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Abstract

A multicomponent walkaway VSP experiment was successfully processed and used to
predict rock properties in a heavy oil reservoir. Post-stack image and pre-stack gathers were
made for inversion and AVO analysis. A common shot reflectivity gather was also created for
AVO study at the VSP well location. P and S-wave impedance, reflectivity, Vp/Vs and density
were studied. AVO attributes and their crossplots were analyzed. Furthermore, AVO Lambda-
mu-rho analysis and AVO modeling were conducted. The analyses helped to identify different
lithologies and changes of fluids in the target reservoir. The study showed no obvious gas effects
in the target interval, a finding validated by production data. The converted-wave data had good
resolution. PP-PS joint inversion added more details to P-wave inversion only. This case study
demonstrated that multicomponent VSP is an effective tool to predict rock properties,

characterize the reservoir, and monitor production.
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CHAPTER 1 INTRODUCTION
1.1 Introduction

In oil sands production, SAGD operations can be enhanced significantly by the accuracy of
predictions of rock properties from a subsurface geological model. The need for a better
understanding of the reservoir motivates geophysicists to improve the resolution of seismic and
conduct more accurate time-depth conversion. A Vertical Seismic Profile (VSP) provides
advantages in both. First, a VSP survey records reflections in both time and depth. Therefore, it
is widely used to tie surface seismic data to subsurface geological features. In addition to that,
due to its geometry, VSP data usually has better resolution and higher signal-to-noise ratio than
surface seismic data. A VSP survey yields a more detailed image around the borehole than
surface seismic data and provides accurate time-depth conversion; it has great potential for
reservoir characterization and production monitoring.

In this study, a multicomponent walkaway VSP dataset was processed to image an oil sands
reservoir and study the Amplitude Versus Offset (AVO) response and rock properties. This case
study demonstrated that the multicomponent VSP is an effective tool to predict rock properties
and fluid changes hence, consequently it can be applied to reservoir characterization and
monitoring of SAGD operations.

1.2 Thesis objectives

The principle goal of this thesis is imaging and studying the rock properties of the target
heavy oil reservoir from a VSP experiment. To achieve the main goal, specific objectives are
defined for this case study:

e Processing the multicomponent walkaway VSP data. Developing proper workflows and

optimizing parameters in processing to preserve amplitudes of data for inversion and
AVO analysis. Estimating shear-wave velocity, testing VSP pre-stack depth migration
(PSDM).

e Creating synthetic seismograms and correlating to VSP data, and conducting PP-PS

registration.

e Inverting rock properties of the target interval through post-stack, and pre-stack inversion,

AVO attributes analysis and AVO modeling on P-wave reflections. Through crossplots of

inverted rock properties, predicting lithology and fluid changes in the reservoir.



e Conducting PP-PS joint inversion, using converted-wave data to improve the accuracy of

the predictions.

Through this work, | take advantage of the VSP survey to better characterize a heavy oil
reservoir. The outcome of this study is a workflow that can be applied to other areas and,
promote further technical development and application of VSP data in heavy oil reservoir
characterization.

1.3 Theory and methodology

In this study, VSP and converted-wave seismology, inversion and AVO techniques were
employed. Fundamentals of these techniques are briefly introduced in this section.
1.3.1 VSP seismology

A vertical seismic profile (VSP) is a measurement in which seismic signal is generated at the
surface of the earth but recorded by receivers secured in a borehole (Hardage, 1983). There are
various types of VSPs as shown in Figure 1-1. The shot is close to the borehole in both a zero-
offset VSP and a check-shot survey (Figure 1-l1a). A zero-offset VSP records the entire
wavefield while in a check-shot survey, receivers are spread sparsely down the borehole and the
survey is designed to use first breaks only, mostly for calibrating some logs. Figure 1-1b shows
an offset VSP survey in which the shot is at a significant distance from the borehole. A
walkaway VSP (also known as a multi-offset VSP) consists of different offset VSPs (Figure
1-1c). Similarly, a multi-azimuth VSP contains many shots at different azimuths from the
borehole. In addition to the types of VSPs discussed above, the receivers can be deployed in the
horizontal portion of a well and the source arrays are arranged on the surface above. This is
commonly known as a “walk-above” VSP (Figure 1-1d). A 3D VSP is a survey combined of
multi-offset and multi-azimuth VSPs (Figure 1-1e). A 3D reverse VSP is acquired by locating
the receivers at the surface and the sources within the borehole (Figure 1-1f). It has advantage of
being conducted quickly, so it is more economical but one major concern is the possibility of
damage to the borehole.
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Figure 1-1. Different types of VSP geometry: (a) zero-offset VSP or check shot survey, (b) offset
VSP, (c) walkaway V'SP, (d) walk-above VSP, (e) 3D VSP, and (f) 3D reverse VSP (modified from
Lines and Newrick, 2004).

Since a V'SP survey records both time and receiver depth, it is used principally to calibrate
the surface seismic data by giving an accurate depth-time tie to geological features. The VSP
dataset has greater resolution than surface seismic because the seismic wave travels through
attenuating near surface strata only once. It enables more detailed structural information to be
obtained within the vicinity of the borehole. Although the image quality of a far offset VSP
decreases quickly with increasing distance from the borehole, this drawback can be mitigated by
walkaway VSP. Besides broader frequency bandwidth, VSP surveys have other advantages for
AVO analysis (Coulombe et al., 1996): (1) VSP data have less noise interference due to the quiet
borehole environment, where the S/N is higher than that of surface seismic data; (2) the
downgoing wavefield is also recorded and can be used to design the deconvolution operator to
better remove wavefield propagation effects such as multiples; (3) a VSP survey records both
downgoing and upgoing waves, for the reflections close to their reflection points, it is relatively

easy to obtain the reflection coefficients through dividing the upgoing wave amplitude by
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downgoing wave amplitude; (4) the walkaway VSP survey is ideal for AVO analysis.
Considering all these advantages, the walkaway VSP is especially suited for reservoir
characterization.
1.3.2 Converted wave seismology

Since the cost of three component (3C) acquisition has reduced in recent years and
multicomponent seismic data are now recorded in VVSP surveys. The 3C data capture the seismic
wave field more completely than traditional single-element techniques (Stewart, et al., 2002).
The application of P-S (converted seismic wave, downgoing reflection P-waves convert to
upcoming S-waves) enhances the traditional compressional wave exploration in many aspects,
such as structural imaging, lithology estimation, anisotropic analysis, and subsurface fluid
analysis. The benefits of converted-wave data in exploration have led to the development of
processing and interpretation techniques in the industry. Although some key techniques in
converted-wave data processing were applied in production and produced satisfactory result, the
asymmetric ray path of converted-waves still cause problems in data processing. Converted-
wave data processing needs specific techniques, including 3C data rotation, common conversion
point (CCP) binning, and PS migration. VSP data analyzed for this thesis were recorded with 3C
geophones.
1.3.3 Inversion principles

Inversion is a procedure for obtaining models which adequately describe a data set. In the
case of geophysical data, inversion seeks to determine the rock properties and define a geologic
model, which agrees with the geophysical observations.

It has been assumed that the seismic data equals wavelet convolved with reflectivity plus

noise;
S=W*R+Noise (1-1)

where S is the seismic data, W is the wavelet and R is the reflectivity. Therefore, we can derive
reflectivity from the Equation (1-1). Since the acoustic impedance (Zpi ) and zero-offset

reflection coefficient of ith layer (Rpi) are defined as:

Zpi = p*Vpi (1-2)



Rpi = Ziva=Zi _ 142 %Aln(z) (1-3)

Zig1+Z; 2 Z
where p is the density and Z; is the impedance of the ith layer.

In a simple layered model, from Equation (1-1), (1-2) and (1-3), we can derive the impedance
of a layer from the reflection coefficients and the impedance of the layer directly above it.
However, band-limited and noisy seismic data makes this procedure nontrivial. Another pitfall of
inversion is there are more than one possible geological models consistent with the seismic data.
The way to choose among the possibilities is to combine other information other than seismic
data such as initial guess model and constrains.

1.3.4 AVO principles

Analysis of Amplitude Variation with Offset (AVO) is used to derive petrophysical
properties within the depositional unit associated with the reservoir rocks (Yilmaz, 2001). When
seismic waves travel in the earth and encounter layer boundaries having velocity and density
contrasts, the energy of any incident wave is partitioned. The fraction of incident energy that is
reflected depends on the angle of incidence. Analysis of reflection amplitudes as a function of
incidence angle can be used to detect changes in elastic properties of reservoir rocks, and which
may suggest the change in the ratio of P-wave velocity to S-wave velocity. The change of Vp/Vs
can be an indicator of fluid saturation changes within the reservoir rocks. The fundamental value
of AVO analysis is the fact that seismic amplitudes at the boundaries are affected by the
variations of the physical properties just above and just below the reflectivity boundaries.

When a plane P-wave strikes an interface, some fraction of the incident P-wave is partially
converted to an S-wave at the interface, and the reflection coefficients become a function of Vp,
Vs and density of each layer, as shown in Figure 1-2. The relationship of incident, reflected and

transmitted rays at the boundary are described by Snell’s law:

p = sinf; _ sinf, _ sing, _ sing, (1-4)
Vp1 Vp2 Vs1 Vs2

In this equation, 6, is the angle of the incident P-wave, it equals the reflection angle of the P-

wave, ¢, is the angles of reflection S-wave in medium 1. The angle 6, and ¢, are the



transmission angles of the P- and S-waves in medium 2. The velocities of medium 1 are Vp; and

Vs1, while the velocities of medium 2 are Vp, and Vs,,.

Reflected S

Incident P
Reflected P

P1 Vp1 Vs1

P2 Vpa Vs

. Transmitted P
Transmitted S

Figure 1-2. Reflection and transmission at an interface between two infinite elastic half-spaces for an
incident P-wave (after Castagna and Backus, 1993)

Zoeppritz equations (1919) give the reflection and transmission coefficients for plane waves

as a function of angle of incidence and six independent elastic parameters Vp and Vg and p, three

on each side of the reflecting interface (Shuey, 1985). The equations are listed as follows:
-1

—-sin 6, —C0S ¢, sin 0, cos ¢, "8
Rp(61) cos 6, —sin ¢, cos 6, —sin ¢, sin 6,
Rs(61) V V.2V V..V cos 6.
Ts(gl) =| sin 20, —"tcos 24, pzs—jplcos 26, pzs—zzplcos 24, o
TP(Hl) Vg P1Vsi Ve AR sin- 26,
sS\Y1 V . \/ v )
—cos 24, Stsin 2¢, P2Pioos 29, P2 52gin 24, CoS 2¢
P1 P1Vp1 P1Vp
(1-5)

where Rp, Rs, Tp, and Ts, are the reflected P, reflected S, transmitted P, and transmitted S-wave
amplitude coefficients respectively.

The zero angle reflection and transmission coefficients are:

V., — pV 2o\
R (0°)=T,(0°)=0, R,(0°)=F2re2"Ple =1 qoy_  “Pilm

— 2PV 1 R,(0°) (1-6)
PNpy + PVpy PNey + PV



Aki-Richards (1980) gave a linearized approximation to the Zoeppritz equations. The initial
form separated the velocity and density terms. In practice, these equations are quite complex and
are not generally used directly in seismic data analysis. Many approximations to Zoeppritz’s
equations allow AVO analysis to be applied without difficulty. A few approximations are
introduced as follows:

The Aki and Richards (1980) approximation is given by:

1 A —qyzp2 s A (1-7)

2cos26 V Vs

1 A
Rp(6) ~ 5 (1 — 4V7p?) ==+

Vp2+Vps

where Ry, is offset dependent reflectivity, AV, = (Vz = Vp1), Vp = 25

, AVg = (Vsz - Vsl),

Vs = % Ap = (p2 —p1)/2, p = (p1 +p2)/2, p is the raypath parameter and © is the

average angle of the incident and transmitted P-wave angles.

The Aki and Richards approximation has following assumptions: (1) small relative changes
in physical properties, (2) higher than second - order terms can be neglected, and (3) the incident
angle does not approach the critical angle.

Wiggins et al. (1983) reformulated the form of the Aki-Richards equation. The equation was
separated into three reflection terms, each weaker than the previous term:

R,(0) = A + Bsin®*6 + Ctan*6sin?6 (1-8)
where
AVp | Ap 14 _ AVS _ 14
A_[ + ]B_zvp [ 2V,

A is called the intercept, B the gradient, and C the curvature.

Shuey (1985) gave a further approximation of Zoeppritz equations. It is commonly used in
AVO analysis because it gives a relatively simple relationship between rock properties
(Poisson’s ratio) and the variation in reflection coefficients. In addition to that, it expresses the
reflection coefficient as a sum of three terms containing a normal-angle term, a near-angle term

and a far-angle term.



R,(0) =~ Ry + [AORO + (16—2)2] sin® 0 + %% (tan?6 — sin? 9) (1-9)

R, is the normal-incidence P-P reflection coefficient or “intercept”, and A, is given by

1—-20
AOZBO_Z(].""B()) 1_0_
(1-10)
and
_ A%/ )
0~ AV [Vp+Ap/p (1 ll)

where Ac = 0, — 0, and 6 = (0, + 0,)/2
Hilterman (1989) simplified Shuey’s approximation by assuming that :/I_; =0.5 oro =0.33

and tan?0 = sin?@. Hilterman’s equation is given by

R,(6) = Rycos? 6 + [(16—‘;)2] sin? 0 = Rycos?0 + 2.25A0sin?0 (1-12)

where R, is normal-incidence reflection coefficient, Ao is the difference of Poisson’s ratio
between the lower and upper media, and the @ is the angle of incidence. The [Ac/(1 — 62)] is
Poisson reflectivity (PR). The “normal - incidence” and “Poisson - reflectivity’ terms in this
equation can be used to predict lithology (Hilterman, 1989).

Vp/Vs=2 is a convenient approximation. The number has geological, physical and
mathematical meanings. Geologically, Vp/Vs related to lithology and many of the lithologies
show Vp/Vs is between 1.5 to 3.5. Physically, the Vp/Vs=2 is connected the 6=0.3. In general,
the Poisson’s ratios of sand and shale are around 0.2-0.45. Mathematically, the number can
simplify the Shuey equation and make it easier to apply to real data studies.

AVO classes, as published, describe AVO responses only for single interface (e.g. Simm and
Bacon, 2014). The classification works well for thick-bedded sand settings and becomes less
useful in reservoir sections with multiple thin beds. Rutherford and Williams (1989) derived the
following classification scheme for AVO anomalies, with further modifications by Ross and
Kinman (1995) and Castagna (1997): Class 1: High impedance sand with decreasing AVO; Class
2: Near-zero impedance contrast; Class 2p: Same as 2, with polarity change; Class 3: Low

impedance sand with increasing AVO; Class 4: Low impedance sand with decreasing AVO. The



classification is listed in Table 1-1 and the distribution of AVO anomalies on a Gradient-

Intercept crossplot system is shown in Figure 1-3.

Coulombe et al. (1996) used VSP measurements to analyze AVO effects in carbonate strata.
Their study showed that PP and PS AVO effects were in evidence and could be modeled. In this

work, I will use 3C VSP data to examine AVO responses in a sand-shale sequence within a
heavy oil reservoir.

Table 1-1. AVO classification

encasing shale Amplitude vs offset
CLASS | Higher impedance Reduce
CLASS 11 Similar but lower Increase
CLASS llp Similar but higher Increase
CLASS I Lower Increase
CLASS IV Lower Decrease

Vp/Vs=2rock property Gradient
trend line for brine- G . . Baselp_ | e
. RN A ase
filled rocks ~ Base | . o ", (@)
R J
Class IV AN Base I
—e -
[ [ eV~ Intercept
I v Top Il © ey
s, RU O . e
e o - ©® S
Class |||/ P U # O
\\ ! x"’.r
/ \ .. Class | e ®) ‘\9." / “Wet” Trend( Vp/Vs=2)
Class Il Class llp Top Il Top lip

Figure 1-3. Top sand AVO responses on the crossplot (after Castagna et al., 1998).

1.4 Data used

In this study, a multicomponent walkaway VSP dataset from a heavy oil reservoir in Canada

was used. The study area is currently under production by an anonymous company. CREWES



participated in the 2011 data acquisition. Two wells (A and B) close to the VSP borehole had log
data that were used in creation of synthetic seismogram and for constraining inversions.
1.5 Hardware and software used

The VSP seismic data were processed on VISTA processing system provided by
GEDCO/Schlumberger. The synthetic seismogram was created by CREWES tool Syngram.
Inversion and AVO analysis were conducted on Hampson-Russell software provided by
Hampson-Russel/CGG.
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CHAPTER 2 DATA PROCESSING

2.1 Introduction

In a VVSP survey, receivers are spaced down the borehole. This geometry produces a VSP
wavefield different from that of a conventional seismic survey. Accordingly, special techniques
are used in VSP data processing. Since a VSP survey records both downgoing and upgoing
energy, separating the downgoing and upgoing wavefields, and identifying the primary events,
are the most important steps in VSP processing. The downgoing wave of a VSP survey carries
the source signature, which can be used to estimate the deconvolution operator and estimate the
amplitude scalar. In this chapter, the major processing techniques of zero and offset VSPs will be
discussed in detail. Then the processing of the data acquired from the study area introduced.
2.2 Processing techniques
2.2.1 Processing techniques of zero-offset shot

For the zero-offset VSP shot, the major processing steps include first break picking, velocity
computation, upgoing and downgoing wavefield separation, deconvolution, NMO, statics
correction, and finally, the corridor stack.

First arrival picking and velocity computation

In practice, in order to minimize the picking errors, first arrivals are picked on a peak, trough
or the zero-crossing. Based on the raw data, generally, the first arrivals are picked on raw data
peaks for Vibroseis data and on troughs for dynamite data. Then the interval velocity is
calculated, based on the picked times. Any picks causing anomalous velocity need to be
corrected or deleted. If well logs are available, the sonic logs can be used to guide the velocity
computation.

Offset VVSP shots will use the calculated interval velocities to apply NMO corrections as well
as ray tracing for time-variant polarization.

Upgoing and downgoing wavefield separation

Both downgoing and upgoing wavefields are recorded and the different wave types are
separated by filtering. Many methods can serve this purpose. In this project, median filtering and

Fourier wavenumber transform (F-K filtering) were applied.
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Median filtering removes non-similar data within a window by sorting data according to size,
and outputting the median (center) value. When the downgoing events are aligned, upgoing
events will show up-to-the-right stepout. A median filter smoothed and accentuated the flatten
downgoing events since the wave shapes remain reasonably constant. When the median filter
passes through a non-horizontal event, the filter rejects the dipping events since that wave mode
does not exhibit a uniform horizontal phase alignment. Then the trace window slides at constant
time, the downgoing wavefields are accurately estimated, and the upgoing reflections can be
acquired by subtracting the estimated downgoing events from the raw data. Median filters have
the advantages of preserving edges and data characters.

In the time domain, upgoing and downgoing events always criss-cross one other, but they do
not overlap in the frequency-wave number (F-K) domain. Raw data show a pie slice of energy in
F-K domain. The flattened data show a narrow band along the K=0 axis while other energy
aliases between the wavenumber and frequency axes. It is easy to remove the artifacts by
defining one or more polygons or fan zones, and zeroing them out. This separation of VSP
modes in F-K space provides a convenient mean by which downgoing events can be attenuated
without suppressing upgoing events. Upgoing events can be acquired by subtracting the
downgoing waves from flattened raw data.

V'SP deconvolution

The purpose of deconvolution is to remove the effect of the source wavelet to obtain a
seismic reflectivity series which is generally considered to be white (Margrave, 2008). Since the
downgoing direct wave represents the source signature, it is used to design the deconvolution
operator. Another advantage of using the downgoing first arrival events to calculate the
deconvolution operator is that the operator is determined from a wavefield whose signal/noise is
greater than that of the usual case. The calculation is therefore based on the best possible
description of the wide range of relationships that exist in the stratigraphic section near the VSP
well, and where the influence of noise on the calculation is minimized. The operator thus
obtained is applied to isolate upgoing waves.

NMO and statics correction

Since a VSP is not recorded in two-way traveltime, statics need to be applied to shift VSP

data to two-way traveltime so as to be the same as surface seismic surveys. The downgoing and
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upgoing raypaths recorded at geophone are shown in Figure 2-1. The true rays are vertical but
they are shown as inclination (offset) in order to be seen in the figure. Following the
nomenclature of Hardage (1983), Ta, Th, and Tg are the one-way vertical traveltimes to horizon
A, horizon B, and the geophone. From Figure 2-1, the expressions for arrival times at the
geophone for upgoing reflection A, B and multiple M are:

Ta=Ta+ (Ta—Ty) = 2T, — T (2-1)

T =Ty + (T — Ty) = 2T — Ty (2-2)

T =Ta+ (Ta—T) +2(Ta—Tp) = 2T, +2(T, — Tp) — Ty (2-3)
The form of each of these equations is the two-way traveltime of an event at the surface minus
the one-way traveltime to the geophone (Lines and Newrick, 2004). Therefore, if the one-way
traveltime to the geophone (Tqg) is added to each trace, the plot of record traces is referred to as a
+TT plot and is comparable to surface seismic data. Conversely, for the downgoing wave (red
ray in Figure 2-1), if the one-way traveltime to the geophone (Tg) is subtracted for each trace,

the plot of seismic, is flattened by first arrival time and is referred to asa—TT plot.
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Figure 2-1. Raypaths describing the propagation of direct arrival (downgoing) and upgoing energy (after
Lines and Newrick, 2004, and Hardage, 1983).

Corridor mute and stack

In VSP data, the multiples mimic primaries but contain a time delay (Lines and Newrick,

2004), so multiple events can be identified as that they do not intersect the first breaks. If a mute
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is applied to keep the primaries only outside the corridor line, a stack is obtained without any
multiples. Following nomenclature of Hinds’ (2007), it is called outside-corridor stack. On the
other hand, the inside-corridor stack contains both primaries and multiples which can be used to
determine the primary and multiples in surface seismic data. The schematic diagram of corridor
mute and stack of zero-offset VSP is shown in Figure 2-2. Also, it is possible to get the stack of
multiples only by subtracting the outside-corridor stack from inside-corridor stack.

In practice, before generating the corridor stack, preprocessing of the data is needed. An
exponential gain is applied to correct the spherical spreading and transmission losses. Then
NMO corrections are done by using the interval velocities calculated from zero-offset vertical
component. After NMO, the data are converted to two-way traveltime by adding the first arrival
time. A F-K and a band-pass’s filter are finally applied to the corrected data to enhance the signal

to noise ratio before creating the corridor stack.

Z1 Depth(m)
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up-pMute

Up-M
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+TT Travel Time(s)

Up-P
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Figure 2-2. Schematic diagram of corridor mute and stack of zero-offset VSP shot (after Hinds et al.,
1989).

2.2.2 Processing techniques of offset shots

Due to its geometry, offset VSP processing is more complicated than zero-offset VSP
processing. Two hodogram-based rotations are implemented, the wavefields separation is then
done on the rotated data. The downgoing P-waves are isolated to design the deconvolution

operator while the upgoing waves go into a time-variant wavefield separation which isolates
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reflected P, and S-waves based on the velocity model. Finally, a VSP-CDP mapping provides the
image of subsurface reflections. These techniques will in the following section.

Far-offset VSP geometry and horizontal rotation

Since the sonde rotates in the borehole, which causes “spin” of the X and Y channels, two
rotations are required for optimizing far-offset VSP processing through hodogram analysis. An
assumption in the analysis is that the downgoing waves are perpendicular to the upgoing waves.
In this thesis, all the different components before and after rotation are named following the
processing software’s (VISTA) nomenclature. The first rotation is between two horizontal
components, it is polarization of the X and Y data into Hmax and Hmin. The Hmax is the
projection of X and Y into a plane defined by the well and source while the Hmin is normal to it.
The second rotation is in the plane of the well and source using the horizontal component from
the first rotation (Hmax) and vertical component (Z). It outputs one component polarizes along
the source and receiver direction (Hmax’) and the other component polarizes perpendicular to it
(Z’). After the second rotation, the Hmax’ component contains predominately downgoing P-
wave energy along with upgoing SV while the downgoing SV is maximized on the Z'. Then the
downgoing P will be separated from the Hmax’ component and be used to estimate
deconvolution operator. Figure 2-3 schematically shows rotations between different axes. Both

rotations are time-invariant and completed by hodogram analysis trace by trace.
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Figure 2-3. Schematic illustration of coordinate system of X, y, and z components at the local receiver
depth along with the coordinate axis after rotation (after Hinds et al., 1989).
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Time-variant wavefield separation

As discussed above, wavefield separation of far-offset VSP is complicated due to its
asymmetric ray path. Figure 2-4 shows that the incident angles decreases slowly with increasing
depth below the geophones, and thus, the polarization angles change with time. So time-variant
polarization analysis is required to achieve wavefield separation for far-offset VSP data. In
practice, after two rotations, the time-invariant wavefield separation is firstly applied on Hmax’
and Z’ components to isolate an Hmax’up and Z’up by F-K or median filter. Then the inverse
operation of the second rotation is applied on Hmax up and Z’up to output the Hmaxup (derot)
and Zup (derot). These derotated upgoing waves are the input of time-variant model based
polarization. Using the velocity model obtained by ray tracing inversion from zero-offset VSP,
the time-variant polarization calculates traveltime and rotation angle trace by trace and output
Z’up and Hmax’’up. The Z’’up is dominantly reflected P wave data and the Hmax’’up is

dominantly reflected shear wave modes. Both reflections can be used for interpretation.

Increasing Offset ——> 52&"‘36

Receiver

< yidaq Suiseasdu|

Figure 2-4. Schematic diagram of time-variant polarization (after Hinds et al., 2007)

Deconvolution of upgoing P-wave data

Similar to zero-offset VSP processing, the deconvolution operator is obtained from the
downgoing P-wave which is isolated from Hmax’. Then the operator is applied to upgoing P

(Z’’up) and upgoing S data (Hmax’’up) which are derived from time-variant polarization
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analysis. The far-offset VSP deconvolution will not be discussed in detail because the technique
has been introduced in the zero-offset processing section.

VSP-CDP transform of upgoing P-wave data

VVSP-CDP mapping is the most widely accepted method for offset VSP data imaging because
it is based on velocity model of the structure that may incorporate information from other
sources, for example, well logs and surface seismic data (Wiggins et al., 1986). The
transformation is also useful because it requires relatively little computation.

Since the seismic source is off known distance from the borehole, the reflected waves
received at the geophone originate from that reflection points are laterally offset from the
borehole. In order to interpret this information, the reflection events must be placed in proper
time and space positions. The VSP-CDP transform can serve this purpose. With the knowledge
of the velocity field, VSP-CDP mapping can transform the VSP traces into their common
reflection point positions on corresponding interfaces. The mapping is achieved by two major
steps (shown in Figure 2-5):

e Find corresponding space and time position for each time sample T of the input traces by

ray tracing.

e Assign each time sample T of the input traces to its proper time and spacial position
which is commonly known as trace bending. The resulting traces are dynamically
stretched in the 2D CDP-time domain, commonly called “bent traces”. After this
processing, a bin interval is defined and all traces in the same bin are stacked.

The processing image is a map of reflectors. The VSP-CDP method provides both an offset-

time or an offset-depth image then can be used for interpretation. In practice, processing is
applied on the data before VSP-CDP mapping which includes spherical divergence correction,

NMO and statics, median filtering and band-pass filtering.
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well Source

Figure 2-5. Schematic diagram of VSP-CDP transform. Curve 1: stretching of shallowest receiver’s trace;
curve 2: stretching of deepest receiver trace (after Hinds and Kuzmiski, 2001).

2.3 Field data processing
2.3.1 Acquisition parameters and raw shot records

The dataset used in this study is a walkaway vertical seismic profile (VSP) dataset acquired
by CREWES in 2011. Both dynamite and the University of Calgary EnviroVibe were used as

sources in this survey. The main acquisition parameters are shown in Table 2-1.

Table 2-1. Main parameters in walkaway VSP acquisition

Dynamite Vibroseis
Charge (kg)/ Sweep 0.125kg at 9m 10-300Hz over 20s
Number of Shots 14 14
Receivers type VectorSeis VectorSeis
Number of receivers 220 220
Receiver spacing(m) 2 2
Receiver depth (m) 55-507 55-507
Sample rate (ms) 1 1
Record length (s) 3 3
Offset (M) 11.5-1031 11.5-1031
Source elevation (m) 612-622 612-622
Borehole 562 m TD, Vertical, no fluids in borehole
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Figure 2-6 shows the vertical component of 5 shots at different offsets. Shot number and
offset are shown on the top of the figure. Small offset shots show clear direct arrivals and strong
reflections. The first arrival and reflections of large offset shots are interfered by other waves.
Figure 2-7 shows 3 component of a shot (offset is 153m). Different wave types can be identified

from the data. Small receiver interval (2m) in acquisition helped to record different wave modes.

|_apnd=: e b S Gl ZIR
Figure 2-6. Shot records at different offsets (vertical component). The far-offset shots don’t show clear
direct arrival and reflection waves.

TIM%(ms)

Figure 2-7. 3 component of a shot (offset is 153 m). Small receiver interval (2m) helped to record
different wave modes.
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2.3.2 Geometry setup and pre-processing of the VSP data

The zero-offset and far-offset shots were processed to corridor stack and VSP-CDP/CCP
mapping stage separately. All the processing techniques discussed above were applied as follows.

Setting up VSP headers and geometry was the first step in processing. The TVD (total
vertical depth) was calculated from measured receiver depth and datum or KB (kelly bushing)
elevation. In this case, 620 m was used as elevation datum. The geometry of this walkaway
VSP’s survey was shown in Figure 2-8. The X and Y coordinates on the map are edited due to
confidentiality. There were 14 shots recorded in both vibrator and dynamite surveys and each
shot was processed separately. The first arrival was picked on vertical component (Z) and the
picking values were transferred to the X and Y components. Some traces with abnormal

amplitudes were killed and reverse polarity traces were corrected as well.
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Figure 2-8. 3D geometry display of the VSP data. False X and Y coordinates are used in the figure due to
confidentiality.

An example of the vertical component of the dynamite zero-offset shot is shown in Figure
2-9. Downgoing P (yellow), upgoing P (red) and downgoing S (pink) are identified on the raw
record. Similar wave types are shown by the vertical component of a far-offset (153 m) shot
(Figure 2-10). The figure shows a shot using the vibrator source which recorded stronger S-wave
modes than the dynamite shots. It is noteworthy that the S-wave is much stronger on the far-
offset shot than on the zero-offset shot due to the larger incident angle change.
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During VSP data acquisition, the orientation of horizontal components especially will change
from one receiver to another due to tool spin. For multicomponent VSP processing, horizontal
rotation is required to correct these twirls. The original record X and Y were rotated to Hmax and
Hmin. This rotation maximized energy on Hmax while minimized the energy on Hmin
component. Figure 2-11 shows the Hmax component of the vibroseis shot4 (offset=153 m) after
horizontal rotation. Comparing to the vertical component, the wavefield on Hmax component as
shown is more complex. The yellow line marked downgoing P, pink line marked direct arrival of
downgoing SV and blue line marked the converted S from downgoing P. The upgoing SV
(converted PS) was marked by red line and the reflected SV wave (SS) was marked by green line.

The wave types make the following wavefield separation difficult.
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Figure 2-9. Dynamite zero-offset shot vertical component: downgoing P (yellow), upgoing P (red) and
downgoing shear (pink) waves (display with AGC window=200 ms).
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Figure 2-10. Vibroseis shot 4 (offset=153 m) vertical component: downgoing P (yellow), upgoing P (red),
downgoing S (pink), and upgoing S (green, reflected shear) waves (display with AGC window=200 ms).
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Figure 2-11. Vibroseis shot 4 (offset=153m) Hmax component. Different wave types were marked by
color lines (display with AGC window=200 ms). Downgoing P was marked by a yellow line, downgoing
SV (direct arrival) pink line, transmitted (downgoing) S blue line (converted from downgoing P), upgoing

SV (converted from downgoing P) red line, and reflected SV wave (SS) the green line.

After preprocessing, the zero-offset and far-offset VSP data were processed separately.
Refering to VSP processing course material (Hinds, 2007) and processing tutorials in the VISTA
system, workflows for this VSP experiment were designed. Figure 2-12 shows the flow charts of
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both zero-offset and far-offset VSP processing. The details of processing parameters and results

are introduced in the following section.

Zero-offset VSP Walkaway VSP

| Geometry Setup | | Geomet‘rrySetup |

| Two-step Orientation |

| First Arrival Picking HVeIocity Computation

| Wavefield Separation |
| Wavefield Separation | ¥
T | Time-variant Rotation |
Upgoing Wave | |DowngoingWave| | Deconvolution |
| |Determ|'nistic | NMO + Statics |
¥ - Operator
| Decon\iolutlon | | Exponential Gain |
¥
NMO + Statics |4—— v v
| ) PSDM | | vsp-cDP/cCP Mapping
| Exponential Gain | v v
¥ AVO and Inversion in Correlate to well log,
- depth domain synthetic seismogram or
| COI‘I‘IdOI‘ StaCk | surface seismic

Figure 2-12. Zero-offset (left) and far-offset (right) VSP processing sequence.

2.3.3 Zero-offset VSP processing

The interval velocity profile was calculated from first arrival time of zero-offset VSP shot
shown in Figure 2-13. Any anomalies of the velocity were recomputed after correcting the first
arrival picking time or were deleted. The interval velocity range is from 1700 m/s to 2500 m/s.
These velocities were used to compute the NMO correction, time-variant polarization of far-

offset VSP data and calibration. These processes will be discussed in detail later.
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Figure 2-13. Velocity profile calculated from first arrival time of zero-offset VSP data. (a) First arrival
picks, (b) calculated average velocities are in blue and interval velocities in red.

First arrivals were flattened to arbitrary time to align downgoing waves. Then median
filtering was used to separate downgoing and upgoing wavefields. Different filter length (trace
number), was tested from 11 to 21 traces. The results indicated that longer filter worked better to
separate upgoing waves from downgoing waves. Thus a 19-trace median filter was chosen for
the wavefield separation in this project. Figure 2-14 shows the Z component of shot 1 (offset =11
m) before (Figure 2-14a) and after median filter (Figure 2-14b and c). It can be seen that the
upgoing wavefield (Figure 2-14b) contains a little downgoing SV wave contamination (200 —
500 ms of shallow receivers, highlighted by red ellipse). Downgoing multiples can be easily
spotted on downgoing waves (Figure 2-14c) which need to be attenuated subsequently by
deconvolution in the processing. Weak residue of strong reflected upgoing wave (reflected is at

about 550 m depth, highlighted by red ellipse) also presents on downgoing wavefield after
median filtering.
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Figure 2-14. Raw vertical component of zero-offset shot before and after wavefield separation ( ) Raw
shot; (b) separated upgoing waves; (c) downgoing waves were separated by a 19-trace median f Iter and
displayed in —TT time (flattened on first arrivals). Red ellipses mark downgoing SV on separated upgoing
wavefield and residual upgoing waves on the separated downgoing wavefield.
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A deconvolution operator was designed on the downgoing wave within window from -50 ms
to +250 ms from the first arrival time. Based on tests, the 300 ms operator length and 5% pre-
whitening were applied. Figure 2-15 shows downgoing waves and their amplitude spectra before
and after deconvolution. It can be observed that the downgoing multiples were greatly
suppressed and the frequency spectra were whitened after deconvolution (Figure 2-15b).
Furthermore, signal-to-noise ratio was also enhanced by deconvolution. This operator was then
applied to the upgoing wavefield. Figure 2-16 shows the data before and after deconvolution.
Both sharpness of events and signal-to-noise ratio are improved. The deconvolution also
corrected output data to zero phase.

Amplitude loss was recovered by two procedures: (1) an amplitude scalar was calculated
from downgoing wave (window=+10 ms from first break time) and applied to the upgoing wave
field to compensate amplitude loss along downgoing wave travel path; (2) exponential gain was
then applied to account for amplitude loss (absorption as well) along upgoing wave path. In this
case, parameter 1.6 was used to calculate gain value from first arrival time. Figure 2-17a shows
the result of amplitude recovery. The amplitude is balanced well over deepth and time.

NMO correction was then applied on the data before corridor stack. Since the zero-offset
shot in a very small source-receiver distance (11 m), the NMO effect is not obvious (Figure
2-17b). However, it is still preferred to correct moveout caused by non-zero offset. Statics were
applied on NMO-corrected upgoing waves (Figure 2-17c). After NMO and statics applied, all the

reflections were flattened so that they can be stacked constructively.
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Figure 2-15. (a) Downgoing P wave (-TT time) and its amplitude spectrum before deconvolution. (b)
Downgoing P wave (-TT time) and its amplitude spectrum after deconvolution. Average spectrum is
displayed as a blue curve, and the color traces are spectra of individual traces.
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Figure 2-16. (a) Upgoing waves before deconvolution; (b) Upgoing waves after deconvolution. Both data
displayed in -TT time. Red ellipses highlight the difference before and after deconvolution. After the
deconvolution, events show higher resolution and better consistence.

Although noise attenuation was 