity is computed based on the 
Huygens model of seismic reflection (and multiple reflection) as the superposition of 
point scatterers. This model leads to a relationship between a primary scatterer and a mul-
tiple scatterer that is exploited to deduce the required focusing velocity for the multiples. 
Interestingly, the focusing velocity is anisotropic.  

A closed form solution is presented for the group velocity for use in ray-based mi-
gration, and an implicit solution is presented for the phase velocity for use in Stolt-like 
migration methods.  

A data example is used to demonstrate this multiples elimination approach -multiples 
in the data are identified, the corresponding anisotropic multiples velocity is computed, 
and the multiples are erased from the data following migration. The data are then 
unmigrated.  

 
(a) Input seismic data.     (b) Multiples.   

FIG. 1. 1. (a) is a constant-offset (9112.5 ft) gather of marine seismic data. The first arriving re-
flection event (2.2 s on the left hand side) corresponds to the water bottom, and below the water 
bottom, a number of diffractors are present (2.5 s on the LHS). Multiples of these diffractions 
follow the water bottom multiple. 1(b) are the multiples removed from the data. Note that there is 
almost no leakage of primary data into the multiples data.  
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Gabor domain analysis of a three spring damped oscillator  

Robert J. Ferguson  

ABSTRACT 

Membranophones are a class of instruments that use stretched membranes to produce 
sound. Within this class of instrument are drums (number 21 on the Hornbostel-Sachs 
musical instrument taxonomy) that produce sound from two stretched membranes that 
enclose a column of air within a cylinder; the membranes or heads (made of Mylar) are 
clamped to each end, and the cylinder is often made of wood. Typically, the cylinder is 
ported by a dime-sized hole. The two heads and the column of air are well modelled as 
springs, and air rushes in and out through the port during sound production. The port and 
the load of the ambient air have the effect of damping the produced sound.  

Vibration of such a system is governed by the acoustic wave equation, and so the 
study of the associated acoustics may be expected to be well facilitated using the familiar 
techniques of reflection seismology.  

Here, the familiar notions of Vibroseis, Fourier spectrum, cross correlation, and the 
Gabor spectrum are used to determine the pitches and, more importantly, the relative 
pitches of a particularly pleasing collection of drums that form a trap set used in jazz and 
popular music. Pitch determination is interesting in that, for two headed drums, how they 
should be tuned is not well described, and seismic analysis might be expected, through 
analysis of a well sounding set, to at least determine to what pitches, and relative pitches 
they are tuned. It is found that, for this particular set of three drums, the tom tom drum 
(the smallest) is tuned to approximately 120 Hz, the floor tom (intermediate in size) is 
tuned to approximately 80 Hz, and the bass drum (the largest) is tuned to approximately 
60 Hz. These pitches correspond to the batter heads (the struck heads), and the resonant 
heads are tuned to similar pitches with the exception of the bass drum. It is found that the 
relative pitches of the resonant heads correspond to three of the most pleasing of the 
classical musical intervals octave (tom tom / bass), perfect fifth (tom tom / floor tom), and 
perfect fourth (floor tom / bass drum). 

 

FIG. 1. 1(a) Peaks in the spectra of the tom tom occur at 74 Hz (batter) and 72.8 Hz (resonant). 
From Gabor domain analysis of the spectrum, the spectral peaks are due to room modes rather 
than the drum. Here, the frequency pitch of the batter side is 120 Hz 1(b).   
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3D borehole geophone orientation study, central Alberta 

Peter Gagliardi and Don C. Lawton 

ABSTRACT 

Geophone orientation azimuths were found analytically from 3D and 2D walkaway 
VSP data acquired near Lousana, Alberta. The 3D dataset was divided based on source-
well azimuth into bins with centers trending 0°-180°, 45°-225°, 90°-270° and 135°-315°; 
the standard deviation in orientation azimuth was found to be 5.24° using all azimuths, 
and 1.28°, 0.66°, 1.07° and 2.77° respectively when binned. The 2D dataset consisted of 
three lines; the standard deviation for this survey was 1.73° for all lines, 1.87° for the east 
line, 0.71° for the southeast line and 1.81° for the south line. In both cases, the mean 
angle calculated for each receiver did not appear to have any dependence on source-well 
azimuth, suggesting flat, isotropic geology near the well. Removal of sources nearer than 
300 m (approximately 1/3 of the geophone depth) significantly improved the scatter in 
the 2D walkaway, but had little effect on the 3D walkaway. Finally, the orientation 
angles for the 3D walkaway analysis were also calculated using a linear regression 
analysis of trace hodograms. Results showed that mean angles calculated using this 
method differed from the analytic method by less than 1° on average, but that the analytic 
method produced less scatter. 

 

FIG. 1. Geophone orientation azimuths for receivers 5-8, calculated using analytic method, for the 
3D VSP survey, colored by bin; 0°-180° is shown in blue, 45°-225° is shown in cyan, 90°-270° is 
shown in yellow and 135°-315° is shown in red.   
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Borehole geophone calibration experiment 

Peter Gagliardi, Henry C. Bland1 and Don C. Lawton 

ABSTRACT 

Using an Envirovibe vibrator source, calculated geophone orientation azimuths for an 
18-level tool were examined in order to determine the effects of stacking and correlation 
on orientation analysis. Sweeps were 20 s long, and their range was either 10-80 Hz or 
10-200 Hz. Using all data points, uncorrelated traces produced standard deviation in the 
azimuths of 7.90° prior to stacking, and 3.74° after stacking; for correlated traces this was 
5.84° prior to stacking and 5.54° after stacking. When the data were split into the separate 
sweep frequencies, it was found that the higher frequency sweep resulted in less scatter 
for correlated data, while having little effect on the uncorrelated data. The best statistics 
were obtained using uncorrelated stacked traces, using shots recorded with the 10-200 Hz 
sweep, giving a standard deviation of 3.62°. While this is an acceptable amount of scatter, 
it will still produce errors in offset of more than 6%. It is suggested that the number of 
shot points, which totalled 11 in this study, should be increased in order to obtain better 
precision. 

 

 

FIG. 2. Geophone orientation azimuth for receiver 4 plotted against pseudo offset. Line 1 is 
shown in magenta, Line 2 in green and Line 3 in blue; squares represent 10-80 Hz shots, crosses 
represent 10-200 Hz shots.  

                                                 
1 Pinnacle Technologies 
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Effects of horizontal transverse isotropy on determination of the 
orientation of buried geophones  

Peter Gagliardi and Don C. Lawton 

ABSTRACT 

The effects of horizontal transverse isotropy (HTI) on geophone orientation calibration 
were examined, under the assumption of weak anisotropy. It was found that values of the 
Thomsen parameters δ and ε as low as ±0.05 could produce deviations in geophone 
orientation calculations of as much as 5°; it was also found that the maximum deviation 
in this angle was more sensitive to ε  than δ. A model was created using ε = 0.1 and δ = 
0.025, which resulted in a maximum polarization angle deviation of 6.45°. Using this 
model, values for apparent polarization deviation were found for various source 
locations; these values, when plotted as a function of source-receiver offset, produced 
distinct trends depending on the orientation of the source-well line. Further investigation 
of these deviations revealed that they asymptotically approached a particular value as 
offset increased, due to the behaviour of the source-receiver azimuths. When geophone 
orientation angle deviations were plotted as a function of source-receiver azimuth, it was 
found that all lines followed the same trend, regardless of their orientation. The results of 
this study show that HTI media should be taken into consideration when undertaking 
orientation calibration for buried microseismic arrays or geophones used in vertical 
seismic profiles. 

 

FIG. 3. Calculated deviation in orientation angle vs. source offset due to HTI. Error for Line 1 
(trending east-west) is shown in red, error for Line 2 (trending north-south) is shown in green, and 
error for Line 3 (trending 30° east of North) is shown in magenta. The symmetry axis is 60° west 
of north.  
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Effects of noise on geophone orientation azimuth determination 

Peter Gagliardi, Kristopher A. H. Innanen and Don C. Lawton 

ABSTRACT 

Calibration of the orientation of borehole geophones has direct consequences on the 
accuracy of subsequent measurements taken by these tools. Using synthetic data 
generated from a simple layer-cake geological model, the effects of signal to noise ratio, 
source-receiver offset and receiver depth were determined to have an effect on this 
calibration. A signal to noise ratio of 1 or better was generally found to produce mean 
orientation angles within 0.5° of the true value; however, even a noise-free signal 
produced small errors in the calibrations. It was also found that increasing offset and 
decreasing receiver depth both improve the accuracy of azimuth calculations. Effects of 
the three examined variables were judged to be difficult to separate from one another, 
although a quantitative relationship of these to azimuth calibration would be useful to 
develop.  

  

 

FIG. 4. Orientation azimuth vs. horizontal offset for receivers 3-6, representing signal to noise 
ratios of 0.2, 0.5, 1 and 2.  Noisy data are shown in red, noise-free data is shown in green. 
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Experimental comparison of repeatability metrics 

Peter Gagliardi and Don C. Lawton 

ABSTRACT 

Time-lapse experiments were performed on the nrms repeatability (NRMS), 
predictability (PRED) and signal to distortion ratio (SDR) repeatability metrics, and the 
results studied in order to better understand their meaning. First, controlled time-shift, 
amplitude and additive noise perturbations were made to a baseline seismic trace. Time-
shift had approximately linear effects on NRMS of about 15%/ms, subtle hyperbolic 
effects on PRED and a negligible effect on SDR. Amplitude tests showed that 
multiplication of the baseline trace by 0.9 resulted in an NRMS value of 10.5% and SDR 
value of 102.04, while PRED remained unaffected by any amplitude change; analytic 
equations were found to relate amplitude changes to these metrics. Additive noise 
experiments revealed that NRMS and PRED are very sensitive to the strength and 
character of the noise, while SDR seems to be affected little by the noise character. 

Second, all three metrics were calculated using a 2D walkaway vertical seismic profile 
(VSP) dataset from Violet Grove, Alberta, which consisted of three lines. For Lines 1, 2 
and 3, NRMS values were 60.6%, 61.4% and 45.2% for horizontal components, and 
46.3%, 42.6% and 41.4% for the vertical component. PRED was 0.73, 0.72 and 0.83 for 
the horizontal components, and 0.82, 0.83 and 0.87 for the vertical component. Finally, 
SDR was 100.38, 100.29 and 100.70 for the horizontal components and 100.74, 100.85 and 
100.79 for the vertical component. The trends of these metrics, while similar, do not 
always agree with each other, and should be used in tandem to better understand the 
repeatability metrics of time-lapse data.  

 

FIG. 5. NRMS repeatability for additive noise experiment, showing addition of baseline (black) 
and monitor (red) noise. Bottommost panel is a wiggle display of the noisy traces (red) 
overlapping the original trace (blue), using baseline noise.  
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Geophone azimuth consistency from calibrated vertical seismic 
profile data 

Peter Gagliardi* and Don C. Lawton 

ABSTRACT 

Raw borehole geophone data, taken from a 3-line walkaway vertical seismic profile 
(VSP) acquired in the Pembina oil field in Alberta, was examined for orientation azimuth 
consistency. Data were recorded using a 16-level VSP tool placed at three different levels 
in a deviated well. An algorithm was developed that compensated for the added 
complexities of a deviated well. Orientation azimuths, using all three lines, had an 
average standard deviation of 4.39°; consistency was poorest for the mid-level tool 
position, and best for the shallow-level tool position. Most interestingly, orientation 
azimuths calculated using sources from Line 1 were, on average, 3.7° higher than Line 2 
and 3.0° higher than Line 6. This was judged to be related to geological properties of the 
area, particularly azimuthal anisotropy.  

 

FIG. 6. Differences in mean orientation azimuth for each geophone depth. Differences between 
Line 1 and 2 are shown in black; differences between Line 1 and 6 are shown in red; and 
differences between Line 6 and 2 are shown in cyan.  
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Converted wave prestack depth migration with topography: a 
comparison  

Saul E. Guevara and Gary Margrave 

ABSTRACT 

Pre-stack depth migration is applied to synthetic PP and PS wave data, obtained over a 
geological model with structural features and topography. The geological model includes 
a dipping target, a reverse fault in the middle, and a hill on the surface. (See Figure 
below). No preprocessing or filtering was applied to the raw data. Two methods of 
migration, Kirchhoff and PSPI are applied and correct depths were obtained. However 
noticeable differences between each migration method can be observed, with some 
advantage for PSPI.  

From a comparison between PP and PS depth migrated sections, the events are at the 
same depth, but the PS section looks a bit noisier and shows higher frequencies. The 
statics correction, applied as an alternative to migration from topography, shows 
detrimental effects in this migration. Future experiments can include amplitude analysis. 

 

. 

a b 

FIG. 1. 

(a) Geological Model: The shot points are indicated by stars on the surface and identified 
with numbers.   

(b) Depth PSPI migration for the PS-wave (b) P-wave.  
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Near surface S-wave velocity from uphole and surface seismic 
data 

Saul E. Guevara and Gary F. Margrave 

ABSTRACT 

The near surface S-wave velocity model can be useful in overcoming the near-surface 
effect, an important issue in the processing of converted-wave (PS) or S-wave seismic 
data, ande can also contribute to other near surface problems.  

An uphole survey, acquired in a location in a valley of the Colombian Andes is 
analysed here. An S-wave velocity model was obtained from these data, based on events 
that appear to be generated by the source (see the Figures below). The complex behaviour 
of this wavefield can give useful details about the  S-wave field structure. These 
variations are not easily observable using conventional surface seismic data. Variations in 
the velocity model with depth were related to  lithological characteristics.  The uphole 
data were also compared to a 2D seismic line acquired at the same place, which gives 
clues about the characteristics of the horizontal component. 

This is a first approach to the analysis of these data, which can provide useful clues 
about the near surface S-wave velocity model and the methods for its analysis.   

a

b 

FIG. 1. (a) Horizontal component records. (b) A velocity model from the uphole. 
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A comparison of standard migration with EOM for Hussar 
data 

Thais A. Guirigay, John C. Bancroft and J. Helen Isaac 

ABSTRACT 

Equivalent Offset Migration (EOM) is a method of prestack time migration based on 
the principles of prestack Kirchhoff migration and its advantages are simpler, faster, 
flexible and reliable than the conventional methods.  

Common Scatter gathers are created for each output migrated trace based on the 
EOM method. The gathers have high fold and offsets that can be greater than the 
maximum source-receiver offset. This high fold and large offsets provides a better 
focus of the semblance plot, and therefore improves the resolution of velocity 
analysis over conventional common midpoint gathers. After velocity analysis, normal 
moveout and stacking completes the prestack migration. 

Prestack time migration (PSTM) requires an accurate velocity model for get a good 
image of the subsurface.   

The intent of this paper is to provide a comparison between a standard PSTM using 
the Kirchhoff Algorithm with Equivalent Offset Migration for a dataset from Hussar 
area in Alberta. 

 

FIG. 1. Stacked section after PSTM Kirchhoff. 

 

FIG. 2. Stacked section after EOM.  
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Earthquake on the Hussar low-frequency experiment 

Kevin W. Hall* and Gary F. Margrave 

ABSTRACT 

On the last day of acquisition on the Hussar low-frequency line, a magnitude 6.3 
earthquake occurred offshore of Vancouver Island, British Columbia, Canada. The low-
frequency seismic line included 10 Hz 3-C geophones at 10 meter station spacing, 
VectorSeis 3-C accelerometers at 10 meter spacing, 4.5 Hz geophones at 20 meter 
spacing, a partial line of high-sensitivity 10 Hz geophones at 10 Hz spacing and 
Nanometrics compact seismometers at 200 meter spacing. Earthquake arrivals were 
recorded during acquisition of source line 6, which was a Failing vibe running two 1-100 
Hz low-dwell sweeps per vibe point. The earthquake was successfully recorded by all 
sensors that were part of the low-frequency experiment, at a distance of about 1050 
kilometers from the epicenter. The earthquake arrivals have an apparent velocity of about 
4500 m/s across the 4.5 km seismic line. Inverse filtering of the 10 Hz and 4.5 Hz 
geophone data to correct for geophone response at low frequencies is shown to be 
succesfull, based on visual inspection, at enhancing data with frequencies of less than one 
Hertz. 

  

 

FIG. 1. Uncorrelated data from the vertical component of VectorSeis accelerometers for VPs 218 
(before earthquake), 209 and 208 (during secondary arrivals from earthquake). Source gathers 
are 4.5 km wide and the trace length is 34 seconds. ProMAX trace display scaling: entire screen 
with gain set to fifteen. Vertical fold is two. 
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New Zealand acquisition, spring 2011 

Kevin Hall, Kevin Bertram, Malcolm Bertram and Don Lawton 

ABSTRACT 

The magnitude 7.1 Darfield earthquake occurred September 4, 2010, west of 
Christchurch New Zealand on the Greendale fault, which was not previously known to 
exist. Structural damage was sustained in Christchurch, but no loss of life. Don Lawton 
suggested it might be an idea to ship the University of Calgary’s seismic equipment to 
New Zealand to try and delineate the fault, but at the time the cost was deemed 
prohibitive. Then, after many smaller aftershocks, a magnitude 6.3 earthquake centered 
near downtown Christchurch caused major structural damage (50-60% of downtown 
buildings need to be demolished) and loss of 182 lives. Shortly afterwards we were 
contacted and requested to undertake seismic surveys in and around the city. 

The University of Calgary’s INOVA (ARAM) Aries recording system with 600 
channels of 1C marsh phones, boxes, batteries, cables and our IVI EnviroVibe were 
trucked to Chicago, air-lifted to Auckland, and completed the journey to Christchurch via 
transport truck. Four CREWES personnel flew to New Zealand to conduct the seismic 
surveys in conjunction with the University of Canterbury and Southern Geophysical. Six 
1C-2D seismic lines with a total line length of 41 km were successfully acquired in the 
Christchurch area April 5-May30, 2011, including two within the Christchurch 
metropolitan area, and one across the surface expression of the Greendale Fault. 

 

FIG. 1. Vibe point on Barbadoes Street, Christchurch, inside the red zone near a military 
checkpoint.  
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Timing issues on the Hussar low-frequency experiment 

Kevin W. Hall and Gary F. Margrave 

ABSTRACT 

Nanometrics Trillium compact seismometers were deployed at a nominal 200 meter 
station spacing from flag 564 (southwest end of line) to flag 264 for the Hussar low-
frequency experiment. Three component data was acquired continuously on Nanometrics 
Taurus recorders at a two millisecond sample rate for the duration of the survey. The 
Taurus recorders were synchronized to GPS time. Two INOVA (ARAM) Aries recorders 
and an INOVA Scorpion recorder logged dates and times for each shot in their respective 
observer’s logs. However, time of shot does not match between these recorders for a 
given shot, and is not consistent between recorders for the time difference between 
subsequent shots. We speculate that the Aries time of shot is a file creation time. It is 
shown that the times derived from the Scorpion shot identification number (UNIX time 
stamp) are the best choice for extracting shot gathers from the seismometer continuous 
data, by visual inspection of observer’s log times (converted to Coordinated Universal 
Time) plotted over the vertical component of seismometer data recorded at flag 524 for 
all sources at flag 524. 

 

FIG. 1. INOVA 364 low-dwell sweep. SPML295 times are early and SPML273 times are late, but 
the Scorpion time appears to be correct. SPML times were not synchronized for this source line.

Scorpion

Clipping

10 minutes

SPML295 SPML273

364 low-dwell sweep at station 524
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The effect of phase loop and predictive gain adjustments on 
harmonic generated by the CREWES EnviroVibe 

Christopher Harrison, Kevin Bertram and Eric Gallant 

ABSTRACT 

Harmonic distortions in Vibroseis data are a well known issue in seismic data 
acquisition.  Poor ground coupling, equipment variances, and nonlinear effects in the 
earth contribute to harmonic generation.  These harmonics have traditionally been treated 
as noise to be attenuated.  One method of attenuating these harmonics is through phase 
control systems within the vibrator.  Currently CREWES and POTSI are jointly 
researching methods of decomposing Vibroseis sweeps into their fundamental and 
harmonic components.  It is proposed that these separate components and their higher 
frequencies can be used as a source signal rather than filtered out of seismic data.  An 
experiment was conducted at University of Calgary to assess how adjustments in the 
phase loop and predictive gain of the CREWES Vibrsoeis affect the harmonic generation. 

 

FIG. 1. The CREWES Vibroseis deployed on the west campus of the University of Calgary. 
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Harmonic decomposition of a Vibroseis sweep using Gabor 
analysis 

Christopher B. Harrison*, Gary Margrave, Michael Lamoureux, Arthur Siewert 

and Andrew Barrett 

ABSTRACT 

In traditional Vibroseis surveys the harmonic frequencies generated by the vibrator are 
seen as undesirable noise distortions.  These distortions are attributed to various factors 
such as nonlinear coupling of the vibrator to the ground, nonlinear effects in the vibrator 
and inadequacy of the feedback system.  These harmonic effects cause a correlation-
ghost forerunner or a tail at both positive and negative correlation times if the 
harmonically distorted sweep is used as the correlation operator.  Over the years 
techniques for bulk attenuation of these harmonic effects have been developed to enhance 
Vibroseis seismic imaging.  An innovative approach, however, is proposed to decompose 
Vibroseis sweeps into their respective fundamental and harmonic components such that 
the harmonics and their higher frequencies can be used for seismic imaging or more 
accurate filter design.  The decomposition is accomplished through the use of the Gabor 
transform to produce broad band estimates of the fundamental and harmonics of the 
Vibroseis sweep.  The method is tested on both a synthetic sweep with time varying 
amplitude and phase, as well as field data. 

 

FIG. 1. Gabor transform showing the results of harmonic decomposition of a base-plate recorded 
sweep from the Fundamental to H7.  
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Getting something for nothing—or not: interpolating coherent 
noise 

David C. Henley and Joe Wong 

ABSTRACT 

Seismic data acquisition techniques continue to evolve towards the increasing use of 
single sensors and finer spatial sampling, in order to improve both the spatial and vertical 
resolution of seismic reflection images. Part of the increased resolution comes from the 
improved ability to estimate and remove coherent noise from source gathers with finer 
receiver spacing. For most practical acquisition situations, however, the receiver spacing 
cannot be made small enough to completely avoid aliasing of the higher frequency 
components of the noise. Some simple processing tactics which may improve this 
situation are demonstrated here, using data provided by the physical modelling system at 
CREWES. These methods involve trace-shift (LMO) de-aliasing, simple radial trace 
domain interpolation, and a non-linear radial trace noise attenuation trick. These methods 
can improve coherent noise removal for a source gather with an existing receiver spacing, 
but are generally not as effective as halving the receiver spacing during the actual 
acquisition. 

 

FIG. 1. Coherent noise can be effectively removed when noise is properly spatially sampled, left, 
but not when noise is aliased, right, at twice the receiver interval. 

 

FIG. 2. LMO de-aliasing improves noise attenuation; but not as much as proper spatial sampling.

Physical model shot gather after radial trace coherent noise attenuation Physical model shot gather after decimation, radial trace coherent noise attenuation

Decimated physical model shot gather after LMO de-aliased noise subtraction



Abstracts 

43 CREWES Research Report — Volume 23 (2011)  

How processing affects relative reflection amplitudes 

David C. Henley* and Joe Wong 

ABSTRACT 

One objective of seismic data processing is to reduce both coherent and random noise 
contaminating the reflection data, so that the physical properties of the rocks and their 
contained fluids may be more readily estimated and/or imaged from trace amplitudes. It 
can be important to preserve the relative amplitudes of reflection events during 
processing, especially laterally, since various interpretive techniques are based on trace-
to-trace amplitude comparisons. Most prominently, AVO and AVA methods compare 
amplitudes from the same reflection or conversion event at different source-receiver 
offsets (AVO), or at different raypath angles (AVA). We describe here an empirical study 
in which physical model data were subjected to three commonly used processing 
techniques. The amplitudes along single reflections in those data were compared at each 
stage of processing. We found that, within the limits of measurement error, subtractive 
noise attenuation (radial trace filtering) and non-stationary deconvolution (Gabor 
deconvolution) have no significant effect on relative event amplitudes. As we might 
expect, however, a multi-trace process like F-X deconvolution, does affect relative event 
amplitudes and should be avoided in processing data for AVO. 

 

FIG. 1. Trough-to-peak reflection amplitudes measured along an NMO-flattened reflection from a 
physical model trace gather. Radial trace filtering and Gabor deconvolution do not disturb 
underlying AVO relationships.  

Comparison of amplitude analyses for 550 ms reflection. Black=amplitudes on raw traces; 
red=coherent noise attenuated; blue=coherent noise attenuated+Gabor deconvolution

Noise-dominated amplitudes
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Now you see it, now you don’t: radial trace filtering tutorial 

David C. Henley 

ABSTRACT 

The radial trace domain has been shown to be useful for modeling and attenuating 
source-generated coherent noise on raw seismic trace gathers. While the general 
principles are well-known, some of the variations of the method are not, and the details of 
the analysis and design process have never been explicitly outlined. We demonstrate here 
a general strategy for analyzing coherent noise on input gathers and designing a filter 
sequence for removal of the noise. The strategy is a subjective one, and it relies on the 
judgement of the processor at each stage to determine how much filtering is “enough”. 
The process is illustrated with screen-captured ProMAX processing flows, as well as pre- 
and post-processing images of trace gathers. We give recommendations for parameter 
selection and show an overall processing flow, explaining the presence of each ProMAX 
module. We also show the details for two ‘specialty’ coherent noise attenuation methods 
utilizing the properties of the radial trace domain.  

 

FIG. 1. Iterative radial trace domain analysis and filter application can transform a minimally 
useful gather (left) into a well-resolved reflection record (right) with many identifiable reflections. 
This report shows how to do it, step-by-step. 

  

High resolution shot gather before (left) and after (right) R-T domain noise attenuation
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Internal multiple attenuation based on inverse scattering I: 
theoretical review and implementation in synthetic data  

Melissa Hernandez* and Kris Innanen  

ABSTRACT 

Multiple reflections represent a serious problem in the field of seismic processing. 
Multiple events can be mistaken for primary reflections, and may distort primary events 
and obscure the task of interpretation. In this work we will focus in the suppression of 
internal multiples and we will illustrate how the inverse scattering internal multiple 
algorithm introduced by Weglein and Araujo in 1994, is capable to attenuate internal 
multiples without any a priori information about the medium through which the waves 
propagate. One of the advantages of this method over other methods is its ability in 
principle to suppress multiples that interfere with primaries without attenuating the 
primaries themselves. We consider the version of the algorithm for 1D normal incidence 
case. This algorithm predicts internal multiples from other events in the data by 
performing a convolution and a crosscorrelation of data. In this paper we review the 
algorithm in theory, discuss intuitively how it works, and examine the numerical 
behaviour of the algorithm in synthetic data. In particular, the role and importance of the 
algorithm parameter ϵ is emphasized. The findings of this work are put to use in 
prediction of internal multiples in physical model data (Hernandez, Innanen and Wong, 
2011).  

 

 

 

 

 

 

 

 

 

 

FIG. 1. Construction of internal multiple. The first subevent which a primary reflection that travel 
from point a, reflects from the second reflector, and is measured at c.The second subevent is a 
primary that propagates from b, reflects from the first interface at e, and then is measured at c. 
The third subevent propagates from b, reflects from the second interface and is measured at d. 
(Weglein and Matson, 1998).   
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Internal multiple attenuation based on inverse scattering II: 
implementation in physical model data  

Melissa Hernandez, Kris Innanen and Joe Wong 

ABSTRACT 

Multiple reflections represent a serious problem in the field of seismic processing. 
Multiple events can be mistaken for primary reflections, disturbing the task of seismic 
interpretation. In this work, we will focus in the suppression of internal multiples and we 
will illustrate how the inverse scattering internal multiple algorithm introduced by 
Weglein and Araujo in 1994, is able to attenuate internal multiples without any a priori 
information about the medium through which the waves propagate. One of the 
advantages of this method over others is its ability to suppress multiples that interfere 
with primaries without attenuating the primaries themselves. We consider the version of 
the algorithm for 1D normal incidence. This algorithm predicts internal multiples from 
other events in the data by performing a convolution and a crosscorrelation of prestack 
data. In this work we studied physical modeled data and found that algorithm works 
satisfactorily, predicting multiples with the correct time and the amplitude is reasonably 
similar. 

 

FIG. 1. The top panel is a common offset gather used as input. The bottom panel is the result of 
inverse scattering internal multiple prediction.    
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AVO analysis of P-, S-, and C-wave elastic and anelastic 
reflection data  

 Kris Innanen*  

ABSTRACT  

Amplitudes vary in seismic reflection data in a complex manner. AVO problems (not 
to mention full waveform inversion and inverse scattering) must be supported by theory 
which provides insight into the relationship between medium and amplitude, leads to 
modeling and inversion algorithms, and scales easily between rough-approximate and 
detailed-accurate tools for analysis. This applies equally to AVO well-developed regimes, 
such as P-, S-, and C-wave AVO, as to AVO in anelastic regimes. The purpose of this 
paper is to extend a mode of analysis elsewhere used to study anelastic inversion of P-P 
data, and to use it to discuss these regimes as well as anelastic AVF behaviour. A range 
of conclusions are arrived at: (1) second order corrections to converted wave amplitudes 
can account for dependence on target VP , a dependence that is invisible to the Aki-
Richards approximation. (2) Variations of anelastic reflection coefficients with angle and 
with frequency can be used to estimate target parameters such as QS. (3) To second 
order, a contrast in QS only across a boundary can cause a P-S mode conversion whereas 
a contrast in QP only cannot. (4) However, if a contrast occurs in both QP and QS but no 
other parameter, the QP contrast can alter the amplitude of the conversion.  

 
FIG. 1. Real part of RPS and its angle and frequency variations. (a) Exact RPS vs. angle for fixed 
frequencies 5 Hz, 10Hz, 15 Hz, 20 Hz and 25 Hz, with values marked off at a representative 
angle θ0 = 15◦ . (b) As (a) but using linearized RPS approximation. (c) As (a) but using second 
order corrected RPS approximation. (d) RPS values picked from (a) at θ0 = 15◦ and plotted vs. 
frequency. (e) As (d) but picking from linear approximation; Incidence medium parameters VP0 = 
2000m/s, VS0 = 1500m/s, ρ0 =2.0gm/cc, and target medium parameters VP1 = 2200m/s, VS0 = 
1700m/s, ρ0 =2.5gm/cc, QP1 =5, and QS1 =5.  
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Hidden nonlinearities in the Aki-Richards approximation  

Kris Innanen  

ABSTRACT  

The Aki-Richards approximation comes in two forms, one involving the incidence an-
gle and the other involving the average of the incidence and transmission angles. The first 
of these may be straightforwardly derived by expanding a matrix form of the Knott-
Zoeppritz equation in series and truncating. The second is formally a linearization but is 
more reasonably interpreted as being nonlinear, and this can be quantified by expanding 
the average angle in series about the P-wave velocity perturbation. The Aki-Richards 
approximation is often discussed in terms of P-wave, S-wave, and density reflectivities. 
The average angle too may be expressed in terms of the incidence angle and the P-wave 
reflectivity, with the latter perturbing the former.  

 
FIG. 1. Aki-Richards version II.B parametrized in two different ways. (a) Three curves are plotted: 
in black, exact RPP, in blue, version II.A of the Aki-Richards approximation, and the θ-reflectivity 
form of version II.B in red, here with a second order correction; (b) as in (a) but with the original 
version II.B in red. (c) The two instances of version II.B are compared; (d) their difference is 
plotted.  
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Matrix forms for the Knott-Zoeppritz equations 

Kris Innanen 

ABSTRACT 

In this note we derive convenient matrix forms for the the Knott-Zoeppritz equations. 
The attempt is to recapture results used (quoted, not derived) by Levin and Keys, and to 
extend these to include the case of an incident S-wave. In addition to being 
straightforward to solve and analyze, these forms are used in several other papers in this 
year’s CREWES report. 

 
 

FIG. 1. Displacement amplitudes associated with the Knott-Zoeppritz equations. 
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A particle view of dispersive wave propagation  

Kris Innanen  

ABSTRACT  

We have shown elsewhere that simple seismic wave phenomena may be modeled with 
sets of (notional) particles which drift freely and collide. To extend this (scalar) modeling 
idea to incorporate attenuation, we merely replace each single particle with a large 
number of particles, each moving with a velocity drawn from a suitable distribution. 
Numerical examples demonstrate the qualitative correctness of this model; quantitatively 
it is supported by arguments due to Samuel Bickel, who points out that the constant Q 
impulse response is equivalent to one of the one-side probability density functions we 
choose from which to draw particle velocities.  

 
FIG. 1. The results of treating attenuative wave propagation as if it were simply a large number of 
particles drifting along at speeds drawn from a one-sided distribution. (a) Normalized velocity 
distribution Np(Δc) chosen as a Poisson distribution, with λ =1.0 × 10−10 and Δc, the deviation from 
cR = 1500m/s, ranging from 0-300m/s. (b) Resulting traces at depth z values of 200m (black), 
500m (red) and 800m (blue). Coloured circles represent arrival times calculated using cR.  
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A POCS algorithm for spectral extrapolation  

Kris Innanen  

ABSTRACT  

Projection-onto-convex-sets or POCS algorithms are used to infill missing seismic 
data. Applications have generally been on multidimensional interpolation problems. We 
consider a different type of missing data: the low end of the frequency spectrum. We 
infill this spectral gap using a POCS algorithm, under the assumption that data events are 
lagged delta functions. A trace-by-trace implementation, tested on synthetics, confirms 
the applicability of the idea, and its resiliency to reduced data bandwidth, reasonable 
clustering-density of events, and uncorrelated noise. Testing on field data with well 
control is the next logical step. If successful, POCS spectral extrapolation could be a 
valuable preprocessing tool prior to seismic inversion.  

 
FIG. 1. Iterations of POCS with %1 noise drawn from a Gaussian distribution. Top row: left; input 
trace (black) vs. idealized (dashed); middle; input trace (red) vs. idealized trace (black); right; 
integrated traces, input (red) vs. idealized (black). Middle row, first iteration of POCS; bottom row, 
second iteration of POCS.  
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Seismic inversion and the importance of low frequencies  

Kris Innanen and Gary Margrave  

ABSTRACT  

CREWES has made a significant effort this year to support seismic inversion by 
generating (1) data rich in low frequencies (the Hussar experiment), and (2) model-based 
methods to extend the spectra of bandlimited data. Here we provide in a tutorial setting 
illustrations of the reasons why missing low frequencies have such a deleterious influence 
on inversion. After a brief review of inverse scattering and full waveform inversion, 1D 
examples quickly expose the influence of low frequencies, as does an example 
synthesized from Hussar well-log data.  

 
FIG. 1. Linear inverse scattering reconstruction of a two-layer medium with progressive loss of 
low frequency content. Top row: data spectra; bottom row: linear reconstruction at full bandwidth 
(blue) and with low frequencies removed (black). Left column: 0 Hz missing; middle colum: 0-0.5 
Hz missing; right column: 0-1 Hz missing.  
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A converted-wave experiment in Uganda 

J. Helen Isaac, Francesca Martini and Gary F. Margrave 

ABSTRACT 

We processed an experimental 3C survey acquired in Uganda. There was concern that 
the azimuths of the 3C geophones were not exactly as planned, which was magnetic 
north, since the geophones had been dropped into holes. The results of rotation analysis 
on the data were inconsistent and we considered that they deviated too much from the 
planned field orientation to be used. We rotated the data using a constant receiver 
orientation of magnetic north. 

The PS data image the acoustic basement well but reflections shallower in the section 
have less continuity and are of lower amplitude. The PP data show more structure on the 
basement reflector and much better resolution of reflectors above basement. We picked 
two horizons on the migrated PP and PS sections by correlating first the basement 
reflectors then picking a shallower horizon on the PS data and matching that to the PP 
data. The values of Vp/Vs were consistent with Vp/Vs values of 3.0 – 3.4 measured on 
logs from a nearby well. 

 

FIG. 1. PP migrated section (a) and PS migrated section (b). The PS section has been scaled in 
time to match the PP section. Vp/Vs was calculated from the interval traveltimes between the two 
interpreted horizons.  
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The effect of receiver statics on CCP stacks: An example from 
Spring Coulee, Alberta 

J. Helen Isaac and Gary F. Margrave 

ABSTRACT 

A common method of estimating receiver statics for PS data is to pick a horizon on 
stacked receiver gathers and calculate the statics necessary to either flatten the horizon or 
smooth it. We investigated the effects of different smoothing operator lengths and the 
effects of using two horizons rather than just one. The differences in coherency and 
continuity of reflectors on the final CCP stacks of the radial component caused by the use 
of different smoothing operator lengths were surprising. We chose the final receiver 
statics to be those that gave the best continuity of reflectors. The method probably works 
best in areas of no structure, where flattening an event on receiver stacks does not harm 
true structure. In areas with a small amount of structure, the amount of smoothing of the 
horizon picked on receiver stacks should be studied carefully before final receiver statics 
are selected. This method is not appropriate for areas with significant structure.  

 

FIG. 1. Three receiver stacks with different statics calculated from the average of the differences 
between two picked horizons and smoothed versions of those horizons. The smoothing operator 
lengths were (a) 201, (b), 301 and (c) 401.  



Abstracts 

55 CREWES Research Report — Volume 23 (2011)  

Hurrah for Hussar! Comparisons of stacked data 

J. Helen Isaac* and Gary F. Margrave 

ABSTRACT 

We processed, stacked and post-stack migrated twelve data sets having combinations 
of four sources and three receivers. The same basic processing was applied to all data but 
no filters were applied. The dominant frequency of the unfiltered stacks is around 10 Hz 
with a steep drop off to 30-40 Hz, after which the spectra remain fairly flat until near 70 
Hz for the vibroseis data, where the power increases to rise a little towards 100 Hz. The 
dynamite data show the greatest variation in power over the signal band and the least 
power at high frequencies.  

Filtering the data to retain only frequencies of 1-10 Hz show the low-end spectra of 
data recorded by the 10 Hz and 4.5 Hz geophones to be similar for each corresponding 
source, while the Vectorseis spectra are different. In every case there is an increase in 
power towards 10 Hz, except for the Vectorseis dynamite data. This increase is steep up 
to 4 Hz and fairly linear from 4 Hz to 10 Hz for the 10 Hz and 4.5 Hz geophones. The 
spectra are much flatter for the Vectorseis data and that of Vectorseis dynamite data are 
different from all the others, having a peak at 6 Hz. 

 

FIG. 1. Stacked sections with a bandpass filter of 0-1-10-10 Hz and spectra for dynamite data 
recorded by the 4.5 Hz geophones and from the 364 low dwell sweep recorded by the Vectorseis.
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Continuous wavelet transforms and Lipschitz exponents as a 
means for analyzing seismic data  

Hormoz Izadi, Kris Innanen and Michael P. Lamoureux  

ABSTRACT  

Irregular structures and regions of abrupt change contain important information in a 
signal. In seismic signal analysis, the study of singularities within a trace provides a 
potential for extraction of critical information. The local regularity of a seismic event is 
determined by the wavelet transform modulus maxima and the associated Lipschitz 
exponent. As a means of classifying regularities of a signal and estimating the associated 
Lipschitz exponent, a linear and non-linear model based on the wavelet theory is 
reviewed and developed. For certain kind of signal events, a simple linear model can be 
applied in order to determine the associated Lipschitz regularity. However, in particular 
for band-limited signal events with some degree of smoothness a more complex non-
linear model has to be applied which can be computationally expensive and difficult to 
analyse. Our purpose is to try to understand the key features of this more complex model 
of Lipschitz regularity, and develop simple and robust methods for estimation based on 
this understanding.  

 
FIG. 1. The wavelet (right side) varies the width while keeping the number of oscillations 
constant. The short-time Fourier transform (left side) has a fixed window size independent of 
oscillations.  
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The relationship between Lipschitz exponents and Q: synthetic 
data tests 

Hormoz Izadi, Kris Innanen and Michael P. Lamoureux 

ABSTRACT 

In seismic signal analysis, points of sharp variation classified as “edges” contain a 
considerable amount of a signal’s information, thus making edge detection and the study 
of a signal’s local properties an appropriate mechanism for obtaining information from 
seismic data. Several important physical processes can in principle affect the local 
regularity of a reflected event in a seismic trace: processes of absorption and wave 
attenuation. The local regularity of a given signal is characterised by the continuous 
wavelet transform and subsequently measured by its corresponding Lipschitz 
exponent(s). For a single seismic event resembling a delta type function, a linear model 
can be used in order to estimate the associated Lipschitz regularity, however for practical 
settings a non-linear objective function would have to be minimised in order to estimate 
the associated regularity. A robust estimation of a functions local properties and 
differentiability from seismic data, alongside prior geological information, could 
potentially lead to processing and inversion algorithms able to discern and characterise 
such targets. 

 
FIG. 1. Original signal and corresponding wavelet transform at each scale. 
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Imaging of time-lapse structural changes with linearized inverse 
scattering 

Shahin Jabbari, Kris Innanen and Mostafa Naghizadeh 

ABSTRACT 

     Inverse scattering theory has been used widely in many applications in seismology 
including time-lapse problems. The difference data during the change in a reservoir from 
the baseline survey to monitor survey is determined using the linear approximation of the 
Born series. The linear Born approximation is used to derive a forward operator, mapping 
the model or perturbation to the measured data, and an adjoint operator, mapping the 
measured data to the perturbation based on the work of Kaplan (2010). The reference 
medium in time-lapse problem is the baseline survey medium and the perturbed medium 
is the monitor survey medium. A difference data is formed by applying structural change 
in the baseline survey and subtracting it from monitor survey. As the reference medium is 
as complicated as the perturbed medium, some difficulties such as spurious multiples in 
the difference data are encountered. To eliminate these unwanted events extending the 
full version of the Born series is strongly suggested. This paper reviews the earlier work 
of Innanen and Naghizadeh (2010) to establish a basic work to investigate the role of 
higher order terms in removing the spurious terms in the reference data. 
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Nonlinear scattering terms in a seismic context 

Shahin Jabbari and Kris Innanen 

ABSTRACT 

The scattering theory can be used as a powerful theoretic approach to understand and 
process seismic data. Exploring inverse scattering series, which have been used to 
remove multiples from seismic data, depends on understanding how these series generate 
primaries and multiples. We are engaged in a study of time lapse seismic problem in the 
context of scattering theory. To begin this project, we here review the key theoretical 
antecedent of our near term project, the work of Matson (1996). Analytical calculation of 
the Born series shows that the higher order terms in the series alter the amplitude and 
adjust the velocity of the scattered wavefield as well as describe internal multiple 
reflections. Primary reflections are described by all of the terms in the series whereas a 
multiple which contains n reflections is described by the nth and all higher order terms. 

 

 

 
FIG. 1. A comparison of the true reflection coefficient to the Born approximate coefficient for a 
plane wave incident on a single interface. 
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SH wave modelling by a staggered-grid method 

Zaiming Jiang, John C. Bancroft, and Laurence R. Lines 

ABSTRACT 

Theory and technology of a staggered-grid finite-difference method on SH wave 
modelling is reviewed. The ingredients of the modelling method, including finite-
difference scheme, seismic sources, free-surface boundary conditions, and computational 
boundary conditions, are discussed. In addition, modelling results are interpreted to 
investigate the advantages and disadvantages of the modelling method, and to 
demonstrate some processing and interpolation related wave phenomena and 
seismological principles, such as guided surface waves, the problem of seismic 
resolution, geometrical spreading, and seismic multiple reflections. 

 
FIG. 1. Guided SH wave in a surface laryer model.  
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Monitoring active steam injection through time-lapse seismic 
refraction surveys 

Byron Matthew Kelly and Donald C. Lawton 

ABSTRACT 

Steam-assisted gravity drainage is an effective recovery method employed to shallow 
heavy oil reserves to increase the amount of recoverable oil in place. To ensure effective 
recovery, seismic monitoring of an active steam flood is essential in delineating the 
location of stimulated reserves. Typically, large and dense 4D reflection surveys are 
recorded to trace the motion of the steam flood, observable in terms of time-shifts and 
amplitude difference. However, time-lapse refraction profiles can be employed to 
monitor the movement of an active steam flood within a reservoir in a manner similar to 
that of 4D reflection profiles. Through the reciprocal traveltime analysis, refraction 
profiles can delineate significant time-shifts within a monitor survey due to the injection 
of a steam flood.  

Time lapse refraction profiles have significantly lower time and monitory 
commitments than conventional 4D reflection profiles. Refractions from the Devonian 
carbonates can be recorded at large offsets (~700m), thus requiring fewer sources to 
survey an extensive area. This study will outline the basis for 4D refraction surveying 
through simple numerical modeling of a shallow, heavy oil reservoir.   

 

FIG. 1. Raw data from the heavy oil area, Northern Alberta. Devonian reflections and refractions 
are annotated. Max offset = ~800m.  

Devonian Refractions 

Devonian Reflection
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Time domain full waveform inversion algorithm using common 
scatter point gathers 

Hassan Khaniani*, John C. Bancroft and Gary F. Margrave 

ABSTRACT 

Full Waveform Inversion (FWI) on acoustic seismic data is based on data prediction 
using an updated velocity model. The key concept in the updating process is calculating 
the gradient of a miss-fit function, which is the difference between actual data and the 
predicted data. In each step, the gradient function, in either the time or frequency domain, 
is estimated by depth migration algorithms.  

We have developed a fast full waveform inversion scheme that is based on the Pre-
Stack Time Migration (PSTM). We use the forward Kirchhoff operator for prediction of 
shot records from the reflectivity function. Then, we derive the wavefield perturbation as 
a result of the velocity perturbation. Then we derive the adjoint operator for velocity 
perturbation using shot perturbation. This result is similar to a solution of the inverse 
problem as Prestack Kirchhoff Time Migration (PSTM) and crosscorelation with the 
source wavelet. 

The methodology is fast compared to any PSDM techniques in forward and inverse 
iterations; however, our forward operator is assumed to be linear with negligible lateral 
velocity change. Therefore, since we are doing time migration, we are limited to models 
without complex structures. We have tested the theory on left portion of Marmousi as 
shown in Figure 1. 

 
(a)                                                   (b) 

  
(c)                                                                       (d) 

FIG. 1. FWI using PSTM for Marmousi model using 21 shots from 1250m to 2250m, a) True 
velocity vs depth, b) True velocity vs time, c) starting velocity (with 700m smoother operator),and  
d) the inverted velocity after 45 iteration.  
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Linear and non-linear AVO for poroelastic targets  

Steven Kim and Kris Innanen  

ABSTRACT  

AVO techniques permit the variations in seismic amplitudes with angle or offset to be 
used to deduce subsurface target properties. Linearized AVO is parameterized in several 
different ways. One, introduced this year focuses on changes in the P-wave reflection 
strength associated with poroelastic medium variations. In this paper we review a newly 
proposed poroelastic AVO technique, and reproduce the methodology and basic conclu-
sions of those authors. We formulate the poroelastic AVO inverse problem in terms of 
least-squares, and take some initial steps towards extending the model to nonlinear (i.e., 
large contrast) regimes.  

 
FIG. 1. For the first geological model, this figure represents the reflection coefficients (or 
amplitudes) as a function of the angle of incidence of a P-wave. The vertical blue line represents 
the critical angle at which the ray path of a P-wave does not reflect back to the surface. The 
amplitude values appearing before the blue line are real valued whereas the amplitudes 
appearing after the blue line have both real and imaginary components. For this particular 
geological model, the reflection coefficients have relatively the same value for small angles.  

 
FIG. 2. An incident P-wave approaching a boundary at an angle θ where P-and S-wave 
reflections and transmissions are produced. The medium properties being analyzed in the 
forward modelling involves a P-wave (VP ), S-wave (VS), and density (ρ).   
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A microseismic simulation for algorithm testing  

Michael P. Lamoureux, Rituraj Shukla1 and Gary F. Margrave  

ABSTRACT  

A physical model of a microseismic array is described, used as a simple test platform 
to design and evaluate algorithms for locating microseismic events. Some initial testing 
was done, using cross correlation and phase transform methods to measure time delays, 
and Gauss-Newton minimization to locate the simulated acoustic event.  

In summer 2011 as part of a Globalink undergraduate student research project, a DSP 
system interfaced to a small array of microphones was constructed and tested, to locate 
acoustic events in air based on measured time delays in recorded signals. A number of 
array geometries were designed, different delay measuring algorithms implemented, and 
numerical methods evaluated. The goal was to simulate the computational effort needed 
in a real microseismic experiment, using a simple physical device that is easily tested in a 
student laboratory.  

 
FIG. 1. A 2D array with DSP unit.   

  
  

                                                 
1 Indian Institute of Technology, Mumbai 
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Minimum phase and attenuation models in continuous time 

Michael P. Lamoureux, Peter C. Gibson1 and Gary F. Margrave 

ABSTRACT 

We extend earlier work on minimum phase attenuation models in discrete-time signal 
processing to the continuous time setting, where real physical processes occur. This 
includes the propagation of seismic energy through the earth and allows for the modelling 
of attenuation processes.  

Minimum phase signals are characterized by an energy condition, equivalent to an 
outer function identification in the complex half-plane. Certain physical processes 
preserve the minimum phase property, and as such, the operators must arise 
mathematically as productconvolution operators of a very restrictive form. The basic 
mathematical model shows Q-attenuation arises as a simple consequence of the minimum 
phase preservation property for seismic signal propagation. In contrast to stationary filter 
processes, in Q-attenuation, not one but two data measurements are necessary for a 
complete determination of the attenuation characteristics. But only two. 

This work is a summary of a sequence of papers on minimum phase properties.  

 

 

FIG. 1. Three analytic minimum phase signals: sin(t) exp(-t), t sin(t) exp(-t), t2 sin(t) exp(-t). 

  

                                                 
1 York University 
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Post-earthquake seismic reflection survey, Christchurch, New 
Zealand 

Don C. Lawton*, Malcolm B. Bertram, Kevin W. Hall, Kevin L. Bertram and Jarg 

Pettinga1 

ABSTRACT 

Approximately 50 line-km of high-fold reflection seismic data were recorded in and 
around the city of Christchurch, New Zealand, following a devastating Mw 6.3 
earthquake in this area on February 22, 2011 that resulted in the loss of 182 lives.  The 
recording system used was the 600-channel Aram Aries system and Envirovibe 
belonging to the Department of Geoscience at the University of Calgary.  The goal of the 
seismic program was to map previously unknown faults in and around the city for hazard 
assessment and to assist in the post-earthquake recovery effort. Equipment preparation 
and field recording in New Zealand was undertaken by CREWES staff on a full cost-
recovery basis.   

Seismic data were collected along six 2D lines, two of which were within the 
Christchurch metropolitan area and four were in rural areas west of the city.  Recording 
conditions were challenging within the city, but good quality images were obtained along 
all of the seismic lines, with events interpretable to a depth of approximately 1.5 km.  
Numerous faults were imaged along the lines and these were interpreted in two groups – 
older faults that showed clear offsets in deep (> 1 km) reflections and younger faults that 
showed displacement in shallow reflections.  Some faults in the latter group were 
interpreted to be directly associated with hypocentres of shallow after-shocks in the 
region.  Figure 1 is an interpreted section from across a fault that ruptured to surface 
during the Mw 7.1 Darfield Earthquake that struck west of Christchurch on September 
2010 but caused no loss of life. The seismic interpretations are now being incorporated 
into a risk assessment for further possible shallow earthquakes in the region. 

 

FIG. 1.  Seismic section across the Greendale Fault, that ruptured to surface during the Mw 7.1 
Darfield earthquake near Christchurch on September 4, 2010.  

                                                 
1 University of Canterbury 
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Impedance analysis for methane and CO2 discrimination in 
coalbeds 

Diane J. Lespinasse, Christopher R. Clarkson and Robert J. Ferguson 

ABSTRACT 

In this paper, we present a methodology to evaluate the use of Elastic Impedance and 
Elastic Impedance Coefficient to discriminate coals saturated with methane from coals 
saturated with CO2. We apply this methodology to a dataset of the Fruitland coals 
Fairway, in the North of the San Juan Basin U.S, which is considered the most productive 
reservoir of Coalbed methane in the world.  

In this project, we develop a proxy model of a 15.25m (50ft) coalbed at a depth of 
914.4m (3000ft) over an area of 31.4km2. We obtain the production forecast of 24 wells 
during primary production and during enhanced coalbed methane by CO2 injection, 
starting in 1999 and continuing until 2031. Based on the results of the fluid simulation, 
we perform a Gassmann fluid substitution to model the variation in Vp, Vs and density 
due to the changes of fluid saturations in the pore space, assuming 100% of brine 
saturation as the initial state. In this paper we present three cases: the area after several 
years of depletion, after two years of CO2 injection, and one year after shutting the 
injector wells. As a result, we observe that the most representative changes are associated 
with Vp, which presents a decrease of 55-65m/s after shutting the injector wells.  

As a final step, we estimate Elastic Impedance and the Elastic Impedance Coefficient. 
In the case of Elastic Impedance we observe a decrease in the zones around the injector 
wells that were associated with the movement of the CO2 flood. The Elastic Impedance 
Coefficient tends to increase around the injector wells, showing the movement of the CO2 
front; and it seems to highlight better the effects of CO2 injection. It was not possible to 
use EI and EC to discriminate CO2 from methane in this study since the values associated 
to the areas saturated with CO2 coincides with the values associated to some areas 
saturated with methane. The magnitude of the changes of EI and EC are small and it is 
difficult to predict whether the changes will be appreciated in seismic data. 

 

FIG. 1. Elastic Impedance Coefficient (EC) a) two years after starting CO2 injection b) one year 
after shutting the injector wells. The red circles show the movement of the CO2 flood. 
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Simultaneous time-lapse processing for optimal repeatability 

Xinxiang Li, Ken Lazorko, Peter Cary and Gary Margrave 

ABSTRACT 

Time-lapse analysis requires a different emphasis on seismic data processing. Single 
vintage data processing simply aims at producing the best quality stack volumes or 
prestack gathers. However, a time-lapse survey aims at obtaining the most meaningful 
differences between different vintages in the survey (Calvert, 2005). This implies that 
reflection signal from zones without time-lapse effect should be repeatable and difference 
between vintages at these zones should be minimized. We propose a time lapse 
processing flow that requires not only the amplitude preserving simultaneous processing 
of all vintages as one dataset, we also require a strict QC procedure to ensure each main 
processing step improves (or at least maintains) the repeatability of its previous step. 
Generally speaking, amplitude balancing, static time correction, and noise attenuation are 
the main steps where significant repeatability improvements are expected. 

The figure below displays the NRMS errors, a standard measure for non-repeatability, 
for all major processing steps where repeatability is improved for a time lapse survey. 
The 3-letter symbols represent the following processing steps: 

OAC: offset dependent geometrical spreading correction 
SC1: surface consistent amplitude correction 
REF: refraction statics correction 
SCD: surface consistent deconvolution 
RS2: two iterations of residual statics correction 
TST: CDP trim statics correction 
FXY: f-xy decon on stacks 
TVSWFXY: spectral whitening and f-xy decon 

 

 

Estimates of the average NRMS errors for entire stack volumes between phase 1 and 2 of a time-
lapse survey are displayed against a number of processing steps. Gradual repeatability 
improvement is clearly seen.  
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Experimental Confirmation of “Reflections on Q”  

Laurence R. Lines*, Carl Sondergeld, Kris Innanen, Joe Wong, Sven Treitel and 

Tadeusz Ulrych 

ABSTRACT 

While seismic reflection amplitudes are generally dominated by acoustical impedance 
contrasts, there is recent interest in reflections due to contrasts in seismic absorption 
coefficients (or inverse-Q values).  In this note, we compare the anelastic reflection 
coefficient computations with laboratory measurements for such reflections, showing  
laboratory measurements of reflections at boundaries where there is virtually no contrast 
in the real part of seismic impedance (product of density and seismic velocity) but where 
there is a significant contrast in Q.  The experiments performed independently by Carl 
Sondergeld and Joe Wong show reflections from a water/Crisco boundary (where there is 
Q contrast but no real impedance contrast) that are similar in amplitude but phase-shifted 
compared to a water/aluminum boundary (where is a large contrast in the real part of 
seismic impedance). The Sondergeld results are shown in Figure 1 below and the Wong 
results are shown in an accompanying CREWES report. It is gratifying that both sets of  
experiments have verified the existence of Q-contrast reflections. However, the Q-
contrast reflections are larger than our theories predict and we are revisiting the 
viscoelastic theories. 

 

 

 

 

 

 

 

 

 

FIG. 1. Comparison of reflections off water-aluminum and water-Crisco interfaces (courtesy Carl 
Sondergeld).  
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Determination of reflection coefficients by comparison of direct 
and reflected VSP events 

J. E. Lira1, A. B. Weglein2, C. W. Bird and K. A. Innanen3 

ABSTRACT 

VSP experiments provide a much greater opportunity to estimate local reflectivity 
information than do surface-constrained experiments. In this paper we describe a simple, 
data driven means by which the reflection coefficient associated with an interface at 
depth, uncontaminated by transmission losses, may be determined, regardless of the 
origins of these losses or of the overburden parameters associated with them. An 
amplitude correction operator is formed through a comparison of the direct and reflected 
waves just above a generating interface. A field data example from the Ross Lake heavy 
oil field in Saskatchewan, Canada illustrates the method. Our sense is that these results 
indicate applicability to more complex geometries, walkway or 3-D VSP surveys, 
assisting with the construction of AVO/AVA panels. 

 

FIG. 1. 1D zero-offset VSP geometry and parameters. Left: one-parameter acoustic model. Right:  
two-parameter anacoustic (i.e., attenuative and dispersive) model.  

                                                 
1 Petrobras E&P-EXP 
2 University of Houston, M-OSRP 
3 University of Calgary, CREWES Project 
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Bandlimited impedance inversion: using well logs to fill low 
frequency information in a non-homogenous model 

Heather J.E. Lloyd and Gary F. Margrave 

ABSTRACT 

An acoustic bandlimited impedance inversion study was done to compare the results 
obtained when the baseline log; or alternatively, a monitor log are used to provide the low 
frequency information for the inversion.  The model was created using the baseline log 
for the regional trend and placing the fluid substituted (monitor) log at the injection site 
in the center of the section.  These wells were then interpolated along a geological section 
with a 2.8 degree regional dip.  This impedance section was then converted to reflectivity 
and convolved with a zero phase, Ormsby wavelet to create a normal incident synthetic 
data set.   The frequency spectrum of the logs and synthetic data were compared to find a 
suitable low frequency cut-off value.  The low cut-off value of 4.5 Hz was chosen as 
frequencies higher than this were found to produce low frequency smearing across the 
section.  The inversions were carried out using this low frequency cut-off for the logs and 
the high frequency cut-off for the seismic data was set at 85 Hz. Figure 1 shows the result 
for the monitor impedance inversion.  The baseline inversion had a mean error of 28% at 
the injection site where the monitor inversion had an error of 23%.  Both inversions had a 
regional error of ±10% when compared to the true impedance given by the model.  The 
cross-correlation between the seismic data and the synthetic seismogram for the monitor 
inversion case was higher, and the sum of the error between the true impedance and the 
monitor inversion was slightly lower when compared with the baseline inversion.  This 
shows that the monitor inversion is slightly better than the baseline inversion.   It was 
found that more testing is required, using different models and acquisition geometries to 
determine which log is better to use in time-lapse studies.  The findings of this paper 
suggest that possibly the best results can be obtained when the baseline log is used for the 
regional area and the monitor log is used for the injection area.   

 

FIG. 7. The impedance result using the monitor impedance log with at low frequency cut-off of 4.5 
Hz and a high frequency cut-off of 85 Hz.  
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Comparison of low frequency seismic data to well logs - Hussar 
example 

Heather J.E. Lloyd* and Gary F. Margrave 

ABSTRACT 

Low-frequencies that are absent in seismic data impair accurate estimation of acoustic 
impedance.  There are several methods for restoring these missing frequencies, they can 
be estimated by model inversion, borrowed from well logs, predicted using the available 
frequencies in the spectra, or recorded in the field.  This paper uses the Hussar low-
frequency experiment to investigate the low-frequencies available in the data recorded by 
three types of receivers and four sources.  The receivers used were 10Hz geophones, 
4.5Hz geophones and Vectorseis MEM accelerometers. The sources used were 2 kg of 
dynamite at 15 m, low-dwell sweep done by an INOVA 364 vibrator (a low frequency 
source), a linear sweep done by the INOVA 364 and a low-dwell sweep done with a 
Failing vibroseis source.  We compare stacked data, created with a flow that included 
Gabor decon, to the sonic and density logs in well 12-27.  From each of 12 stacks, we 
constructed average traces at the well location by summing over a 230m wide spatial 
window centered on the well.  To compare the different types of receivers to each other 
the geophones were correlated and phase shifted to match the accelerometer data for each 
source.  A synthetic seismogram was created using the well logs and convolved with a 
wavelet designed with the average smoothed amplitude spectrum of the different 
receivers and with a phase to match the accelerometer data, Figure 1A.  The amplitude 
spectra of the traces were compared and were found to have a 20 decibel roll-off in the 
low frequencies.  A similar roll-off was seen in reflection coefficients constructed from 
the well logs.  The low frequency portion of the stacked traces was compared to the low 
frequency portion of the well reflection coefficients and they were found to be roughly 
comparable down to about 2 Hz, Figure 1B.  This is an encouraging result as it suggests 
that impedance inversion can be done using only a very minimal frequency band from 
nonseismic (i.e. well) data.  

 

FIG. 8.  A) Synthetic seismogram created with the well (teal) and accelerometer stacked trace 
(blue).  

B) Filtered well impedance (teal) and accelerometer impedance (blue) from 2 to 5Hz.
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Generating low frequencies: a comparison of prediction filters 
and well log frequency replacement 

Heather J.E. Lloyd and Gary F. Margrave 

ABSTRACT 

Accurate bandlimited acoustic impedance inversion is impaired by the missing low-
frequencies in recorded data.  There are several methods for restoring these missing 
frequencies, they can be recorded in the field, estimated by model inversion, borrowed 
from well logs or predicted using the available frequencies in the spectra.  We examine 
the last of these.  Two methods of prediction filters were explored in solving for the 
missing frequencies.  The first method is the one-lag prediction method which predicts 
the needed samples using one-lag at a time (Figure 1).  The second method uses multiple-
lags to create the needed samples (Figure 2).  These methods were tested with a simple 3-
layer model and a more complicated 12-layer model, where it was evident that the 
method was sensitive to four main parameters.  To create the filters and predict the new 
samples, the prediction methods need a reliable band of frequencies that must be constant 
amplitude and span a larger frequency range than the low-frequency gap.  The length of 
the filter also needs to be longer than the number of layers in the model.  The third 
sensitivity was the effect of noise in the signal, where low signal to noise affected the 
character of the inversion.  The fourth sensitivity was the number of layers that the 
method could accommodate.  For a realistic synthetic example using a synthetic trace 
created from well logs and deconvolved, both the prediction methods failed when 
compared with the BLIMP (Band-limited impedance) method.  This was partially due to 
the natural roll-off of low frequencies when there are a large amount of layers in the 
model and the complexity of the frequency spectrum.  This study has not conclusively 
determined which prediction method is preferable, but the one-lag method is faster and 
often has less error when compared with the multi-lag method.  

 

FIG. 9. The one-lag prediction filter algorithm.  

 

FIG. 10. The multi-lag prediction filter algorithm.  
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AVAZ inversion for anisotropy parameters of a fractured 
medium: A physical modeling study 

Faranak Mahmoudian*, Gary F. Margrave, Joe Wong and Brian Russell 

ABSTRACT 

This report presents an amplitude inversion of PP data, collected through physical 
modelling, for the Thomsen anisotropy parameters (ε, δ, and γ) of an orthorhombic 
medium. Orthorhombic symmetry with three mutually perpendicular directions each with 
different velocity is the most general symmetry that can describe the vertical fractures in 
horizontal fine layering. Assuming the natural coordinate system along with the fracture 
orientation, 3D PP data with several azimuths over a phenolic layer have been acquired 
using the physical modeling facility in CREWES. The phenolic material has been shown 
to possess orthorhombic symmetry; however it is approximately transversely isotropic 
with two independent directions. The PP amplitudes picked from the reflection off an 
isotropic layer and the phenolic layer contrast at several azimuths were used as the data 
for the inversion. Deterministic amplitude corrections, similar to those used for the real-
world acquisition were applied to the physical model amplitudes prior to inversion to 
scale them to represent the reflectivity. We also applied an additional source-receiver 
directivity correction specific to the piezoelectric transducers used in the physical 
modeling. A linearized PP reflection coefficient approximation for an orthorhombic 
media is used to facilitate the inversion. Some constraints on the vertical velocities and 
density were also incorporated in the inversion process. Large offset data are required for 
the azimuthal amplitude inversion of the phenolic layer, as the material shows only slight 
azimuthal amplitude variations. The results for all three anisotropy parameters from 
AVAZ inversion compare very favourably to those obtained previously by a traveltime 
inversion. This result makes it possible to compute the splitting parameter, γ, (historically 
determined from shear-wave data) from a quantitative analysis of the PP data. 

  

FIG. 1. The earth model used in physical             FIG. 2. The PP amplitude of plexiglas-phenolic             
modeling acquisition.                                            reflector used as data in the amplitude inversion.
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Comparisons between 2D and 3D finite-difference models of 
near source surface waves 

Peter M Manning 

ABSTRACT 

Comparisons are made between nearly identical models represented in two and three 
dimensions. Two comparisons show that where the geological model and the acquisition 
are well represented in two dimensions the results are identical except for the expected 
difference in amplitude fall-off with distance. Also shown is a case where acquisition in 
only two dimensions may be adequate for reflection data, but not for simulation of 
surface noise. 

 

FIG. 7. A snapshot of displacements at the surface at a time of 280 mils after the shot. This 
surface noise has been trapped between the significant surface discontinuity at 55 m in X and an 
identical (assumed) discontinuity at -55 m. Acquisition along the Y axis in this case will have 
noise which cannot be modelled within the plane of the line. 
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Numerical Rayleigh wave propagation on a thin layer 

Peter M Manning 

ABSTRACT 

Experiments with numerical Rayleigh waves on shallow geological models show what 
appear to be realistic and relevant results. It is shown that further testing with vibrator 
sweeps that are practical for both a vibrator and a finite-difference model would be very 
valuable. F-D tests with sweeps of two narrow frequency ranges were run on a single 
layer with uniform properties to show how the velocity of propagation depends on the 
thickness of the layer. Analysis of the velocity spectra of vibrator sources using different 
frequencies could then lead to detailed shallow shear wave velocity values. 

 

FIG. 11. Broad band displacement within a 10 metre surface layer designed to model some of the 
surface noise on the seismic record of Figure 10. This shows an interacting  combination of 
Rayleigh waves (vertical wavefronts) and shear waves (the wavefronts at 45 degrees). 
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 Full waveform inversion and the inverse Hessian  

Gary Margrave, Matt Yedlin and Kris Innanen  

ABSTRACT  

Full waveform inversion involves defining an objective function, and then moving in 
steps from some starting point to the minimum of that objective function. Gradient based 
steps have long been shown to involve seismic migrations, particularly, migrations which 
make us of a correlation-based imaging condition. More sophisticated steps, like Gauss-
Newton and quasi-Newton, alter the step by involving the inverse Hessian or approxima-
tions thereof. Our interest is in the geophysical, and practical, influence of the Hessian. 
We derive a wave physics interpretation of the Hessian, use it to flesh out a published 
statement of Virieux, namely that performing a quasi-Newton step amounts to applying a 
gain correction for amplitude losses in wave propagation, and finally show that in doing 
so the quasi-Newton step is equivalent to migration with a deconvolution imaging 
condition rather than a correlation imaging condition.  
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The Hussar low-frequency experiment 

Gary F. Margrave*, Larry Mewhort, Tom Phillips, Mike Hall, Malcolm B. Bertram, 

Don C. Lawton, Kris Innanen, Kevin W. Hall and Kevin Bertram. 

ABSTRACT 

In early September of 2011, CREWES collaborated with sponsors Husky Energy, 
Geokinetics, and INOVA, to conduct a seismic experiment designed to study the 
initiation and recording of very low frequency seismic reflections.  The motivation is to 
collect a dataset that will be useful to test inversion methods.  The site chosen was a 
4.5km line, near Hussar, Alberta, that passes through 3 wells owned by Husky and near 
two others, all with good logging suites.  Both dynamite and Vibroseis sources were 
tested along with 5 different receiver types.  A specially modified low-frequency vibrator, 
the INOVA AHV-IV (model 364), was brought to the experiment by INOVA and a more 
conventional Failing (Y2400) was rented.  Both vibrators were programmed with 
specially designed low-dwell sweeps which spend extra time in the low -frequency range.  
The receiver used were Vectorseis 3C (MEMS) accelerometers, 10Hz SM-7 (ION-
Sensor) 3C geophones, 4.5Hz Sunfull 1C geophones, 10 Hz SM-24 high-sensitivity 
geophones, and Nanometrics Trillium seismometers.  The first 3 types were planted 
densely along the entire line while the last two were only available in limited quantities.  
A total of 12 P-P and 8 P-S lines were recorded and are presently being processed.  
Spectral analysis of raw records shows that in large part the various instruments 
performed as expected.  There was significant low frequency energy excited by all four 
sources with dynamite being the strongest, followed by the INOVA 364 low-dwell, the 
Failing low-dwell, and the INOVA 364 linear, in order of the strength of low frequency 
energy.  The Vectorseis receivers seem to record strongly down below 1 Hz; however the 
response is higher than the corresponding geophones.  The 10 Hz SM-7 and 4.5 Hz 
geophones performed well down to their resonant frequencies.  After application of the 
inverse filters for their instrument response, it appears that signal was recovered down to 
perhaps 1.5 Hz.  We qualify these remarks with a cautionary note as these measurements 

are based on raw data not final 
processed images. 

 

FIG. 1. Average amplitude spectra 
are shown for the four different 
source types as recorded by 
Vectorseis receivers.  The data are 
integrated Vectorseis and hence 
represent particle velocity.  Decibels 
for all curves are relative to the 
maximum on the dynamite data.  
The axis on the right is simply an 
enlargement of the low-frequency 
portion of that on the left. 
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Numerical modelling of viscoelastic waves by a pseudospectral 
domain decomposition method  

Matt McDonald*, Chris Bird and Michael Lamoureux  

ABSTRACT  

We present a method for numerically modelling viscoelastic wave propagation using 
domain decomposition combined with a pseudospectral method based on Legendre-
Gauss-Lobatto nodes defined on a structured quadrilateral mesh. The physics of the 
method is modelled using the Kelvin-Voigt equation for the time-dependent relation of 
stress and strain. Here we derive a coupled system of first-order equations for the particle 
velocities and accelerations which only doubles the number of required equations as 
opposed to the increase from 2 to 5 in the 2D case and 3 to 9 in the 3D case required 
when modelling the velocities and stresses. Working with the first order system also 
allows us to incorporate absorbing boundary conditions by modifying the damping matrix 
at the boundary elements in a way that further increases the sparsity of the damping 
matrix and allows us to maintain the use of a low-storage explicit Runge-Kutta time-
stepping algorithm. 

 

FIG. 1. Wave propagating through constant-velocity elastic-anelastic interface at z = 250m and the 
corresponding zero-offset trace showing the reflection from the contrast in Qp and Qs. 
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Pseudospectral-element modelling of elastic waves in Matlab®
 

Matt McDonald, Michael Lamoureux and Gary Margrave 

ABSTRACT 

Numerical modelling of elastic waves is an integral part of many procedures in 
seismic imaging. As such it is important to have a fast and efficient algorithm that can 
properly model the underlying physics of elastic waves propagating in the subsurface of 
the earth. Because the inherent layering of the subsurface, an appropriate numerical 
method must take into account the level of continuity present in the underlying 
assumptions of the physical model. Failure to do so can result in reflected waves with 
incorrect phase and amplitudes. A convenient place to explore the properties of numerical 
methods is in the Matlab®

 computing environment. In this paper we build a 
Pseudospectral-element method for the elastic wave equation in two spatial dimensions 
with second-order absorbing boundary conditions using the sparse data structure in 
Matlab®

 with explicit time-stepping.  
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Unphysical negative values of the anelastic SH plane wave 
energy-based transmission coefficient 

Shahin Moradi and Edward S. Krebes 

ABSTRACT 

Computing reflection and transmission coefficients in viscoelastic media is 
complicated since proper signs have to be chosen for the vertical slowness of the 
scattered waves. Research has shown that the commonly used methods for deciding the 
sign of the vertical slowness in the elastic media do not produce satisfactory results in 
viscoelastic case. New methods have been suggested by researchers to solve the problem, 
but none of them are quite perfect since some undesirable results still exist in these 
methods. ERC or the Extended Radiation Condition suggested by Krebes and Daley 
(2007) is one of the methods that give reasonable results. It has been found that when 
ERC is used, in some cases, the energy-based transmission coefficient becomes negative 
in a specific range of supercritical angles. In this work the conditions under which T 
becomes negative is determined and examined with numerical examples. It will be shown 
that only for the case in which  >  and  >   , under specific conditions T is 
negative for specific range of supercritical incidence angles. 

 

FIG.1. SH viscoelastic energy based coefficients ,  and  for the model in Table 1. Near the 
critical angle  takes on some unphysical negative values (from Krebes and Moradi, 2011 
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Differencing of time-lapse survey data using a projection onto 
convex sets algorithm 

Mostafa Naghizadeh and Kris Innanen 

ABSTRACT 

Irregular spatial sampling in time-lapse surveys can hamper the efforts to obtain 
optimal difference sections due to very sparse common spatial samples in the baseline 
and monitor surveys. We exploit the similarities between baseline and monitor surveys 
via a Fourier-based reconstruction methods called projection onto convex sets (POCS) to 
obtain a reliable difference section. Simultaneous handling of baseline and monitor 
surveys provides a robust indicator of dominant harmonics in the difference section for a 
given frequency component. Synthetic and modelled data examples demonstrate  the 
viability of the approach when baseline and monitoring data sets have so few as 30% 
common trace locations. 

 
 
FIG. 1. a) Baseline survey shot gather with 50% randomly missing traces. b) Monitor survey shot 
gather with 50% randomly missing traces. c) Reconstructed difference section using projection 
onto convex sets. 
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Two-dimensional fast generalized Fourier interpolation of 
seismic records 

Mostafa Naghizadeh and Kris Innanen 

ABSTRACT 

The fast generalized Fourier transform (FGFT) algorithm is extended to two-
dimensional (2D) data cases. The 2D FGFT algorithm provides a fast and non-redundant 
alternative for the simultaneous time-frequency and space-wavenumber analysis of the 
data with time-space dependencies. The transform decomposes the data based on the 
local slope information, and therefore making it possible to extract weight function based 
on dominant dips from the alias-free low frequencies. By projecting the extracted weight 
function to the alias-contaminated high frequencies and utilizing a least-squares fitting 
algorithm, a beyond-alias interpolation method is accomplished. Synthetic and real data 
examples are provided to examine the performance of the proposed interpolation method. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 1. a) The structure of f-k domain tiles used for 2D FGFT transform. b) The structure of f-k 
domain tiles used in curvelet transform.  
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Analysis of time-lapse multicomponent seismic data from a 
potash mining area in Saskatchewan 

Andrew Nicol and Don C. Lawton 

ABSTRACT 

Seismic anisotropy is a subsurface property that can have a severe impact on the 
quality of subsurface seismic imaging. In this study, a multicomponent, time-lapse 
seismic survey is interpreted to determine if seismic anisotropy exists in a potash mining 
area in Saskatchewan. The focus of this study is the Devonian Dawson Bay Formation 
which is made up of fractured carbonates and thus may allow fluid to propagate 
downward from an aquifer into the underlying Prairie Evaporite Formation. The seismic 
volumes were split into 4 azimuthally sectored sub-volumes that are made up of a stack 
of source-receiver ray paths covering a 45 degree sweep. Through interpretation and 
travel-time analysis of these data, it has been found that carbonates of the Dawson Bay 
exhibit azimuthal velocity anisotropy, possibly due to fractures, although it is not possible 
to determine the cause of the anisotropy with this analysis. 

 

 

FIG. 1. The 2004 two-way travel time difference grid for the Winnipegosis Formation shown in 3D. 
The blue represents a negative travel time difference and the red represents a positive travel time 
difference between the horizon picked from the 45&225 degree sectored volume and the horizon 
picked from the135&315 degree seismic volume. 
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Crustal anisotropy beneath Hudson Bay from ambient-noise 
interferometry 

Agnieszka Pawlak and David W. Eaton 

ABSTRACT 

Hudson Bay overlays complicated tectonic structures for which new insights have 
only recently been emerging. Using azimuthal anisotropy (or HTI) results in conjunction 
with isotropic group velocity maps, we focus our study on the formation and regional 
crustal structure beneath Hudson Bay. Twenty-one months of continuous ambient-noise 
recordings have been acquired from 37 broadband seismograph stations that encircle 
Hudson Bay. These stations are part of the Hudson Bay Lithospheric Experiment 
(HuBLE), an international project that is currently operating more than 40 broadband 
seismograph stations around the periphery of Hudson Bay. The inter-station group-
velocity dispersion curves found from ambient-noise interferometry, are input into 
tomographic inversion for azimuthally anisotropic group-velocity maps, which reveal 
structural fabric in the crust. 

This work marks the first study where solely ambient seismic noise data have been 
considered in azimuthal anisotropy work. As such, extensive parameter and resolution 
testing is done to assess model feasibility. Results (FIG. 1) show mid-crustal anisotropy 
(20 s period) patterns correlating well with regional geology, with a profound change 
along the suture between the Churchill and Superior plates that collided ca. 1.8 Ga during 
the final stages of assembly of Laurentia:  the Trans Hudson Orogen. The lower 
crust/upper mantle results (30 s period), however, show a significant transition in 
anisotropic fast direction and a more complicated anisotropic fabric, also with a profound 
change along the suture zone. The data are also compared with regional crustal magnetics 
and show a significant similarity at periods sampling the mid-crust, but not the lower 
crust.  

 

FIG. 1. Inversion results for periods 20 s and 30 s. Through most of the crust there is a low 
relative velocity region within the center of Hudson Bay, as compared with the higher velocities 
that form a horseshoe shaped region that coincides with the Archean Superior craton. Anisotropic 
fast directions are predominantly SW-NE in the mid-crust (20 s) and there is a significant 
transition in the lower crust (30 s).   
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Investigating power variation in first breaks, reflections, and 
ground roll from different charge sizes 

Christopher C. Petten and Gary F. Margrave 

ABSTRACT 

We investigate variation in power from different charge sizes in first breaks, 
reflections, and ground roll components of a shot record. To observe power distributions, 
shot data from four different charge sizes obtained in the Hussar low frequency 
experiment, conducted by CREWES, were analyzed using MATLAB. The first breaks, 
reflections, and ground roll were isolated using time windows defined by straight lines in 
x-t space. Upon defining the windows, the power in each window of the shot record was 
calculated by summing the squares of the samples in each window. Power was observed 
to increase quasi-linearly with charge size with the majority of power being present in the 
ground roll. Future work will include calculating the power in the F-K domain and 
conducting more charge-size tests in the field. 

 

FIG. 1. (Left) Time windows used to compute the power in each component of the seismogram.  
(Right) Relationship between power and charge sized obtained from this investigation.  
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A Gassmann consistent rock physics template 

Brian Russell*1 and Larry Lines 

ABSTRACT 

In this report, we discuss a new approach to the derivation of the rock physics 
template, or RPT.   We first discuss pore space stiffness and use the Betti-Rayleigh 
reciprocity theorem to derive Gassmann’s equation from the dry and saturated pore space 
stiffnesses.  We then review the work of Russell and Smith (2007), which showed 
empirically that the dry rock pore space stiffness stays constant over a range of porosities 
for a constant pore pressure.  This allows us to use both the pore space stiffness method 
and the Gassmann equations for estimating bulk and shear moduli as a function of both 
saturation and porosity.  Using empirical measurements in sandstones, we compare this 
fit to the alternate approach proposed by Ødegaard and Avseth (2003), which is based on 
Hertz-Mindlin contact theory.   We show that our new method is both more intuitive and 
also produces a modulus ratio as a function of porosity which is closer to that derived in 
experimental studies.  Figure 1 on the left below shows a comparison of the results from 
the two methods, where we have cross-plotted VP/VS ratio versus acoustic impedance.  
The curves have been calibrated at a porosity of 20%.   Figure 2 on the right below shows 
a comparison of the results from the two methods plotted for the dry rock modulus ratio 
as a function of porosity, where the dashed line shows a constant ratio.  Note that the pore 
space compressibility method gives a much better fit to the experimentally determined 
constant ratio, except at zero porosity, where both methods (pore space compressibility 
and Hertz-Mindlin) converge to the correct mineral modulus ratio. 

   
     
 
 
 

 
  

                                                 
1Hampson-Russell, A CGGVeritas Company, Calgary, Alberta, brian.russell@cggveritas.com  

FIG. 1. Comparison of the pore space 
stiffness and the Ødegaard and 
Avseth, or Hertz-Mindlin, rock physics 
template approaches, where the red 
curves are for pore space stiffness and 
blue for Ødegaard and Avseth.  The 
black curve and points are at the 
calibration value for a porosity of 20%, 
at which point the curves are identical.

FIG. 2. Comparison of the pore 
space stiffness and the Ødegaard 
and Avseth, or Hertz-Mindlin, rock 
physics template approaches, 
where the dry rock K/μ ratio has 
been plotted against porosity. 
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Practical techniques for time-lapse AVO inversion 

A. Nassir Saeed, Laurence R. Lines and Gary F. Margrave 

ABSTRACT 

Successful prediction and mapping of fluid saturation and pressure changes in 
hydrocarbon reservoir depends mainly on accurate relative amplitude processing of 
seismic data vintages that meet AVO complaints as well as a practical time-lapse AVO 
inverse scheme.  

In this report, several time-lapse AVO inverse schemes are proposed in order to 
improve estimation of elastic physical model parameters, provide better inverse section in 
presence of noise and prove their robustness in terms of time calculation and estimation 
of the change in model parameter estimation. 

Inversion of seismic reflectivity difference only of time-lapse seismic data surveys is a 
quick method in time-lapse AVO inversion. Sequential cross-reflectivity constraint 
inversion is a robust time-lapse AVO inversion schemes that can be implemented to 
constraint noise effect on the data and to ensure smooth change in estimating reservoir 
attributes from time-lapse inversion.   

Total inversion of the differences schemes are other time-lapse AVO inverse 
techniques that can be carried out into two different inverse objectives.  These are: 
Inverting of time-lapse AVO seismic data for estimating of elastic physical model 
parameters of monitoring line and time-lapse reflectivity model parameters changes of 
base and monitoring lines. While a second total inversions of differences can be 
implemented to estimate elastic physical model parameters of base line along with time-
lapse reflectivity model parameters changes of base and monitoring lines. 

The proposed time-lapse inverse schemes in this report are tested on synthetic seismic 
data. These proposed inverse techniques are to be tested using real time-lapse seismic 
data from Pikes-Peak heavy oil fields that are being processed for AVO complaints and 
optimal repeatability. 
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How much is in the tank? Estimating the likelihood of reservoir 
oil volume from 3C-3D seismic data, well logs, and geostatistics 

Robert R. Stewart1 and Henrique Fraquelli2 

ABSTRACT 

The volume of hydrocarbon reserves is a primary component of an energy company’s value. Estimating 
that volume is a complicated, but essential and regulated, part of the resource industry’s business. 
Geophysical methods continue to advance and are playing a more fundamental role in reservoir assessment 
(Hardage, 2009). This paper presents a framework to estimate the likelihood of a reservoir pore (oil) 
volume using multicomponent (3C-3D) seismic data, well logs, and geostatistics. The multicomponent (3C-
3D) seismic data and well log measurements are first interpreted and combined to estimate rock properties 
using three methodologies: inversion, geostatistics, and multi-attribute analysis (Stewart and Todorov, 
2000). The 3C-3D seismic data set and well logs are from the Blackfoot oilfield, Alberta. Conventional 
model-based inversion is applied to the P-P data to estimate the acoustic impedance. A 3-D converted-wave 
(P-to-S on reflection) inversion for shear velocity computes a PS weighted-stack followed by a 
conventional inversion algorithm. Geostatistical methods of kriging, cokriging, and stochastic simulation 
are used to derive a sand-shale distribution as well as a time-to-depth conversion from the various seismic 
and well log data. Linear multi-regression and neural networks next derive a relationship between porosity 
logs and a set of seismic attributes. We find that PS attributes are some of the most important. The sand 
thickness (gross) around the reservoir, sand percentage (for net thickness), and porosity are then used to 
generate a pore volume. We estimate an average oil saturation from the well logs, then compute an oil 
column height (OCH = gross isopach · sand percentage · porosity · oil saturation). Multiplying the OCH by 
the reservoir area provides a total pore volume. This is the beginning of the volumetric calculation for the 
reservoir. We need to now try to assess the quality of this volumetric assessment (Uffen, 2011). Our 
approach is to gather all of the errors (or range of validities) of each part of the total pore volume equation. 
Blind tests (validations) are used with geostatistics to estimate errors in the predicted thickness and 
percentage of sand. The error in the neural net values for porosity are also estimated by comparing 
predicted logs with actual ones. We sum all of these fractional errors to produce a range of validities for the 
total pore volume. This error or validity range in the pore volume can be attached to a cumulative 
probability. Various points in the cumulative probability are interpreted as likelihoods of the volumes 
indicated. We also use these validity ranges in a Monte Carlo approach to predict oil volume likelihoods 
(Figure 1). The results obtained using these two approaches suggest hydrocarbon volumes for the Blackfoot 
pool: with a ten-percent probability (P10) of 12 MMbbl (there is 10% of chance that this reservoir has more 
than 12MMbbl), P50 of 8MMbbl, and a P90 of 5MMbbl. A recent accounting (Ken Mitchell, pers. Comm., 
2011), using the actual amount of oil produced from the Blackfoot pool, suggests an original oil in place of 
5.5MMbbl. 

 
FIG. 1. The probability curves for oil volumes at the Blackfoot oilfield, Alberta. 

                                                 
1 Allied Geophysical Lab, University of Houston and University of Calgary 
2 Petrobras, Brazil 
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Outstanding in the field: Hands-on geophysical education 

Robert R. Stewart1 

ABSTRACT 

The “Ah-ha” moment of understanding is a great joy for all, but especially for students. Getting to that 
point in geophysics is a primary goal of our educational programs. More and more evidence suggests that 
“hands-on” experience or learning by doing are essential ways of developing skills, knowledge, and even 
creativity (Selingo, 2011). For example, imagine trying to learn to play basketball solely from a textbook 
while sitting in a desk! Clearly, sports require performance and hands-on practice. Similarly, Chen (2010) 
suggests that, “Powerful science and mathematics education moves students out of the classroom and into 
collecting data in fields and streams .…” Edmundson (2011) offers that “we naturally learn by progressing 
from the concrete to the abstract, not the other way around.” He argues for practical tasks to be in proper 
phase with theory and that field trips and realistic simulations are critical components of learning. At our 
2011 Montana Geophysics Camp, after learning the operation of various instruments and acquiring 
associated data, we have heard student comments as, “Now, I understand that lecture last year”. While this 
is a little bittersweet to us, it’s a reminder of the many-faceted and complementary ways that people learn. 
Education is certainly changing with greater “blending” of on-line materials and face-to-face delivery. The 
Internet provides access to vast stores of information; but, there are many reasons why the lecture hall 
continues to be the mainstay of higher education: not the least that people like to spend time together 
(Yglesias, 2011). But beyond the lecture, lab, and internet lies that other critical component of geophysical 
learning - field instruction and practice. The Summer 2011 Geophysics Field Camp led by the University of 
Houston (UH) included 24 undergraduate and graduate students from UH as well as California State 
University. Instructors were from the Universities of Calgary, Houston, and Texas as well as the energy 
industry. The School was convened from July 31st to August 11, 2011 and its survey sites were centered 
near Red Lodge, Montana at the Yellowstone Big Horn Research Association (YBRA) facility. The YBRA 
camp is nestled in the picturesque Beartooth Mountains in an area well endowed with mineral and 
petroleum resources. The geophysical program was intense with a nine full days of instruction using 
various instruments, methods, instructors, and sites. Students are encouraged to think about geologic 
problems and puzzles and how to use geophysical methods to solve them. The participants also see geology 
at a grand scale. Through their own efforts, they learn to appreciate the work (sweat) that goes into 
acquiring good data (Figure 1). Other less tangible learnings come from working in teams of diverse 
members, living in a rustic environment, and interacting with a more natural setting. 

 
FIG. 1. Students undertake seismic reflection and gravity surveys at the Elk Basin oilfield, 
Montana.  

                                                 
1 University of Houston and University of Calgary 
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Physical modeling of anisotropic domains: Ultrasonic imaging 
of laser-etched fractures in glass 

Robert R. Stewart*1, Nikolay Dyaur1, Bode Omoboya1, J. J. S. de Figueiredo2, 

Mark Willis3 and Samik Sil4 

ABSTRACT 

Physical modeling, using ultrasonic sources and receivers over scaled exploration 
structures, plays a useful role in wave propagation and elastic property investigations. 
This paper explores the anisotropic response of novel fractured glass blocks created with 
a laser-etching technique (Figure 1). We compare transmitted and reflected signals for P- 
and S- waves from fractured and unfractured zones in a suite of ultrasonic experiments. 
The unaltered glass velocities are 5801 m/s and 3448 m/s for P and S waves, respectively, 
with fractured zones showing a small decrease (about 1%). We estimate high Qp values 
of about 1000 for the glass. Signals propagating through the fractured zone have 
decreased amplitudes and increased coda signatures. Reflection surveys (zero-offset and 
variable polarization and offset gathers) record significant scatter or diffractions from the 
fractured zones. There are hints of frequency dependence on fracture density. The coda 
signature may also be an indicator of the fracture orientation and density. The glass 
specimens with laser-etched fractures display a rich anisotropic response. 

 

 
 
FIG. 1. Photograph of a laser-etched glass block created to simulate the fractured Bakken shale. 

 
  

                                                 
1 University of Houston 
2Unicamp-Brazil and University of Houston  
3 Formerly ConocoPhillips, Houston now Halliburton 
4 ConocoPhillips, Houston 
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Seismic modelling and monitoring of carbon storage in a 
sandstone aquifer 

Virginia C. Vera and Don C. Lawton 

ABSTRACT 

Carbon Management Canada in association with CREWES have invested in research 
projects that  investigates the feasibility of injecting and monitoring  reduced amounts of 
CO2 in sandstone aquifers in Alberta.  In this case the target is a “shallow” layer of 
Paskapoo Formation sandstone located southwest of Calgary. In order to evaluate the 
monitoring viability, Gassmann fluid substitution and 3D seismic modeling were 
undertaken. Synthetic seismograms were generated to assess changes given the injection 
of CO2 in Lower Paskapoo sandstone. The resulting model attempts to represent the study 
site and its geology, therefore the seismic data acquired during 2010 field school was 
used as a guide. Figure 1 shows the resulting model and seismic survey. Using Norsar3D 
software, a pre-injection model and a post-injection scenario, which include the CO2 

plume, were obtained. The plume was estimated for a 3000 tons of CO2, which is the 
expected injection amount after 3 years, and 50% saturation. The plume size and shape 
was calculated taking into account the volumetric principles and the simulation of a radial 
dispersion. From the resulting seismic volumes it is possible to interpret a difference in 
seismic amplitude and also a time delay of the reflectors in the injection zone and beneath 
it. The changes caused by the presence of CO2 are easily recognizable applying a 
subtraction of the post-injection model to the initial model. Figure 2 is the 3D volume 
after the subtraction of the models, showing the anomaly after injection of CO2. 

 
 
FIG. 1. 3D geological model with the survey location.                     
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Non-conventional seismic differencing in time-lapse II 

Vanja Vracar and Robert J. Ferguson 

ABSTRACT 

Conventional seismic differencing relies on a number of assumptions which may not 
always represent reality. Error associated with the use of conventional imaging 
algorithms and error due to source/receiver coupling variations are assumed to be small 
relative to the seismic response of fluid transport in a reservoir; source/receiver 
positioning must also be repeated between surveys in time-lapse. The result is that 
conventional differencing involves simple match filtering followed by subtraction where 
the interpretable product is an image of the change in fluid location superimposed upon 
some background noise level. In reality, however, errors are often very large. We observe 
that though errors might be large, and with the exception of source/receiver location 
repeatability, coupling variation and system errors result in differences in seismic 
amplitude and not necessarily seismic phase. With this observation we develop four non-
conventional seismic differencing algorithms: 1) Cross-correlation differencing (CCD), 
2) Pseudo cross-correlation differencing (PCCD), 3) Conventional imaging condition 
differencing (CICD) and 4) Imaging condition differencing (ICD). The CCD and PCCD 
algorithm uses cross-correlation and Gaussian function to create filtering operator later 
multiplied by conventional difference and migrated in time and frequency domain, 
respectively. The CCD proves to be computationally costly, whereas PCCD improves 
computational cost and resolution. As both algorithms are dependent on the user to move 
from filtering operator creation to non-conventional differencing to migration, we 
develop CICD algorithm as a pilot algorithm to ICD. CICD is based on the pore-stack 
depth migration and conventional differencing. It performs wavefield extrapolation and 
conventional differencing at the imaging condition. As CICD proves to be robust, we 
develop ICD that is also based on pre-stack depth migration but performs 
nonconventional differencing (PCCD) at imaging condition. ICD algorithm fully 
eliminates dependence on the user, improves resolution and computational cost 

 
FIG. 1. Non-conventional differencing: a) CD, b) CCD, c) PCCD, d) CICD and e) ICD. The cross 
arrows in yellow indicate the location of a box that is a difference between two time-lapse steps. 
Note its resolution to improve on CCD, PCCD and ICD models. Note not much difference 
between CD and CICD models. 

These four algorithms are tested on two data sets and prove to be a valuable alternative 
tool in seismic differencing and time-lapse studies shown in Figure 1.  
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Aliasing considerations for converted wave RTM 

Ben D. Wards, Gary F. Margrave and Michael P. Lamoureux 

ABSTRACT 

Reverse-time migration (RTM) is a powerful migration method provided that an 
accurate velocity model can be constructed.  Converted wave data, pressure wave energy 
that has converted into shear wave energy upon reflection, can be used to aid 
interpretation of pressure wave data.  Aliasing considerations are import for a high 
fidelity migration both in wavefield propagation and in operator aliasing.  In the cross-
correlation imaging condition the backpropagated receiver field , is cross-correlated 
at zero lag with the forward propagated shotfield , .  The standard imaging condition 
is  = , , ,    (1) 

for a shot record of length .  In practice both receiver and shot fields are sampled with a 
spatial sampling of ∆ .  The Nyquist frequency for any component of the wavenumber is = /2∆ . Once the wavefields are correlated the largest wavenumber will double the 
maximum in either shot or the receiver field.  The imaging condition in the wavenumber 
domain is = , ∗ , ,   (2) 

where * denotes convolution in the wavenumbers.  If the data has a maximum 
frequency  and a minimum velocity of the model is   then the maximum 
wavenumber is = 2  / .   Since ,  and ,  are convolved in the 
wavenumber domain the maximum frequency in  will doubled that in  or .  Hence 
prior to the application of imaging condition  ,  and ,  must be sampled at half 
the Nyquist frequency sampling rate. Figure (1) shows that if two monochromic plane 
waves are correlated the maximum frequency increases. 

 

FIG. 1. Top: Monochromic P-wave in the wavenumber domain. Middle: Monochromic S-wave. 
Bottom: Magnitude of the convolution of P and S planewaves in the wavenumber domain. 
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Analytic and numerical considerations for velocity grid 
smoothing in ray based modelling and migration 

Marcus R. Wilson, Hassan Khaniani and John C. Bancroft 

ABSTRACT 

Ray tracing is a fast and effective general purpose method for propagating seismic 
waves through a geological model. According to Snell’s law, rays bend relative to the 
gradient vector that is produced by the local velocity contrast. Velocity model smoothing 
allows for a more accurate computation of the gradient directions close to discontinuities 
in the velocity model. However, smoothing also changes the velocity gradient at points 
farther away from these boundaries. Care must be taken when smoothing a velocity 
model to ensure the rays refract in the right direction without changing the position of the 
reflector interface. We describe possible strategies to compute accurate gradient 
directions so as to minimize the need for velocity model smoothing. A simple, special 
purpose method for computing more accurate gradient vectors at a dipping interface 
while removing the artifacts produced by smoothing is presented. 

 

FIG. 1. A simple velocity model with a dipping interface, sampled onto a 12.5m grid. Several rays 
are shot from a single scatter point, using different smoothing lengths. The black rays are 
generated on a 50m smoothed model, the yellow rays on a 300m smoothed model, and the blue 
rays on our modified proximal 300m smoothed model. The blue rays refract more consistently  
han the black rays, and are less affected by the artifacts of smoothing than the yellow rays. 
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Physical modeling I : reflections off a low-Q material 

Joe Wong and Laurence R. Lines 

ABSTRACT 

Theoretical considerations predict that reflections with significant amplitude should 
occur on boundaries between media with different attenuation characteristics even if the 
velocity-density contrasts are small. We have acquired near-zero offset ultrasonic 
seismograms over aluminum and Crisco blocks immersed in water that give experimental 
verification of this prediction.  Aluminum is a high-Q material whose acoustic impedance 
is large compared to that of water.  Unaltered Crisco (lard) is a low-Q material whose 
impedance is very similar to that of water.  In our data, reflections off the aluminum and 
unaltered Crisco (straight out of its store-shelf packaging) have large and almost equal 
amplitudes, even though one would expect the water-unaltered Crisco reflection to be 
weak because of the small impedance contrast.  This observation is consistent with 
previous physical modeling results from Carl Sondergeld (personal communication).   

After melting and re-solidification, Crisco changed from a low-Q material to a higher-
Q material, but its density and P-wave velocity remained practically the same.  
Reflections from the altered Crisco in water were weaker than those for the unaltered 
Crisco, but were still much stronger than predicted by the almost negligible impedance 
contrast with water.  Numerical seismograms produced from a reflectivity code that is 
able to simulate the effects of Q in stratified layers also show strong reflections caused 
only by large contrasts in Q on the reflecting interface.  

 

FIG. 1. Comparison of reflected wavelets off aluminum and Crisco blocks immersed in water.  
Sondergeld’s results are shown in black.  CREWES results are shown in red.   
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Physical modeling II : directivity patterns of disc transducers 

Joe Wong and Faranak Mahmoudian 

ABSTRACT 

In seismic physical modeling, piezoelectric transducers are commonly used as 
generators and detectors of acoustic waves.  Physically, these transducers are thin discs 
with diameters on the order of 1 to 13 mm.  In a typical scale-model experiment where 
the acoustic medium is water, dominant frequencies are on the order of 500 kHz, and 
wavelengths are on the order of 3 mm.  Even the smallest transducers have diameters 
which are significant fractions of a wavelength.  Because of this, the radiation and 
reception patterns of disc transducers have pronounced directivities due to wave 
interference effects.  Amplitude information acquired by physical modeling must be 
corrected to account for both radiation and reception directivities before doing any 
AVO/AVAZ analysis.  This report presents a numerical procedure for determining the 
directivities of disc-shaped transducers in an acoustic medium such as water.  As well, a 
compact analytical formula for the directivities is derived.  Figure 1a shows that the two 
methods gave almost identical directivities in the x-z plane.   

Using the University of Calgary Seismic Physical Modeling facility, ultrasonic CMP 
gathers were recorded over an acrylic slab immersed in water.  Figure 1b shows that the 
physically-modeled reflected amplitudes, after corrections for directivity, were in good 
agreement with predictions from both the plane-wave and spherical-wave Zoeppritz 
equations for incident angles less than critical.  The agreement with the spherical wave 
prediction was good even beyond the critical angle.  

 

FIG. 1. (a) Comparison of numerically and analytically calculated directivities.  (b) Comparison of 
physically-modeled AVO effect (red points) with spherical-wave and plane-wave Zoeppritz 
predictions.  The short vertical line on the angle axis indicates the critical angle at 32.7 degrees. 
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Physical Modeling III : Acquiring modeled data for VVAZ/AVAZ 
analysis 

Joe Wong*, Faranak Mahmoudian, Eric Gallant and Gary Margrave 

ABSTRACT 

CREWES has initiated a physical-modeling project focused on acquiring seismic data 
suitable for VVAZ and AVAZ analysis. Using sections of orthorhombic phenolic 
material and isotropic acrylic plastic, we have fabricated three slabs with orthorhombic 
anisotropy of different geometries.  Immersing one of these orthorhombic slabs in water 
produces a two-layer velocity model.  Placing an isotropic acrylic plastic slab above the 
first slab produces a three-layer velocity model.  We used the U of C Seismic Physical 
Modeling facility to record CMP gathers files along many azimuth angles ϕ over these 
models.  Picked arrival times and estimated amplitudes from reflections off the 
orthorhombic layer for these azimuths exhibit VVAZ and AVAZ behavior.  Upon 
request, these model data will be available to our sponsors for further analysis. 

 

FIG. 1. (a) “Homogeneous” orthorhombic solid with fast velocity along seams. (b) Orthorhombic 
solid, with two zones whose fast velocities (along seams) are normal to each other. (c) 
Inhomogeneous solid with pucks of orthorhombic phenolic imbedded in an isotropic acrylic slab. 

 

FIG. 2. Reflection AVO/AVAZ behavior observed for three azimuths angles.  The reflection is 
from the water-solid interface for the homogeneous orthorhombic solid of Figure 1a.   
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Multiparameter inverse scattering: computational approaches  

Glen R. Young, Kris Innanen and Laurence R. Lines  

ABSTRACT  

The use of inverse scattering methods in the inversion of seismic data has been on the 
rise in exploration geophysics. With specific computational approaches it is possible to 
ascertain the material properties of the subsurface using scattered acoustic waves. We 
seek to determine multiple rock parameters such as density and bulk modulus from 
reflected seismic signals. At this early stage of investigation a basic approach is used 
based on straightforward inverse scattering equations. In this case we will examine how 
multiparameter inverse scattering in a constant 2D background works and what are the 
results of inverting synthetically generated data. A simulation was developed for this 
project in two parts. The forward modeling stage and the inversion. The forward 
modeling code is based upon CREWES MATLAB finite difference routines, this stage 
takes simple user generated velocity models and shot patterns and creates a set of 
synthetic shot profiles which are convolved with a Ricker source wavelet. The second 
stage takes these shot profiles and attempts a deconvolution and inversion to generate an 
inversion image. The inversion image is then examined for accuracy and various models 
are used to determine of physically realistic effects are present as would be seen in real 
seismic data.  

 

FIG. 1. Shallow dip velocity model, inversion result.   
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Migration velocity analysis of incomplete/irregular data using 
least squares Kirchhoff migration 

Abdolnaser Yousefzadeh*, John C. Bancroft and Gary F. Margrave 

ABSTRACT 

Kirchhoff least squares prestack migration (LSPSM) with the correct velocity 
information gives a higher resolution image than the standard Kirchhoff migration and 
produces less acquisition footprints.  

This paper focuses on migration velocity analysis by measuring coherency on 
common image gathers and extends the method to LSPSM.  

We show that when the data are sampled incompletely or irregularly, velocity analysis 
with semblance method on the migration offset domain CIGs, which is a robust tool for 
migration velocity analysis, can be extended to the LSPSM offset domain CIGs. The 
same result is achieved by using an unnormalized crosscorrelation (XC) on the shot 
domain CIGs. We show that the velocity extracted by this method is accurate enough to 
give a high resolution image in LSPSM and works well for the data reconstruction.  

 

a) b) 
FIG. 1. XC spectrum for the shot domain CIG at = 900  with %10 of data. a) migration, b) 
LSPSM. 
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Writing Kirchhoff migration/modelling in a matrix form 

Abdolnaser Yousefzadeh and John C. Bancroft 

ABSTRACT 

Kirchhoff prestack migration and modelling are linear operators. Therefore, it is 
possible to apply them to the earth model and seismic data as a matrix-vector 
multiplication instead of using an operator. 

A visual technique for creating Kirchhoff modelling, , migration, , and inversion, 
,matrices is shown without requirement of going to the deep mathematics of 

Kirchhoff migration or Green functions. Construction of the modelling/migration 
matrices goes to the most internal loop of the Kirchhoff modelling/migration algorithms. 
Once they are calculated, they can be easily repeated just by multiplication of the matrix 
to the model or data vector.  

a) b) 

 

c) 

FIG. 1. a) Non-zero elements of the matrix ,a 4 dimensional diffraction matrix, b) Close up of the 
first 250 rows and columns, c) Close up of the first 1000 rows and columns of matrix .  
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P-wave and S-wave near-surface characterization in Northeast 
British Columbia (NEBC) 

Liliana Zuleta* and Donald C. Lawton 

ABSTRACT 

A seismic survey in NEBC was acquired, using shear (SH) and compressional (P) 
sources and 3-component geophones. First break arrivals were picked in both data sets 
and the plus-minus time analysis method was used to calculate the depth and velocity of 
the layers that were detected with the offset of 1500 m used during the acquisition.  The 
intent of this experiment was to gather all the required information in order to elucidate 
the near-surface P and S-wave velocity-depth structure. This model will help in the 
processing of a 3D/3C seismic survey that will be acquired in this area, and to provide 
constraints on registration of PP and PS volumes. 

From the P-V data, one refractor was detected and the presence of a channel was 
confirmed to the east end of the line. The depth of this refractor ranges from 140 m to 
~230 m at the channel. The average velocity for the first layer is 1950 m/s and for the 
second layer is 2800 m/s.  From the S-wave data a different model was determined, with 
two refractors detected to the west and only one refractor to the east.  The depth of the 
first refractor is ~70 m and the second ~140 m; to the east the refractor detected is at 
~180 m.  The velocity for the first layer is 350 m/s to 420 m/s, and 500 m/s to 680 m/s for 
the second layer to the west and 1400 m/s for the third refractor to the west. At the east 
end the velocity of the second refractor is 1100 m/s.  Finally the static correction times 
were computed.  For SH data the static times are from -160 ms to  -330 ms and for the P 
data, values ranging from -10 ms to -28 ms are obtained. A comparison with the 
generalized linear inversion (GLI) method was also made.  Results of processing these 
datasets are shown in Figure 1. 

 

FIG. 1. a) migrated P-wave section b) migrated SH-wave section and c) migrated PS section. 

a) b) c)


